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Preface

Germ cells sustain life through generations. Germ cells are set aside from somatic

cells in the embryo and go through the specialized cell division process of meiosis

to produce the gametes—the oocyte or the sperm. The process whereby germ cells

develop into gametes is governed via several developmental, nutritional, and other

environmental cues or signals. Unsurprisingly, due to a variety of causes, some-

times these signals are spatially and/or temporally anomalous during organismal

development, and such anomalies can manifest as birth defects in the progeny.

Thus, elucidating how a multitude of molecular mediators integrate the various

developmental and environmental signals to coordinate germ cell formation, main-

tenance, and function remains an active area of investigation.

In both invertebrate and vertebrate animals, environmentally activated signaling

pathways regulate production of gametes with nutritional availability. Much work

has focused on understanding the mechanisms that regulate oocyte fitness and

quality in humans and other vertebrate model organisms such as mice. However,

in the mammalian female, germ cells enter and arrest in meiosis I during fetal

development, and initiation of meiosis II—ovulation—occurs after birth and only

when the progeny attains sexual maturity. In contrast, the invertebrate female

germline stem cells produce oocytes continuously throughout development. There-

fore, understanding the cellular and molecular mechanisms that govern germline

stem cell populations and meiosis I is relatively more tractable using invertebrate

model organisms such as Caenorhabditis elegans and Drosophila melanogaster.
Together, studies using both vertebrate and invertebrates are beginning to provide

insights into the mechanisms that ensure oocyte quality and minimize errors during

meiosis and meiotic maturation. In this volume, experts working on diverse model

organisms come together to discuss the state-of-the-art knowledge base on the role

of signaling pathways in regulating germline stem cell biology and meiotic pro-

gression of oocytes until fertilization and birth and identify exciting new avenues

and questions for future research.

We begin with a description of epigenetic mechanisms that regulate Drosophila
germline stem cell gene expression. Rangan and coauthors elaborate the role of
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several histone variants and nucleosome remodeling complexes in maintaining

germline stem cells. They further provide insights into the interplay between

epigenetic and signaling mechanisms that drive differentiation into the meiotic

program.

The decision of a stem cell to differentiate or self-renew is of fundamental

importance to organismal development and tissue maintenance. Singh and Hansen
discuss the signaling circuitry, including feedback loops between differentiated

cells and stem cells, which enables a germline stem cell to maintain a fine balance

between self-renewal (enough to maintain a pool of stem cells) and differentiation

(to maintain oocyte numbers). They also discuss the similarities and unique aspects

of stem cell renewal and differentiation in worms, flies, and male mice.

Oocyte quality is influenced significantly by nutritional and other environmental

cues or signals.

Laws and Drummond-Barbosa elaborate on the strong influence of diet and

physiology on reproductive fitness. The authors critically review in vivo studies

in model organisms (worms, flies, and mice) and discuss how diet-dependent

signals can control the proliferation of germline stem cells and their maintenance

and subsequent meiotic progression and production of oocytes.

I then provide a mechanistic view on how nutrition-induced signals regulate

oogenic meiosis I progression via the ERK/MAPK pathway in C. elegans and

signaling and second messenger pathways that regulate oocyte meiotic maturation

in C. elegans, Drosophila and mammals. Through detailed discussions of several

evolutionarily conserved signaling pathways, I synthesize common themes in the

regulation of key meiotic events during oocyte growth and maturation.

Meiosis-specific processes such as chromosomal pairing and recombination

generate diversity in a species. Failure in the coordinated regulation of these

meiotic processes also results in aneuploidy in the progeny. Smolikove and col-
leagues examine the interplay of signaling with meiosis I that is critical for normal

oocyte development. They also examine the role of increasing maternal age on

oocyte quality.

Oocyte growth, development, and maturation occur under a molecular environ-

ment of transcriptional quiescence. Transcription is not reinitiated until embryo-

genesis. Thus, posttranscriptional and translational mechanisms are critical to

normal oocyte development. Subramaniam and colleagues discuss the translational
and posttranslational mechanisms that control the decision of stem cells to enter

meiosis, oocyte development, and maturation.

Mammalian oocytes undergo meiotic arrest in two phases: meiotic I arrest and

meiotic II arrest. The second meiotic arrest is coordinated with embryo develop-

ment by the activity of the cell division protein Cdc6. Kubiak and colleagues
discuss mechanisms utilized by Cdc6 to exquisitely coordinate DNA replication

after meiotic II arrest with that in the embryo. Yeste and colleagues weave in the

importance of sperm- and oocyte-derived factors that regulate meiosis II comple-

tion—after resumption from the meiotic II arrest—and prevent polyspermy,

thereby ensuring a normal zygote. They discuss the role of lipid signaling in

these processes and contemplate the impact of artificial oocyte activating factors
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in clinical settings dedicated to helping humans with oocyte activation deficiency.

They also discuss options for better and more endogenous alternatives to artificial

oocyte activating factors.

Hoang and Miller focus on the specific mechanisms that enable sperm guidance

in the female reproductive tract. They examine the role of pheromones and nutri-

tional signals that affect the sperm guidance machinery and impact sperm motility

and fertility and discuss implications to human reproduction and oncologic

treatments.

Fassnacht and Ciosk analyze our current understanding on the critical

reprogramming mechanisms that underlie the progression of an oocyte to a single

totipotent embryo. They highlight the role of developmental reprogramming with

implications to varied aspects of human development and regenerative medicine.

The authors synthesize information derived from various different model sys-

tems to provide critical insights into the progression of female germline stem cells

through meiotic maturation and development of a healthy embryo, highlighting the

impact on human health. Additionally, we discuss the critical gaps in knowledge

and questions that remain to be addressed, understanding of which will influence

human reproduction, development, and regenerative medicine.

Houston, TX Swathi Arur

2016
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Chapter 1

Role of Chromatin Modifications
in Drosophila Germline Stem Cell
Differentiation

Pooja Flora, Alicia McCarthy, Maitreyi Upadhyay, and Prashanth Rangan

Abstract During Drosophila oogenesis, germline stem cells (GSCs) self-renew

and differentiate to give rise to a mature egg. Self-renewal and differentiation of

GSCs are regulated by both intrinsic mechanisms such as regulation of gene

expression in the germ line and extrinsic signaling pathways from the surrounding

somatic niche. Epigenetic mechanisms, including histone-modifying proteins,

nucleosome remodeling complexes, and histone variants, play a critical role in

regulating intrinsic gene expression and extrinsic signaling cues from the somatic

niche. In the GSCs, intrinsic epigenetic modifiers are required to maintain a stem

cell fate by promoting expression of self-renewal factors and repressing the differ-

entiation program. Subsequently, in the GSC daughters, epigenetic regulators

activate the differentiation program to promote GSC differentiation. During differ-

entiation, the GSC daughter undergoes meiosis to give rise to the developing egg,

containing a compacted chromatin architecture called the karyosome. Epigenetic

modifiers control the attachment of chromosomes to the nuclear lamina to aid in

meiotic recombination and the release from the lamina for karyosome formation.

The germ line is in close contact with the soma for the entirety of this develop-

mental process. This proximity facilitates signaling from the somatic niche to the

developing germ line. Epigenetic modifiers play a critical role in the somatic niche,

modulating signaling pathways in order to coordinate the transition of GSC to an

egg. Together, intrinsic and extrinsic epigenetic mechanisms modulate this exqui-

sitely balanced program.

Epigenetics is the study of how environmental factors influence gene expression.

Historically, the term epigenetics has been used to describe events that could not be

explained by classic genetics. C.H. Waddington’s metaphor illustrates that during

differentiation, a cell encounters a variable landscape that determines its fate

(Goldberg et al. 2007). This definition of epigenetics has evolved to encompass
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both mitotically and meiotically heritable changes in gene expression, which are

not consequences of changes in DNA sequence. The epigenome is the combination

of chemical modifications in a cell that modulate gene expression. These chemical

modifications include DNA methylation, histone posttranslational modifications,

and histone variants, which can play pivotal roles in biological processes such as

cellular reprogramming and DNA replication (Boros 2012).

The phenotypic effects of epigenetic modifications were first discovered in Dro-
sophila melanogaster, paving the way for further studies usingDrosophila as a model

system (Muller 1930). One well-studied aspect of epigenetics is histone modifications

(Yasuhara and Wakimoto 2008; Riddle et al. 2011). Histone modifications are

deposited during early development, ensuring accurate cell fate determination of

the next generation (Horard and Loppin 2015). As male Drosophila mostly lack

histones, the female Drosophila germ line is the prime model for epigenetic studies

(Rathke et al. 2014). Drosophila oogenesis consists of temporal stages that can be

easily visualized and tracked (Fig. 1.1a) (Bastock and St Johnston 2008). During

Drosophila egg production, there are several interactions between the soma and germ

line that are essential for proper development, which is similar to mammalian

Fig. 1.1 (a) Schematic of Drosophila oogenesis. Drosophila females have two ovaries that

consist of 16–20 ovarioles (assembly lines for mature eggs). Oogenesis can be split into 14 devel-

opmentally distinct stages, initiating with the division of GSCs that reside at the anterior region of

the ovary in a structure, called the germarium. The GSC daughter then undergoes four incomplete

rounds of mitosis, eventually giving rise to a 16-cell cyst. One of the 16 cells will become the egg,

while the other 15 cells of the cyst will become polyploid nurse cells, which support the growth of

the egg. The syncytium of nurse cell and oocyte is surrounded by a single layer of somatic follicle

cells, constituting an egg chamber. The oocyte nucleus, also called the karyosome, assumes a

characteristic structure in stage 3 of oogenesis. As development progresses, the nurse cells deposit

mRNAs and proteins into the growing oocyte. This oocyte eventually becomes a mature egg (stage

14). (b) Inset germarium showing the somatic cell types that surround the germ line. TF and CpCs

present at the anterior end of the germarium are intimately connected to the GSCs. Upon

differentiation, the differentiating CB and 2- to 16-cell cysts make extensive contact with ECs.

The 16-cell cyst then comes into contact with two FSCs. FSCs are progenitors of PFCs, FCs, SCs,

and PCs. Of these, PFCs and FCs surround the developing egg chamber, SCs connect these

separate egg chambers, and PCs present at both ends of the egg chambers specify polarity of the

follicle epithelium

2 P. Flora et al.



oogenesis (Gilboa and Lehmann 2006; Albertini and Bromfield 2010). Therefore,

epigenetic studies in Drosophila can be extrapolated to higher organisms.

Drosophila oogenesis begins in the anterior-most part of the ovary, in a structure

called the germarium (Fig. 1.1b) (Kirilly and Xie 2007; Spradling et al. 2011). The

germarium consists of germ line stem cells (GSCs) and a specialized microenvi-

ronment called the somatic niche, which supports the GSCs. The somatic niche

includes the terminal filament (TF), cap cells (CpCs), and escort cells (ECs)

(Spradling et al. 2001, 2008; Lin 2002; Kirilly and Xie 2007). GSCs are attached

to the niche via the CpCs and receive self-renewing signals from both the TF and

CpCs. GSCs divide asymmetrically to both self-renew and give rise to a differen-

tiated progeny, called the cystoblast (CB) (Chen 2003). After division, the CB

comes into close proximity to ECs, which provide differentiation signals (Decotto

and Spradling 2005). The CB expresses differentiation factor bag of marbles (Bam),

which is necessary and sufficient for differentiation (McKearin and Spradling 1990;

McKearin and Ohlstein 1995). Upon Bam expression, the CB undergoes four

incomplete mitotic divisions to create a 16-cell cyst. One of the 16 cells becomes

the oocyte, while the others become nurse cells that nourish the developing oocyte

(Xie and Spradling 2000; Gilboa and Lehmann 2004) (Fig. 1.2).

Fig. 1.2 Schematic of mode of function of epigenetic regulators in the GSC and CB during

Drosophila oogenesis. The somatic niche provides Dpp signaling to the GSC which promotes

pMad expression required for GSC self-renewal. pMad expression has shown to downregulate

bam transcription in order to suppress a differentiation program. Upon GSC division, the CB turns

on transcription of Bam which translationally suppresses GSC maintaining RNAs. However,

several epigenetic factors can help mediate GSC self-renewal and differentiation in a

Bam-dependent (A) or a Bam-independent (B) pathway. (A) Epigenetic factors H1, Scny, and

Iswi act downstream of the incoming Dpp signaling to repress transcription of Bam, ensuring stem

cell fate maintenance. On the other hand, dSETDB1/Egg expression in the CB is required to

promote transcription of Bam to initiate a differentiation program. (B) dBRE1 expression in the

GSC is required for proper pMad levels, although its downstream effector is not Bam. Ote, Enok,

Stwl, and PBAP also repress a differentiation program by targeting expression of differentiating

factors other than Bam. Ball has been implicated in promoting ribosomal biogenesis, which is

crucial for GSC self-renewal and maintenance

1 Role of Chromatin Modifications in Drosophila Germline Stem Cell Differentiation 3



1.1 GSC Self-renewal Is Associated with Epigenetic
Silencing of Differentiation Program

GSC self-renewal and differentiation are controlled by several intrinsic and extrin-

sic regulatory factors. Extrinsic factors include extracellular molecules that trigger

signal transduction pathways such as Decapentaplegic (Dpp) signaling, which

promotes GSC self-renewal. Dpp signaling is initiated by the cytokine-like ligands,

Unpaired (Upd) and Unpaired-2 (Upd-2), produced by the TF. Upd binds to Janus

Kinase (JAK) surface receptors present on the CpCs (Lopez-Onieva et al. 2008;

Wang et al. 2008), leading to the phosphorylation and activation of signal trans-

ducer and activator of transcription 92e (Stat92e). This activated Stat92e triggers

the production of signaling molecules by the CpCs called Decapentaplegic (Dpp) or

Glass bottom boat (Gbb), which are similar to Bone morphogenetic proteins

(BMPs) in mammals (Xie and Spradling 1998; Kawase et al. 2004; Wang et al.

2008). Dpp binds to the Type I receptors Thick veins (Tkv) and Saxophone (Sax) on

GSCs, leading to the phosphorylation of mothers against Dpp (pMad), aDrosophila
Smad3 protein. pMad then complexes with Medea (Med), a Drosophila Smad4

protein, to transcriptionally silence the differentiation factor Bam (Brummel et al.

1994; Nguyen et al. 1998; Song 2004). The somatic niche also expresses Division

abnormally delayed (Dally), a glypican protein which is responsible for distributing

and stabilizing Dpp signaling (Guo andWang 2009; Hayashi et al. 2009). However,

Dpp signaling in the GSCs also results in a negative-feedback circuit that induces

the expression of Daughters against Dpp (Dad), which dampens Dpp activity

(Tsuneizumi et al. 1997). The interplay between Dpp signaling and the GSC’s
response to this incoming signaling controls self-renewal and differentiation.

Differentiation is initiated after GSC division, when the CB is displaced from the

somatic niche. GSC differentiation requires downregulation of Dpp signaling in the

CB through the turnover of TKV receptors by an E3 ubiquitin ligase, Smurf, to

allow for bam transcription (Xia et al. 2010). Bam is a translational suppressor that

downregulates GSC-maintaining RNAs, thereby initiating a differentiation pro-

gram (Li et al. 2009b). The ECs express Epidermal Growth Factor (EGF) that

transcriptionally represses dally, restricting the range of Dpp signaling to promote

an efficient CB differentiation program (Schulz et al. 2002). Although, signaling

pathways play an indispensable role in providing cues for maintaining GSCs and

differentiation, epigenetic changes in the germ line and the surrounding somatic

niche are also critical.

Gene expression is controlled by both epigenetic state and nuclear organization.

The epigenome is a catalogue of chemical modifications that affect gene expression

without directly altering the encoded genetic material (Goldberg et al. 2007).

Several epigenetic modifications can occur directly on DNA or its associated

proteins that constitute the chromatin (Cedar and Bergman 2009). The basic unit

of chromatin is the nucleosome, consisting of five histones H2A, H2B, H3, H4, and

a linker histone H1. The nucleosome octamer core contains one tetramer of H3 and

4 P. Flora et al.



H4 and two heterodimers of H2A and H2B (Luger et al. 1997). Approximately,

150 base pairs of DNA wrap around each octomer, providing an epigenetic land-

scape that can be manipulated via different histone modifications (Jenuwein and

Allis 2001). Each histone protein has a tail that can be modified to alter the local

chromatin structure and regulate gene expression (Luger et al. 1997). Several

modifications can be deposited onto histone tails such as methylation, acetylation,

ribosylation, ubiquitination, and phosphorylation (Kouzarides 2007). These modi-

fications together result in a specific readout of either gene activation or repression.

For example, the trimethylation of lysine 9 and 27 residue of H3 (H3K9me3,

H3K27me3) can result in gene repression, while trimethylation of lysine 4 and

acetylation of lysine 9 of H3 (H3K4me3, H3K9ac) can result in gene activation

(Bannister and Kouzarides 2011). H1 and its variants are essential for compaction

of nucleosomes for chromatin remodeling (Bednar et al. 1998; Misteli et al. 2000;

Bustin et al. 2005). Loss of H1 not only alters chromatin compaction but can also

affect several histone modifications such as H3 lysine 4 (H3K4), lysine 9 (H3K9),

and lysine 27 (H3K27), demonstrating its vital role in maintaining the epigenetic

landscape for modulating gene expression (Zhang et al. 2012). Therefore, the

combination of nuclear organization and chromatin modification is crucial for

proper gene regulation. Direct DNA methylation can also contribute to the regula-

tion of gene expression, but meaningful DNA methylation is not present in Dro-
sophila (Raddatz et al. 2013), so it will not be addressed in this chapter.

1.1.1 Histones and Histone-Modifying Enzymes in the Germ
Line that Regulate GSC Self-renewal
and Differentiation

GSCs have a unique epigenetic state that is constantly altered to ensure proper

differentiation (Buszczak and Spradling 2006; Li and Zhao 2008). H1 linker histone

is intrinsically required for GSC maintenance, as depletion of H1 in the germ line

results in loss of GSCs over time. Depletion of H1 in the GSC, however, does not

alter response to Dpp signaling, as Mad is normally phosphorylated. However, in

spite of normal pMad levels, Bam is prematurely expressed. Depletion of H1 also

increases H4 lysine 16 acetylation (H4K16ac) in the GSCs, a mark associated with

active chromatin. Additionally, overexpression of a specific H4K16 acetyl trans-

ferase,male absent on the first (mof), leads to GSC loss and premature expression of

Bam (Sun et al. 2015). This suggests that H1 is responsible for silencing differen-

tiation genes, while Mof activates differentiation genes to ensure remodeling of the

chromatin to an active state for efficient GSC differentiation (Akhtar and Becker

2000). These studies indicate that histones modulate accessibility of differentiation

genes via nucleosome compaction in the GSCs.

In addition to nucleosome compaction, GSC fate is also maintained at the

chromatin level by histone modifications. H2B monoubiquitination (Ub-H2B)

1 Role of Chromatin Modifications in Drosophila Germline Stem Cell Differentiation 5



plays an important role during chromatin regulation and is required for H3K4

methylation, which is an indicator of gene activation (Dover 2002; Sun and Allis

2002). In Drosophila, the gene scrawny (scny) encodes an H2B ubiquitin protease

that deubiquitinates H2B to suppress methylation at lysine residues, resulting in

gene repression (Gardner et al. 2005). GSCs express Scny at high levels, and loss of

scny results in increased acetylation of H3 tails and early expression of Bam,

causing a loss of GSCs (Buszczak et al. 2009). On the other hand, it has been

shown that dBre1 encodes an ubiquitin ligase required for the monoubiquitination

of H2B and is expressed throughout the germarium (Bray et al. 2005). Loss of

dBre1 in the GSC results in GSCs with low levels of H3K4 trimethylation

(H3K4me3). Although, GSCs lacking dBre1 display low levels of pMad and Dad

expression, bam transcription remains unchanged. This suggests that dBre1 mod-

ulates GSC maintenance by targeting differentiation factors other than Bam (Xuan

et al. 2013). Collectively, these two studies have shown that an ubiquitin protease

and an ubiquitin ligase maintain H3K4me3 levels in the GSCs to ensure the proper

balance of gene expression.

A histone methyltransferase, dSETDB1 or eggless (egg), has also been shown to
regulate GSC fate during Drosophila oogenesis. dSETDB1 deposits the repressive

H3K9me3 mark, which recruits heterochromatin protein 1 (Hp1) to form hetero-

chromatin (Schotta 2002; Ebert 2004). H3K9me3 is present at low levels in the

GSC, but increases in the CB once division is complete. This is concurrent with the

finding that dSETDB1 in the GSCs is mostly cytoplasmic, but becomes increas-

ingly nuclear after division (Rangan et al. 2011; Clough et al. 2014). Generation of

dSETDB1-deficient GSCs leads to loss of self-renewal (Wang et al. 2011). And

although the dSETDB1-deficient GSCs differentiate properly, they arrest

mid-oogenesis. The targets of dSETDB1-mediated H3K9me3 marks were identi-

fied as Piwi-interacting small RNA (piRNA) clusters (Rangan et al. 2011). piRNA

clusters produce small RNAs (piRNAs) that target transposable elements (TEs) for

degradation (Gunawardane et al. 2007; Brennecke et al. 2007; Li et al. 2009a;

Malone et al. 2009). Loss of egg in the germ line results in the loss of piRNAs and a

failure to degrade TEs, leading to double-strand breaks (DSBs) in the genome

(Rangan et al. 2011). A critical step prior to heterochromatin formation is the

removal of methylations on H3K4 by Lysine-specific demethylase 1 (dLsd1)
(Rudolph et al. 2007; Di Stefano et al. 2007). Intriguingly, loss of dLsd1 in the

GSCs does not affect their maintenance (Eliazer et al. 2011). Germ line clones of

dLsd1 mutants also differentiate normally, with no observed block in the differen-

tiation program, but result in sterile females (Eliazer et al. 2011). Together, these

results indicate that methylation of histones mediated by intrinsic factors is imper-

ative for GSC maintenance and fertility.

Although histone-modifying enzymes in the GSCs are responsible for promoting

a repressive chromatin state, a recent study has shown that GSC self-renewal also

depends on deposition of active marks (Xin et al. 2013). Acetylation of histones is

associated with euchromatin formation, which makes the DNA more accessible to

transcription factors (An 2007). A putative acetyl transferase, Enoki mushroom

(Enok), has been shown to act intrinsically to maintain GSCs during Drosophila

6 P. Flora et al.



oogenesis. Depletion of enok in the GSCs results in GSC loss over time. This loss of

GSC phenotype does not result from inappropriate pMad levels or from premature

Bam expression. This suggests that in the GSC, Enok acts intrinsically downstream

of Dpp signaling and independent of the Bam pathway to control genes that may

promote self-renewal (Xin et al. 2013). Cumulatively, these observations give

insight into how histone-modifying enzymes mediate the balance of gene expres-

sion in the early stages of oogenesis to ensure the onset of differentiation.

1.1.2 Nucleosome Remodeling Complexes in the Germ Line
that Regulate GSC Self-renewal and Differentiation

Various protein partners that interact with histone-modifying enzymes also con-

tribute to the epigenetic state of a cell. Stonewall (Stwl), a DNA-binding protein

that acts as a dominant Suppressor of variegation [Su(var)], is highly expressed in

GSCs. Su(var)s usually modulate gene expression by depositing heterochromatin

and promoting chromosomal rearrangement to inactivate the genes (Schotta 2002).

Loss of stwl results in loss of GSCs, while overexpression results in a significant

increase in GSC-like cells. These observations indicate that Stwl is an intrinsic GSC

maintaining factor. However, loss of GSCs in a stwl mutant does not result from

early expression of Bam, indicating that Stwl targets other differentiating factors for

silencing in the GSC (Maines et al. 2007). Nanos (Nos) and Pumilio (Pum) are

conserved RNA translational suppressors that suppress translation of differentiating

mRNAs in the GSCs (Lin and Spradling 1997; Forbes and Lehmann 1998; Wang

and Lin 2004). Interestingly, it was found that Stwl transcriptionally inhibits the

genes that are translationally regulated by Nos and Pum (Maines et al. 2007). This

shows that proteins such as Stwl interact with histone-modifying enzymes to

maintain a repressive chromatin state that suppresses the transcription of differen-

tiating mRNAs in the GSCs.

Chromatin remodelers, along with chromatin organization and epigenetic marks,

are critical for GSC maintenance and differentiation. Chromatin remodeling pro-

teins regulate gene expression by modulating nucleosome position, which allows

transcription factors to access the DNA (Armstrong and Emerson 1998). In Dro-
sophila, there are five chromatin remodeling factors: Brahma (Brm), Imitation SWI

(Iswi), Domino (Dom), Kismet (Kis), and dMi-2 (Tamkun et al. 1992; Kehle 1998;

Daubresse et al. 1999; Ruhf et al. 2001; Corona 2002). To remodel chromatin, Brm

interacts with either Osa, a Trithorax group (TrxG) protein, to form the Brahma

associated protein (BAP) complex or with Polybromo to form the Polybromo

associated protein (PBAP) complex (Mohrmann et al. 2004; Moshkin et al.

2006). Brm is expressed throughout the germarium, in both the somatic niche and

the germ cells, and loss of brm in the germ line results in GSC maintenance defects.

Loss of Bap180, a PBAP complex member, in the germ line resulted in loss

of GSCs over time. However, mutations in the BAP associated protein Osa did
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not affect GSCs, suggesting that PBAP but not BAP is required for GSC mainte-

nance. Although GSC loss is usually associated with misregulation of Dpp signal-

ing and early expression of Bam, this phenomenon was not observed in the bap180
mutants (He et al. 2014). These findings reveal that chromatin remodeling is critical

for GSC maintenance, but their downstream targets in GSCs have yet to be

identified.

Along with Brm, other chromatin remodelers have been shown to function in the

GSCs: Iswi regulates transcription by compacting the chromatin, while Dom is

responsible for exchanging histone variants to induce transcriptional repression

(Deuring et al. 2000; Ruhf et al. 2001; Corona 2002; Badenhorst et al. 2002). Iswi

protein levels are high in the nuclei of all germ cells, while Dom is present in high

levels in the nuclei of GSCs and in low levels in the nuclei of somatic stem cells

(SSCs). iswi and dom mutant oocytes arrest in mid-oogenesis, suggesting they are

essential duringDrosophila oogenesis. Intriguingly, it was reported that only loss of
iswi, but not dom, resulted in the loss of GSCs. GSCs lacking iswi showed

downregulation of Dad, but pMad levels were not altered concurrent with prema-

ture expression of Bam. This indicates that Iswi functions downstream of Dpp

signaling to maintain GSCs by repressing Bam (Xi 2005). Although, Kismet’s role
during oogenesis has yet to be investigated, dMi-2 has been shown to play an

important role in oocyte specification and karyosome formation, discussed in

Sect. 1.2.3.

1.1.3 Nuclear Organization in the Germ Line that Regulates
GSC Self-renewal and Differentiation

The cytoplasm and the nucleoplasm are separated by the nuclear envelope. Embed-

ded beneath the nuclear envelope is a network of filamentous proteins, referred to as

the nuclear lamina, which helps organize the chromatin during interphase

(Gruenbaum et al. 2005). An important family of lamin-interacting proteins are

the LEM domain (LEM-D) proteins, named after LAP2, Emerin, and MAN1 (Lin

2000; Mansharamani and Wilson 2005; Wagner and Krohne 2007). Protein

domains in LEM-D proteins interact directly with transcriptional repressors as

well as signaling cascade effectors, such as Smads, implying that they broadly

contribute to gene regulation and chromatin organization (Holaska et al. 2003;

Haraguchi et al. 2004; Lin et al. 2005; Mansharamani and Wilson 2005; Bakay

2006; Jiang et al. 2008). LEM-D proteins are constitutively expressed. However,

they display tissue-specific pathological roles. For example, mutations in the

LEM-D protein, Emerin, result in age enhanced, X-linked muscular dystrophy in

humans (Manilal 1996, 1998). These observations suggest that diseases associated

with LEM-D may result from dysregulation of adult stem cell maintenance. Otefin

(Ote), the Drosophila homolog of the LEM-D protein Emerin, localizes to the

nuclear envelope and physically interacts with nuclear lamin proteins B and YA
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(Ashery-Padan et al. 1997; Goldberg et al. 1998). However, RNAi knockdown of

Ote in Drosophila cell lines showed no defects in the organization of the nuclear

envelope, suggesting a role beyond nuclear architecture (Wagner 2004). Jiang et al.

(2008) showed that Ote is expressed in both the germ line and somatic cells of the

Drosophila gonad. A mutation in the ote allele resulted in sterile females with

rudimentary ovaries lacking GSCs with few differentiated germ cells and abnormal

egg chambers. Germ line specific loss of ote by clone induction results in loss of

GSC, suggesting that Ote is required intrinsically for GSC maintenance. And

ectopic overexpression of Ote increased the number of GSCs in the ovary,

suggesting a role in modulating differentiation. Concurrent Ote and Dpp antagonist

Dad overexpression resulted in complete loss of GSCs, indicating that Ote acts as

an agonist of the Dpp pathway. It was reported that loss of ote also resulted in Bam
expression in the GSC, thereby promoting premature differentiation. Additionally,

this group demonstrated that Ote physically interacts with Med and together

associate with the silencer element in the bam gene to suppress its transcription,

thereby conserving GSC fate (Jiang et al. 2008). In contrast to this work, studies

conducted by Barton et al. reported that loss of ote during oogenesis results in

differentiation defects with no upregulation of Bam expression. They also

established that GSCs lacking ote failed to undergo proper differentiation despite

ectopic expression of Bam, indicating that Ote does not target bam for GSC

maintenance (Barton et al. 2013). Even though there is conflicting evidence on

how Ote mediates GSC maintenance, it is evident that a LEM-D containing protein

is indispensable for intrinsically maintaining GSC fate. Studies in vertebrates have

shown that the LEM-D protein MAN1 binds to Smad2 and Smad3 to antagonize

BMP signaling (Lin 2000; Ishimura 2006; Cohen et al. 2007). Altogether, these

studies suggest that different LEM-D proteins may have opposing functions in

maintaining homeostasis in various adult stem cell niches. Therefore, along with

histone modifications, chromatin organization is required for GSC fate

maintenance.

Studies have shown that the Drosophila gene b€allchen (ball), also known as

Nucleosomal Histone Kinase-1 (NHK-1), encodes a protein kinase orthologous to

mammalian Vaccinia-related Kinase 1 (VRK1), which is required for both chro-

matin organization and appropriate histone modification patterns in the oocyte

(Aihara et al. 2004). The Ball protein is expressed in the GSC and is required for

long-term GSC self-renewal (Herzig et al. 2014). However, Ball neither affects the

Dpp signaling pathway in the GSCs nor regulates Bam expression in the differen-

tiating germ cells, suggesting that its function in GSC maintenance is independent

of Bam regulation. It was found that Ball not only localized with the entire

chromatin but was also highly enriched in the nucleolus. The nucleolus assembles

around the chromatin region containing ribosomal DNA (rDNA) repeats. The GSCs

have a large nucleolus as compared to those of the differentiating germ line cysts,

which re-expand after the cysts begin to polyplodize (Neum€uller et al. 2008). In the
absence of Ball, half the GSCs exhibit fragmentation and disintegration of the

nucleoli (Herzig et al. 2014). This indicates that Ball is not required for initiating

but rather for maintaining nucleolar expansion of the GSCs. Overall, these studies
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indicate that Ball is an intrinsic factor required to maintain nucleolar organization

for increased ribosome biogenesis in the GSC. Studies conducted by Zhang et al.

have shown that high levels of ribosomal RNA transcription is dependent on

underdeveloped (udd) in the GSCs. Udd interacts with RNA polymerase I

transcription-promoting factors to mediate GSC maintenance (Seifarth et al.

1991; Zomerdijk et al. 1994). Udd localization in the GSCs is highly nuclear with

increased rRNA synthesis when compared to the CB. This increased rRNA syn-

thesis leads to proper translation of GSC-fate maintaining RNAs, such as Mad,

which allows the cell to promote its self-renewal properties (Zhang et al. 2014).

Altogether, these studies show the importance of nucleolar assembly in the GSCs in

order to promote rRNA transcription that ensures gene expression for self-renewal.

1.2 Epigenetic Mechanisms for Oocyte Specification
and Maintenance

After GSC self-renewal and differentiation, the stem cell daughter undergoes four

rounds of incomplete division. This produces an egg chamber cyst with a single cell

that is a fully determined oocyte and 15 endocycling nurse cells. As the cyst

migrates posteriorly, there is encapsulation by follicle cells (FCs). These encapsu-

lation events lead to the formation of 14 distinct developmental stages or egg

chambers (Spradling 1993).

Despite the oocyte being directly connected to the nurse cells, the developing

oocyte has a unique cell cycle from that of the nurse cells. Nurse cells fluctuate

expression of cyclin E (CycE) and dacapo (dap) to achieve an altered cell cycle

where they increase their DNA content without dividing (Robinson and Cooley

1996; Su and O’Farrell 1997). The current hypothesis on how oocytes are specified

proposes that fusomes and ring canals accumulate in cysts, facilitating RNA

transport to promote this specification. Before the oocyte is specified, in meiotic

prophase its chromosomes condense and align to form synaptonemal complexes

(SCs) (Koch et al. 1970; Carpenter 1975; Schmekel and Daneholt 1995). Until

recombination in prophase I is complete, the oocyte can be identified by the

presence of SC members, such as crossover suppressor on 3 of Gowen (C(3)G)

(Page 2001).

A growing body of research suggests that chromatin architecture and remodeling

play a critical role in specifying the oocyte and modulating cell cycle and meiosis.

Chromosomes store genetic information for propagation to subsequent generations.

During meiosis, chromosomes have functions that demand opposing epigenetic

states. Meiotic chromosomes are maintained in a haploid state for extended periods

of time, so they must undergo dynamic structural changes to balance both tran-

scriptional activation and silencing. Homologous meiotic chromosomes also

undergo DSBs to allow recombination to take place. This process of homologous

recombination (HR) is stabilized by the SC (Page and Hawley 2004), and the
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assembly of the SC is mediated, in part, by epigenetic modifications (Ivanovska and

Orr-Weaver 2014). Following recombination, a conserved, prolonged prophase I

arrest occurs. In prophase I arrest, Drosophila chromosomes condense within the

oocyte nucleus to form a structure called the karyosome, which is conserved in

higher organisms. Although it has been postulated that karyosome formation serves

to keep chromosomes close together in the growing oocyte nucleus, the reason for a

chromosomal rearrangement in metazoan prophase I is, however, unclear (Gruzova

and Parfenov 1993).

1.2.1 Histone-Modifying Enzymes and Histone Variants
in Oocyte Specification and Maintenance

Histone-modifying complexes such as polycomb repressive complex 2 (PRC2) have

been shown to be involved in oocyte specification and by extension karyosome

formation. Enhancer of zeste [E(z)], the enzymatic subunit of PRC2, has previously

been shown to deposit H3K27me3 marks to suppress gene expression (Czermin et al.

2001). Depletion of E(z) results in loss of oocyte markers, Orb and Bicaudal (BicD).

By stage 3, when the meiotic chromosomes first condense to form the karyosome, the

single C(3)G-positive cell in depleted ovaries lacked this karyosome structure. Chro-

matin immunoprecipitation (ChIP) assays using anti-E(z) and anti-H3K27me3

followed by qualitative real-time PCR (qPCR) assaying forCycE and dap loci showed
that both loci are enriched for E(z) andH3K27me3 deposition. These data suggest that

E(z) suppresses the nurse cell-like fate in the oocyte. This is mediated by the silencing

of CycE and Dap expression. This in turn prevents improper endocycling before the

oocyte becomes fully specified. And while PRC2 plays an important role in oocyte

fate, loss of polycomb repressive complex 1 (PRC1) do not cause infertility or oocyte

defects (Li et al. 2010; Gandille et al. 2010; Iovino et al. 2013) suggesting that PRC2

specifically has an epigenetic role in karyosome formation.

Gene regulation, modulated by histone modifiers, is critical for oocyte specifi-

cation and karyosome formation. To characterize the oocyte epigenome, an anti-

body screen against 21 histone marks was carried out, and it was identified that the

oocyte epigenome is unique, has both active and repressive marks, and is tempo-

rally dynamic (Navarro-Costa et al. 2016). One such dynamic mark that is depos-

ited early during oogenesis and maintained is H3K4me3, which is found at

transcription start sites of active genes (Santos-Rosa et al. 2002; Barski et al.

2007; Navarro-Costa et al. 2016). It was identified, through an RNAi screen, that

Drosophila histone demethylase KDM5 (dKDM5) is responsible for regulating

early H3K4me3 levels (Navarro-Costa et al. 2016). Tightly regulated H3K4me3

levels are crucial, as early H3K4me3 levels mediate karyosome remodeling and

prophase I arrested-oocyte transcriptional reactivation (King 1970; Navarro-Costa

et al. 2016). Thus, dKDM5 is required for timely transcriptional reactivation,

proper karyosome remodeling, and fertility.
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During meiotic recombination, there is an activation of a meiotic checkpoint due

to the formation of DSBs (Su 2006). Ataxia telangiectasia-mutated (ATM) and

ataxia telangiectasia-related (ATR/MEI-41) kinases are activated by these DSBs

and phosphorylate several targets, including checkpoint-1 (Chk1), checkpoint-2

(Chk2/MNK), and histone H2A variant (H2Av) (Kurz and Lees-Miller 2004;

Shiloh 2006; Joyce et al. 2011). It has been proposed that phosphorylation of

H2Av recruits chromatin-remodeling complexes, such as the histone

acetlytransferase Tip60, to DSB sites (Kusch et al. 2004). This suggests that

DSBs recruit factors necessary for remodeling the local chromatin architecture

for meiotic progression. When there is defective DSB repair, the meiotic check-

point is activated for a prolonged period, which in turn results in inefficient

accumulation of a TGFα-like protein called Gurken (Grk) causing alteration in

the dorsal-ventral (DV) patterning in Drosophila oocytes (Ghabrial et al. 1998;

Abdu et al. 2002).

Some members of the spindle group (which include spindle (spn)-A, spn-B, spn-
C, spn-D, spn-E, vasa, maelstrom, aubergine, and okra) have been shown to have a
role in meiotic checkpoint progression, oocyte specification, and chromatin orga-

nization. spn-A, spn-B, spn-C, spn-D, and okra were identified to be important in

meiosis, as mutants for these genes had prolonged meiotic checkpoints, as demon-

strated by H2Av accumulation, resulting in altered DV patterning phenotypes

(Huynh and St Johnston 2004). Despite having similar phenotypes as the other

spindle-group members, spn-E, vasa, aubergine, and maelstrom mutants did not

show direct involvement during meiosis progression (Ghabrial et al. 1998; Abdu

et al. 2002; Findley 2003; Tomancak et al. 2007). Thus, prolonged exposure to

DSBs produces altered chromatin architecture that leads to defects in oocyte

specification.

1.2.2 Nuclear Organization in Oocyte Specification
and Maintenance

Chromosomes are anchored to the nuclear envelope during meiotic recombination

(Su and O’Farrell 1997; Tange et al. 1998; Phillips and Dernburg 2006; Scherthan

et al. 2007; Phillips et al. 2009). This association must be dynamic, given that after

completion of meiotic recombination, chromosomes must detach from the nuclear

envelope to form the karyosome (Cullen et al. 2005). SC formation takes place prior

to recombination (McKim and Hayashi-Hagihara 1998). It was found that NHK-1,

or Bällchen, a histone H2A kinase, is required for proper SC disassembly, histone

H3 lysine 14 and histone H4 lysine 5 acetylation, and karyosome localization to the

interior of the oocyte nucleus (Ivanovska 2005; Cullen et al. 2005). In nhk-1
mutants, a recombination subunit of condensin, structural maintenance of chromo-

somes 4 (SMC4) does not localize to the karyosome (Chan et al. 2004; Ivanovska

2005). These findings suggest that NHK-1 plays a critical role in the formation and

maintenance of the karyosome (Ivanovska 2005; Ivanovska and Orr-Weaver 2014).
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Barrier to Autointegration Factor (BAF) binds to LEM-D proteins in the inner

nuclear membrane and anchors DNA (Shumaker 2001; Furukawa 2003; Schmid

and Nanda 2004; Mansharamani and Wilson 2005). Intriguingly, VRK1 in mam-

mals has a high degree conservation of the kinase domain and structure to NHK-1

and has been shown to phosphorylate BAF (Nichols 2006; Gorjánácz et al. 2007).

Drosophila karyosome and mouse oocytes exhibit similar chromatin architecture.

Vrk1mutant oocytes exhibit nuclear organization defects, as compared to wild-type

mouse oocytes. This suggests that VRK1 phosphorylation of BAF is critical for the

release of DNA to form the karyosome (Schober et al. 2011). In Drosophila,
mutation of the BAF phosphorylation site leads to continuous association of

DNA with the inner nuclear membrane and loss of karyosome formation (Lancaster

et al. 2007). Interestingly, mnk, nhk-1 double mutants did not rescue the karyosome

defect, suggesting that this defect is not a result of meiotic checkpoint activation. In

spn-A, spn-B, and spn-D ovaries, the phosphorylation of histone H2A threonine

119, a mark deposited by NHK-1, was greatly reduced. This indicated that

unrepaired DSBs suppress NHK-1 phosphorylation on histone H2A (Lancaster

et al. 2010). Together, these findings support the model that NHK-1 kinase activity

is suppressed during meiotic recombination while the oocyte chromosomes are

anchored to the nuclear envelope. Once the oocyte has exited the meiotic check-

point, NHK-1 phosphorylates BAF, leading to the release of chromosomes from the

nuclear envelope (Ivanovska 2005; Lancaster et al. 2007, 2010; Ivanovska and

Orr-Weaver 2014) (Fig. 1.3). Thus, NHK-1 is a critical factor mediating the

dynamic architecture, which allows chromosomes to attach and detach from the

nuclear envelope during meiosis.

1.2.3 Role of a Nucleosome Remodeling Complex in Oocyte
Specification and Maintenance

The role of histone-modifying complexes in chromatin modification during oocyte

specification and karyosome formation is still not fully understood (Kehle 1998;

Brehm et al. 2000). dMi-2 is a member of multiple chromatin-remodeling com-

plexes, including the NuRD complex (Kunert 2009). It been shown that loss of dMi-
2 causes chromosome decondensation and disrupts the association of cohesion with

polytene chromosomes (Fasulo et al. 2012). While both dMi-2 and NHK-1 depleted

oocytes had undercondensed chromosomes in mature oocytes, they most likely are

involved in distinct pathways given that dMi-2 oocytes show normal karyosome

organization before nuclear envelope breakdown, unlike nhk-1 mutants (Ivanovska

2005; Cullen et al. 2005; Nikalayevich and Ohkura 2015). Despite the fact that the

mechanism of NuRD action in chromosome condensation has not yet been

described, several suggestions have been offered. It has been proposed that perhaps

nucleosome remodeling or even the histone deacetylase activity of NuRD is

required for chromosome condensation; however, these proposals have yet to be

tested (Nikalayevich and Ohkura 2015).
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1.3 Chromatin Regulation in Somatic Niche Cells
Regulates Oogenesis

Oogenesis requires proper GSC self-renewal and maintenance while also requiring

close contact between the germ line and surrounding somatic niche. The soma–

germ line contact is conserved from C. elegans to humans. In C. elegans, contact
between the somatic sheath and germ cells is critical for oogenesis (Hall et al. 1999;

Erickson 2008), and in mammals, somatic granulosa cells surround the oocytes to

Fig. 1.3 Schematic of NHK-1 activity in the ovary. Upon double-strand break formation, meiotic

recombination checkpoint is activated, NHK-1 kinase activity is suppressed, and BAF is

unphosphorylated. This anchors chromosomes to the nuclear envelope via LEM-D proteins.

Once recombination is complete, NHK-1 phosphorylates BAF and the chromosomes dissociate

from the nuclear envelope, allowing karyosome formation. Adapted from Lancaster et al. (2007)

14 P. Flora et al.



promote maturation (Buccione et al. 1990; Canipari 2000; Matzuk et al. 2002;

Gilchrist et al. 2004). A similar interaction between Drosophila germ cells and the

somatic niche is critical for GSC self-renewal and differentiation (Morgan and

Mahowald 1996; Xie and Spradling 2000).

In Drosophila, somatic niche cells such as the terminal filament (TF), cap cells

(CpCs), and escort cells (ECs) surround the germ line and play an important role in

GSC self-renewal and differentiation (Fig. 1.1b) (Song 2002). The TF consists of

approximately seven to eight cells connecting the germarium with the sheath cells

surrounding the ovariole (Lin and Spradling 1993; Sahut-Barnola et al. 1995).

Attached to the TF is a cluster of CpCs (Forbes et al. 1996). GSC self-renewal

requires adhesion to the CpCs, mediated by adherens junction molecules such as

DE-Cadherin and Armadillo/β-catenin. Not only do CpCs provide somatic struc-

tural support but also are a source of Dpp signaling that is critical for GSC self-

renewal (Song 2002).

Upon GSC division, the CB loses contact with the CpCs, turns on Bam, and

undergoes four rounds of incomplete divisions to form a 16-cell cyst, as described

earlier (Xie and Spradling 2000). The ECs form long processes that make exten-

sive contact with the CB and all the differentiating cysts. These EC processes are

required for proper differentiation (Schulz et al. 2002; Decotto and Spradling

2005). The 16-cell cyst containing the specified oocyte comes into contact with

follicular stem cells (FSCs) (Margolis and Spradling 1995; Nystul and Spradling

2007). FSCs generate multiple somatic cell types, such as epithelial follicle cells,

pre-follicular cells (PFCs), stalk cells (SCs), and polar cells (PCs) (Tworoger et al.

1999; Nystul and Spradling 2010). Epithelial follicle cells surround each maturing

egg chamber and are required for proper follicle budding, oocyte development,

and patterning (Huynh and St Johnston 2004; Nystul and Spradling 2010). The

separate egg chambers are connected by an array of stalk cells and have special-

ized cells known as the polar cells at the anterior and posterior ends (Wu et al.

2008). All of these somatic cell types coordinate transition from GSC to the

mature egg.

1.3.1 Chromatin Modifiers Regulate Signaling Pathways
in the Somatic Niche

Numerous chromatin modifiers have been identified in the somatic niche cells that

play a critical role in oogenesis. These molecules either act in a specific cell type or

in multiple cell types to regulate different steps of this process. Female sterile

(1) Yb (fs(1)Yb), also referred to as Yb, encodes a protein that has domains

homologous to DEAD/DEAH box RNA helicase and Tudor domain (Szakmary

et al. 2009). Fs(1)Yb interacts with other proteins of the piRNA pathway to form Yb

bodies in somatic cells of the gonad (King and Lin 1999). These Yb bodies have
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been identified as a major site for piRNA biogenesis (Qi et al. 2011). In the TF and

CpCs, fs(1)Yb controls GSC maintenance by regulating two pathways: Piwi and

Hedgehog (Hh) (King and Lin 1999; King et al. 2001).

Loss of Yb results in mislocalization of Piwi from Yb bodies in the somatic

niche cells. Piwi, a nucleoplasmic factor that regulates chromatin state, is expressed

in both the soma and germ line (Cox et al. 1998). It plays a pivotal role during

oogenesis by promoting piRNA production (Thomson and Lin 2009). Loss of piwi
in the germarium leads to pleotropic phenotypes, such as accumulation of GSC-like

cells, loss of GSCs, and differentiation defects. piwi depletion in only the CpCs did
not result in GSC tumors, but exhibited loss of GSCs suggesting that piwi is
required in the CpCs for GSC maintenance (Cox et al. 1998, 2000; Ma et al.

2014). Corto, a chromodomain protein expressed in the TF and CpCs, binds to

methylated lysine residues in histones. Corto has been shown to interact with both

the Polycomb Group (PcG) genes that mediate gene silencing and the Trithorax

Group (TrxG) genes that confer gene activation (Salvaing et al. 2003; Smulders-

Srinivasan et al. 2010). It was shown that mutations in corto suppressed the GSC

maintenance defects of Yb and piwi mutants. This suggests that an as yet

unidentified regulatory mechanism acting downstream of Yb and Piwi in the

CpCs is required for GSC maintenance (Smulders-Srinivasan et al. 2010).

piwi depletion in the ECs results in tumors containing GSC-like cells. This

suggests that loss of piwi results in elevated Dpp signaling in the ECs (Jin et al.

2013). Further studies showed that reduction of dpp in these piwi depleted ECs did

not drastically rescue the differentiation defects, indicating that Dpp upregulation is

not the major cause of these defects. piwi is required in EC for survival and

formation of its processes (Ma et al. 2014; Upadhyay et al. 2016). It has been

shown that Piwi is also required for expression of Wingless-type mouse mammary

tumor virus (MMTV) integration site family member 4 (dWnt4) in the ECs. dWnt4

signaling in the ECs is required for both proliferation and processes formation

(Wang et al. 2015). Thus, in the ECs, Piwi is required for regulating Dpp and dWnt4

signaling to promote GSC differentiation.

Loss of Yb also phenocopies loss of Hh in the TF and CpCs, where FSCs under-

proliferate resulting in egg chamber defects (Forbes et al. 1996; King and Lin

1999). Loss of piwi does not affect Hh expression in the TF and CpCs, suggesting

that piwi and Hh work in parallel, downstream of Yb (King et al. 2001). Studies

have shown that Hh affects FSC proliferation and cell fate specification by coupling

with the Hippo pathway (Huang and Kalderon 2014) or by regulating two tran-

scription factors: Cubitus interruptus (Ci) and Castor (Cas) (Chang et al. 2013;

Zhang and Kalderon 2001). Thus, Yb independent of piwi regulates Hh signaling to
promote proper differentiation.
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1.3.2 Histone-Modifying Enzymes Regulate Signaling
Pathways in the Somatic Niche

Enok, a putative histone acetyltransferase, is required in both the GSCs and in the

somatic niche for proper GSC maintenance. Enok depleted CpCs showed loss of

GSC concomitant with reduced levels of pMAD, dally, and Notch reporters;

however, Dpp levels were not altered. This suggests Enok acts downstream of

Dpp signaling to control self-renewal. As Enok genetically interacts with Notch and

Notch signaling has been shown to regulate CpC numbers (Ward et al. 2006; Song

et al. 2007), it is thought that Enok contributes to GSC maintenance by maintaining

CpC numbers. Thus, Enok not only controls the size of the niche by potentially

activating the expression of Notch but also regulates the reach of Dpp signaling by

modulating levels of Dally (Xin et al. 2013).

dBre1 and dSet1 are required for regulating levels of H3K4me3, which is

required for activating transcription (Ardehali et al. 2011; Hallson et al. 2012).

Loss of dBre1 or dSet1 in the CpCs and ECs resulted in low levels of H3K4me3 in

both of these cell types. dBre1 depleted CpCs resulted in GSC loss over a period of

time, indicating its role in GSC maintenance. Additionally, dBre1 genetically

interacts with dSet1 to control GSC self-renewal. In TF and CpCs depleted of

these enzymes, GSCs were found to have significantly reduced pMad expression,

suggesting that Dpp signaling was compromised. However, dally mRNA levels

were reduced, as opposed to dpp mRNA levels, suggesting that impaired dally

expression is the cause for GSC loss. Furthermore, it was shown that dBre1/dSet1
led to reduction in Adherens junctions (AJ) protein components, DE-Cadherin and

Armadillo. This suggests that dBre1/dSet1 regulates the accumulation of adhesion

molecules at the CpC–GSC junction, thereby contributing to GSC maintenance.

Thus, transcriptional activation mediated by dBre1/dSet1 in the TF and CpCs is

required both to modulate the reach of Dpp signaling by modulating levels of Dally

and to regulate adhesion of CpCs to GSCs by modulating AJ components (Xuan

et al. 2013).

dLsd1, a lysine demethylase, removes mono and dimethyl groups from H3K4,

thus causing transcriptional silencing (Shi et al. 2004). dLsd1 is expressed in both

the germ line and in somatic cells, but it is only required in the ECs for GSC

differentiation. Loss of dLsd1 in ECs leads to accumulation of pMad positive

GSC-like cells. ChiP-seq assay revealed that dLsd1 binds to engrailed promoter

in the ECs. Engrailed is normally only expressed in the TF and CpCs and encodes

for a homeobox transcription factor (Morata and Lawrence 1975; Kornberg 1981;

Desplan et al. 1985). Engrailed is known to promote Hh expression, which in turn

drives Dpp expression (Lee et al. 1992; Tabata et al. 1992; Morata 2001; Alexandre

and Vincent 2003). Loss of dLsd1 resulted in ectopic expression of Engrailed in the
ECs, and loss of engrailed in dLsd1 ECs suppressed dLsd1 phenotype. Addition-

ally, Hh depletion in dLsd1 mutants also suppressed dLsd1 phenotype. This sug-

gests that loss of GSC differentiation is due to the ectopic expression of Engrailed in

the ECs, which promotes ectopic expression of Dpp (Fig. 1.4) (Eliazer et al. 2011,
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2014). Thus, silencing of self-renewal signaling in the ECs by dLsd1 is critical for

promoting differentiation.

dSETDB1 or eggless (egg) transfers methyl groups on lysine 9 (K9) residues of

Histone 3 and is also required for transcriptional silencing. Loss of dSETDB1 in the
ECs leads to loss of heterochromatin, upregulation of TEs, and Bam-dependent

GSC differentiation defects (Rangan et al. 2011; Wang et al. 2011). Intriguingly, it

was found that dWnt4 acts downstream of dSETDB1 and TEs to affect GSC

differentiation. dWnt4 controls GSC differentiation by regulating AJ proteins and

promoting the formation of cytoplasmic processes that envelope the differentiating

daughter (Upadhyay et al. 2016). Furthermore, depletion of disheveled and arma-
dillo, the downstream targets of Wnt signaling, leads to increased reactive oxygen

species (ROS) levels in ECs, resulting in accumulation of CBs and EC loss.

Overexpression of enzymes that help eliminate hydrogen peroxide, such as

glutathione-S-transferase (Gst), catalase, or superoxide dismutase1, could rescue

the differentiation defect and EC numbers. This suggests that Wnt signaling in the

ECs maintains the reduced redox state and is responsible for germ cell differenti-

ation and EC maintenance (Fig. 1.4) (Wang et al. 2015). Thus, silencing of TEs by

Fig. 1.4 Illustration of an escort cell (EC) enveloping the cystoblast (CB). Examples of two

chromatin modifiers acting in the ECs are shown. dLsd1, a lysine demethylase represses engrailed

and thereby dpp expression allowing proper differentiation. dSETDB1, a trimethylase regulates

dWnt4 which promotes differentiation by regulating adherens junction proteins required for

enveloping the CB and ROS required for EC survival in parallel
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dSETDB1 is critical to promote dWnt4 signaling, which promotes EC proliferation

and process formation.

1.3.3 Chromatin Remodeling Factors Regulate Signaling
Pathways in the Somatic Niche

Chromatin remodeling factors that reposition nucleosomes are also required in the

somatic niche for GSC maintenance and proper differentiation. As previously

discussed, Polybromo interacts with Bap180 to form the PBAP complex in the

germ line and is required for GSC maintenance. It was also shown that Polybromo

associates with Bap170 in the TF and CpCs to control GSC differentiation. Loss of

Polybromo and Bap170 in the TF and CpCs resulted in lower pMAD levels leading

to GSC loss over time (He et al. 2014). However, it is not known if it directly

regulates Dpp signaling or indirectly by regulating dally levels.

PcG that can remodel chromatin is known to form two complexes, PRC1 and

PRC2. Pc, Psc, Ph, Sce, Scm, and Su(z)2 together form the PRC1 complex (Shao

et al. 1999; Saurin et al. 2001; Fritsch et al. 2003). The PRC2 complex is formed of

Esc and E(z) (Ng et al. 2000; Tie et al. 2001). Of all these, only Ph, Sce, Scm, Psc, and

Su(z)2 are critical for oocyte development. Ph is expressed both in the germ line and

soma. Germ line clones for ph mutants revealed that Ph is not required in the germ

line for oogenesis. Somatic clones of ph mutants showed that pre-follicular cells

failed to form protrusions to encapsulate the 16-cell cyst and instead showed round

morphology. These mutants also exhibited follicle stem cell, stalk and polar cell

differentiation defects, and polar and stalk cell proliferation defects. Mutant Sce and
Scm somatic mitotic clones showed multicyst follicles with several oocytes, disorga-

nized encapsulation of the 16-cell cyst, and abnormal number of interfollicular stalk

cells. However, no defect in polar cells was observed (Narbonne 2004). Psc functions

with Su(z)2 to regulate FSC self-renewal. Although loss of Psc and Su(z)2 shows

germ line defects, these mutants are capable of differentiating into germ line cysts

and follicular epithelia. This implies that these proteins are required for maintenance

of GSCs and FSCs. Further studies showed that loss of these genes leads to sustained

canonical and noncanonical Wnt signaling, resulting in loss of FSC self-renewal and

causing basal epithelial extrusion, respectively (Li et al. 2010). All these studies

suggest that PcG components also have a function independent of the canonical

PRC1 complex in the somatic cells to regulate oogenesis.

1.4 Conclusion

The transition from GSC to a mature egg requires the fine balance of several

opposing processes, which is inherently difficult. Transcription of differentiation

factors must be silenced within the GSCs, only to be immediately upregulated in the

1 Role of Chromatin Modifications in Drosophila Germline Stem Cell Differentiation 19



GSC daughter to counter the surrounding self-renewal signaling. While this chapter

has outlined several repressive epigenetic mechanisms required for silencing in the

GSCs, very little is known about what activates the GSC self-renewal program and

the differentiation program in the daughter. However, it is known that a repressive

epigenetic program is required in the GSC daughter to initiate the piRNA pathway

that protects the genome against TEs. Upon differentiation, the specified oocyte

enters meiosis. This transition is mediated by several epigenetic mechanisms to

balance the chromosome’s need to be anchored to the nuclear membrane to promote

recombination and the chromosome’s need to be released to proceed into prophase

arrest for making an egg. The chromatin state of the oocyte nucleus is not known,

nor is it known how this state changes during development to give rise to the

karyosome. Lastly, the somatic niche plays a critical role in mediating these

transitions. Key epigenetic regulators in the various somatic cells of the niche

tune the signaling pathways to promote both self-renewal and differentiation.

However, how these various signaling pathways are integrated to produce a specific

epigenetic state in the egg is yet to be determined.
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Chapter 2

Regulation of the Balance Between

Proliferation and Differentiation in Germ

Line Stem Cells

Ramya Singh and Dave Hansen

Abstract In many animals, reproductive fitness is dependent upon the production

of large numbers of gametes over an extended period of time. This level of gamete

production is possible due to the continued presence of germ line stem cells. These

cells can produce two types of daughter cells, self-renewing daughter cells that will

maintain the stem cell population and differentiating daughter cells that will

become gametes. A balance must be maintained between the proliferating self-

renewing cells and those that differentiate for long-term gamete production to be

maintained. Too little proliferation can result in depletion of the stem cell popula-

tion, while too little differentiation can lead to a lack of gamete formation and

possible tumor formation. In this chapter, we discuss our current understanding of

how the balance between proliferation and differentiation is achieved in three well-

studied germ line model systems: the Drosophila female, the mouse male, and the

C. elegans hermaphrodite. While these three systems have significant differences in

how this balance is regulated, including differences in stem cell population size,

signaling pathways utilized, and the use of symmetric and/or asymmetric cell

divisions, there are also similarities found between them. These similarities include

the reliance on a predominant signaling pathway to promote proliferation, negative

feedback loops to rapidly shutoff proliferation-promoting cues, close association of

the germ line stem cells with a somatic niche, cytoplasmic connections between

cells, projections emanating from the niche cell, and multiple mechanisms to limit

the spatial influence of the niche. A comparison between different systems may

help to identify elements that are essential for a proper balance between prolifer-

ation and differentiation to be achieved and elements that may be achieved through

various mechanisms.
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2.1 Introduction

In order for a species to attain reproductive success in an environment, it must be

able to produce sufficient numbers of viable offspring that can survive to repro-

ductive maturity and produce their own offspring. The germ line of an organism

must be able to produce gametes in a sustained manner during the reproductive

lifespan of the organism in order for optimal reproductive fitness to be achieved. In

many species, the reproductive fitness of an animal relies on the continuous

production of large numbers of gametes. A stem cell population of undifferentiated

cells provides the source material for the extended production of these gametes.

Germ line Stem Cells (GSCs) are a special subset of adult stem cells that can only

give rise to more GSCs and meiotic cells/gametes (sperm or oocytes).

GSCs divide mitotically to replenish themselves and/or give rise to differentiat-

ing daughter cells. The amount of stem cell proliferation, or self-renewal, relative to

the number of cells that enter a differentiation pathway leading to the formation of

gametes must be balanced. If the GSC population undergoes too little self-renewal,

the stem cell population may become depleted, adversely affecting gamete produc-

tion (Kimble and White 1981; Austin and Kimble 1987; Meng et al. 2000; Kai and

Spradling 2003). Similarly, excess self-renewal will diminish the number of cells

that enter the differentiation pathway, as well as potentially lead to tumor formation

(Berry et al. 1997; Xie and Spradling 1998; Meng et al. 2000; Hansen et al. 2004a).

Therefore, the balance between the amount of self-renewal (proliferation) and the

amount of differentiation is vital. A stem cell divides mitotically to produce two

daughter cells. In some instances, both daughter cells will adopt the same fate

(symmetric division), either as stem cells or differentiating cells, while in other

instances one daughter cell will remain a stem cell while the other enters a pathway

to differentiation (asymmetric division). However, at least at a population level, a

balance must be maintained between the daughter cells that remain stem cells and

the daughter cells that differentiate. Cells that are to form gametes must progress

through meiosis, which produces four haploid products; depending on the species

and sex, some or all of these products will become functional gametes. Therefore, at

the level of a single cell in the germ line, this balance translates into a single

decision made by each GSC, whether to maintain its undifferentiated stem cell

character or to enter a differentiation pathway that results in the formation of

gametes. It is this decision that underlies the vital proliferation/differentiation

balance and ensures that an adequate numbers of gametes are made at any given

time, while maintaining a population of stem cells necessary for future gamete

production. It is important to note that in some systems differentiating cells may

divide mitotically; however, for the purposes of this review the term “proliferation”

will be reserved for mitotically dividing GSCs that are considered undifferentiated.
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2.1.1 GSCs Proliferate in the Niche by Either Asymmetric or
Symmetric Divisions

In most organisms, GSCs are thought to occupy a special microenvironment within

the germ line called the niche (Schofield 1978). In 1978, Schofield first proposed the

model that the niche exerts influence on occupying cells in order to maintain the

stem cell population (Schofield 1978). According to this model, as long as a GSC

resides within its niche, it will continue to proliferate and give rise to more GSCs.

When a GSC moves away from its niche, it will begin to differentiate. Later, this

model was experimentally validated in various organisms, including Drosophila,

C. elegans, as well as the mouse testis (Kimble and White 1981; Xie and Spradling

2000; Kiger et al. 2001; Tulina and Matunis 2001; Brinster 2002). The niche is

made up of specialized somatic cells that make contact with the GSCs and provide

short-range signaling to maintain their “stemness.” They can also receive and

integrate cues from outside the niche and signal to the GSCs to modulate the

amount of proliferation.

The niche’s influence is thought to be dominant, in at least some systems, to the

type of occupying cell (Schofield 1978; Scadden 2014). In the case of mammals and

Drosophila, even a partially differentiated cell can revert to the GSC fate if the cell

moves back into the area of the niche (Brawley and Matunis 2004; Kai and

Spradling 2004). However, this ability may be specific to only some stem cell

systems, as several other adult stem cell niches, such as the hair follicle, have not

yet been demonstrated to have this ability (Hsu et al. 2011). That at least some germ

line niches have this unique ability suggests that the balance between proliferation

and differentiation in the germ line has additional layers of regulation in place to

help respond to changing developmental needs and environmental cues when

compared with other adult stem cells, which help ensure that subsequent genera-

tions are formed.

A GSC can divide into two general ways, symmetrically or asymmetrically

(Fig. 2.1) (Morrison and Kimble 2006; Inaba and Yamashita 2012; Yadlapalli

and Yamashita 2012). In asymmetric divisions, when a GSC divides mitotically

to produce two daughter cells, only one retains a stem cell identity, while the other

begins the path to differentiation, including gamete formation. These differentiating

daughter cells move away from the influence of the niche and may undergo

additional rounds of proliferation before forming fully differentiated cells. Asym-

metric division has been well studied in Drosophila and mammals (Inaba and

Yamashita 2012; Yadlapalli and Yamashita 2012; Januschke and Näthke 2014).

Generally speaking, asymmetric cell division can take place in two ways (Gonczy

2008; Inaba and Yamashita 2012). First, the mitotic spindle can be oriented in such

a way that one daughter cell is retained in the niche, while the other is positioned

away from the influence of the niche. A second way to achieve asymmetric division

is by the asymmetric distribution of cytoplasmic cell fate determinants among the

resulting two daughter cells, such that only one cell is fated to become a GSC, while

the other becomes a differentiating cell. In symmetric divisions, the two resulting
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daughter cells have the same fate, whether that is a stem cell fate or a differentiating

fate. Symmetric divisions are thought to occur in the C. elegans hermaphrodite

gonad (Crittenden et al. 2006). A given stem cell system need not exclusively

B

C

A

Fig. 2.1 Stem cells can divide symmetrically or asymmetrically. If the mitotic spindle of a

dividing GSC is oriented perpendicular to the niche (a), one daughter cell will be retained in the

niche as a GSC while the other is pushed away from the niche, thereby taking on the fate of a

differentiating cell. If the mitotic spindle is oriented parallel to the niche, both daughter cells may

take on the differentiating cell fate (b) or the GSC fate (c). Green circle—GSC, green box—niche

area, red circle—differentiating cell, red box—non-niche area
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utilize asymmetric or symmetric stem cell divisions. For example, a live imaging

study in cultured Drosophila testis has shown that in a young healthy niche, GSCs

divide asymmetrically about 80% of the time, while other cells divide symmetri-

cally, forming either two differentiating cells (10%) or two self-renewing cells

(10%) (Sheng and Matunis 2011).

In the germ lines of certain organisms, the differentiating daughter cells undergo

a fixed number of mitotic divisions before entering into a meiotic cell cycle to form

gametes. These mitotically dividing cells are referred to as transit-amplifying cells

or transient amplifying cells (Watt and Hogan 2000). Transit-amplifying (TA) cells

are believed to serve as a way of amplifying the potential number of gametes

formed, while limiting the potential of acquired mutations that are passed on by the

precursor stem cell (Cairns 1975; Potten and Loeffler 1990). Transit-amplifying

cells have been well studied in the male Drosophila germ line, where they are

morphologically distinct from GSCs. They have also been identified in the mouse

testis (Nakagawa et al. 2007). In C. elegans, it was earlier thought that transit-

amplifying cells exist in the germ line (Maciejowski et al. 2006; Cinquin et al.

2010); however, recent evidence suggests that the worm hermaphroditic adult germ

line might lack these cells altogether (Fox and Schedl 2015).

2.1.2 Adhesion and Competition Within the Niche Maintains
GSCs Numbers

The number of GSCs maintained in the niche is tightly regulated. In Drosophila

females, there are only 2–3 stem cells per niche, whereas in the C. elegans her-

maphrodite there are likely 60–80 stem cells (Lin and Spradling 1993; Fox and

Schedl 2015). If GSCs move away from the niche, they begin to lose their stem cell

identity and ability to self-renew; therefore, there are mechanisms to maintain cells

within the niche microenvironment. Somatic cells that make up the niche and the

extracellular matrix surrounding it express adhesion molecules that maintain cells

within the niche. The activity of these molecules may be regulated so as to control

the number of GSCs in the niche (Chen et al. 2013). These adhesion molecules

contribute to niche–cell adhesion as well as cell–cell adhesion (Chen et al. 2013).

Within the Drosophila male and female GSC niches, cadherins and integrins are the

major classes of adhesion molecules at play (Chen et al. 2013). For example, in the

Drosophila ovary, GSCs are held in the niche by expression of E-cadherin at

junctions between the GSCs and the niche cells (Song et al. 2002). The removal

of E-cadherin from the junctions results in loss of GSCs from the niche (Song et al.

2002).

GSCs that move out of the niche environment must be replaced to maintain the

stem cell population. Since the niche consists of a limited signaling environment

and is often limited in physical space, GSCs are thought to be in constant compe-

tition to occupy the niche. The process of replacement of lost GSCs by division of
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neighboring GSCs in a stochastic manner is called neutral competition (Klein and

Simons 2011). No one GSC has a long-term advantage over the other in this type of

competition (Klein and Simons 2011). Lineage tracing experiments have shown

that neutral competition of GSCs occurs in the mouse testis (Klein et al. 2010).

However, a GSC may acquire mutations that could affect its ability to compete for

the niche, which is referred to as non-neutral competition (Klein and Simons 2011).

For example, in the Drosophila ovary, GSCs lacking the differentiation-promoting

factor Bam (Bag of marbles) display increased levels of E-cadherin at the junctions

with the niche cells and are preferentially retained in the niche (Jin et al. 2008).

These cells also have increased proliferative capacity, suggesting that there is cross

talk between factors that control adhesion, competition, and the balance between

proliferation and differentiation.

2.1.3 Cell Signaling Maintains GSCs

In many germ line niches, a single key signaling program is necessary to maintain

GSCs. In the Drosophila ovary, BMP signaling is the primary stem cell maintaining

signal, while in the testis, the Janus kinase-signal transducer and activator of

transcription (JAK/STAT) pathway performs this role (Xie and Spradling 1998;

Kiger et al. 2001; Tulina and Matunis 2001). In the C. elegans hermaphrodite,

GLP-1/Notch signaling is essential for GSC maintenance and proliferation (Austin

and Kimble 1987). Similarly, in the mouse testis, Glial cell line-derived

neurotrophic factor (GDNF), a member of the TGF-β family, is indispensible for

self-renewal of GSCs (Kubota et al. 2004). Many other pathways have also been

identified to be important players in maintaining GSCs or in promoting their

differentiation and will be discussed in subsequent sections.

It is important to note that although the balance between proliferation and

differentiation must be tightly regulated in the germ line, it also must allow for

some flexibility in order to respond to environmental (nutritional state) and phys-

iological changes (hormonal states and aging). This flexibility helps to ensure the

survival of the species in a range of environmental conditions and during different

life stages. For example, in C. elegans, specialized neurons in the pharynx sense

population density and food abundance and are required for TGF-β-mediated

proliferation of GSCs in the germ line niche (Dalfó et al. 2012). Likewise, during

early larval development in the Drosophila female, ecdysone receptors repress

precocious differentiation of the niche and the GSCs, but during later larval stages,

once the niche has matured, ecdysone is required to initiate differentiation of the

GSCs (Gancz et al. 2011). GSC function generally declines with age in adults

resulting in decreased proliferation and impaired gametogenesis (Jones and Rando

2011; Gonen and Toledano 2014). GSCs from older mice, when transplanted into

younger mice, maintain long past the normal lifespan of the donor animal, which

suggests that younger niches can maintain older GSCs independent of their age

(Ryu et al. 2006). Therefore, apart from the key signaling pathway that maintains
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the balance between proliferation and differentiation, there are often other cell

signaling pathways that can modulate this balance under specific conditions.

In this chapter, we discuss three well-studied germ line model systems. We

compare and contrast the known molecular and physical mechanisms behind the

proliferation vs. differentiation balance in these systems. We discuss one female

germ line, the Drosophila ovary, one male germ line, the mouse testis, and the

hermaphrodite germ line of C. elegans for this comparison. We highlight conserved

mechanisms that are essential to these systems as well as discuss other mechanisms

that make each of these niche systems unique. We also briefly mention how this

balance can be modulated in times of changing environmental/physiological

conditions.

2.2 C. elegans Hermaphrodite

2.2.1 Anatomy of the Gonad

The gonad of the C. elegans hermaphrodite contains two U-shaped tubes or arms

that meet at a common uterus (Hirsh et al. 1976; Kimble and White 1981). Germ

cells are born at the distal end of each arm and mature as they move proximally

towards the vulva. At the very distal end of each gonad arm is a large somatic cell

called the distal tip cell (DTC), which caps the distal mitotic GSCs and serves as a

niche for promoting GSC proliferation (Kimble andWhite 1981). The population of

germ cells closest to the DTC is referred to as the proliferative zone (PZ) or mitotic

zone (MZ), and cells within this region are mitotically dividing (Kimble and White

1981; Hansen et al. 2004a). The DTC forms the niche for GSC maintenance and

polarizes the germ line in the distal–proximal axis (Hansen and Schedl 2013;

Kershner et al. 2013). The DTC body intimately contacts the germ cells in the

distal end of the gonad and also extends multiple cellular processes throughout the

proliferative zone, with several smaller processes intercalating between germ cells,

with the DTC and its extensions forming a DTC plexus (Fitzgerald and Greenwald

1995; Hall et al. 1999; Crittenden et al. 2006; Byrd et al. 2014). The PZ consists of

about 200–250 cells that have similar nuclear morphology, as visualized by DAPI

staining (Crittenden et al. 2006; Maciejowski et al. 2006; Fox et al. 2011). Most

cells in the PZ in the adult are in the S or G2 phases of the cell cycle, with very few

cells in the G1 or M (Hansen et al. 2004a; Crittenden et al. 2006; Maciejowski et al.

2006; Fox et al. 2011). According to the most recent model, the self-renewing GSC

population in the PZ consists of the distal-most 60–80 cells, while the remaining

cells within the PZ are either undergoing a final mitotic division or have entered

premeiotic S phase (Fox and Schedl 2015), suggesting that the GSC niche only fully

functions within the most distal region of the PZ. This is a relatively large number

of stem cells as compared to other systems, including the Drosophila ovary (see

below). The large pool of stem cells could be a means to ensure rapid production of
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gametes when environmental conditions are conducive for reproduction (Hubbard

et al. 2013). In C. elegans, GSCs appear to divide by symmetric divisions as

daughter cells are arranged in various orientations relative to the parental GSC

upon mitotic division (Crittenden et al. 2006).

As cells move away from the DTC, towards the proximal end of the gonad, they

enter into meiosis in an assembly-line like manner to produce gametes. This

progression can be easily observed by comparing nuclear morphology as visualized

by DAPI staining. The first change in nuclear morphology is seen at the transition

zone, where the DNA takes on a crescent shaped appearance, which marks entry

into the leptotene and zygotene stages of meiotic prophase (Fig. 2.2a) (Francis et al.

1995; Dernburg et al. 1998; MacQueen and Villeneuve 2001). A large pachytene

region follows the transition zone and extends until approximately the loop region,

where the gonad arm reflexes back towards the vulva. As cells progress beyond the

loop region, they continue to progress through gametogenesis, with approximately

the first 40 cells differentiating into sperm (forming ~140–160 sperm per gonad

arm) and all subsequent cells differentiating into oocytes (Kimble and White 1981).

The sperm are stored in the spermatheca and fertilize oocytes that pass through the

spermatheca and into the uterus that is common to both gonad arms (Hirsh et al.

1976).

The germ cells in the distal gonad are syncytial in nature as germ cell nuclei are

only partially covered by cell membranes. The central core of the distal arm, called

the rachis, is largely cytoplasmic and devoid of cells, as most germ cells line the

periphery. Small clusters of cells are seen in the rachis, but only in the proliferative

zone (Hirsh et al. 1976). Recently, these cells in the rachis have been suggested to

act as cytoplasmic bridges to slow diffusion of morphogens across the proliferative

zone, which aids in maintaining the size of the proliferative zone (Cinquin et al.

2015). Besides the DTC, the germ line is lined by five pairs of somatic sheath cells

(Hirsh et al. 1976; Kimble and Hirsh 1979; Hall et al. 1999), which interact with

each other, and with germ cells, via gap junctions (Hall et al. 1999).

2.2.2 Proliferation vs. Differentiation Signaling

As mentioned, cells closest to the DTC are the self-renewing stem cells. As they

move away from the DTC, they cease proliferating and enter into meiosis. If the

DTC is ablated, all cells enter into meiosis prematurely and the stem cell population

becomes depleted (Kimble and White 1981). Likewise, moving the DTC more

proximally results in a population of proliferating cells being present in this new

location (Kimble and White 1981), suggesting that the DTC is necessary and

sufficient to maintain the stem cell population. Genetic analyses revealed that the

Notch signaling pathway is the key signal emanating from the DTC to promote

stem cell proliferation/self-renewal (Fig. 2.2b). The DTC expresses the Notch

signaling ligands LAG-2 and APX-1 (Tax et al. 1994; Henderson et al. 1994;

Nadarajan et al. 2009), which interact with the GLP-1/Notch receptor that is
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Fig. 2.2 (a) Schematic representation of the C. elegans adult hermaphrodite germ line. The

somatic Distal Tip Cell (DTC) caps the distal end of the gonad and maintains a pool of self-

renewing GSCs at the distal end followed by a region where cells are completing their last few

rounds of mitosis or entering premeiotic S phase and are committed to differentiate. Proximal to

this region, nuclei take on a crescent-shaped appearance in the Transition Zone. This is followed

by a region where cells are in pachytene. At the loop region, oocytes begin to form. At the

proximal end, sperm is contained in the spermatheca. (b) Key signals involved in the switch from

proliferation to differentiation in the C. elegans hermaphrodite niche. The DTC expresses the

GLP-1/Notch ligand, which makes contact with germ cells expressing the GLP-1 receptor. The

activation of the receptor leads to transcription of the lst-1, sygl-1, and fbf-2 genes. FBF protein

binds gld-1mRNA and represses its translation. In germ cells away from the influence of the niche,

GLD-1 and GLD-2 proteins are allowed to be expressed and GLD-2 in turn promotes the

translation of GLD-1. The GLD-1 protein blocks translation of glp-1 mRNA, thereby allowing

the cell to enter the differentiation pathway
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expressed on the surface of the germ cells in the proliferative zone (Crittenden et al.

1994). It is thought that this interaction results in cleavage of the intracellular

domain of GLP-1, which then translocates to the nucleus and binds to the LAG-1

transcription factor and the LAG-3/SEL-8 transcription coactivator to form a

transcriptional complex (Christensen et al. 1996; Roehl et al. 1996; Petcherski

and Kimble 2000; Doyle et al. 2000). The formation of this complex leads to the

transcription of downstream genes, including two redundant genes lst-1 and sygl-1,
in the distal-most cells of the PZ (Kershner et al. 2014). lst-1 and sygl-1 expression

roughly corresponds to the region occupied by actively self-renewing GSCs and is

therefore likely to represent the niche (Crittenden et al. 2006; Cinquin et al. 2010;

Fox and Schedl 2015). It is not yet fully understood how lst-1 and sygl-1 expression
is limited to the distal-most compartment of the PZ since GLP-1 receptor expres-

sion and LAG-2 expressing DTC projections are seen to extend beyond this region.

Perhaps, Notch signaling levels are above a threshold only where the levels of

GLP-1 and its ligands are at their highest, and/or there may be negative regulators

of Notch that function more proximally in the PZ, mechanisms that remain to be

elucidated. Until recently, it was unclear how LST-1 and SYGL-1 proteins function

to maintain GSCs, as their protein sequences are not conserved outside of nema-

todes (Kershner et al. 2014). However, a new study shows that both LST-1 and

SYGL-1 are responsible for inhibiting the expression of GLD-1, a key protein for

promoting meiotic entry (Brenner and Schedl 2016).

There are two well-studied redundant pathways that promote meiotic entry in the

germ line: the GLD-1 pathway and the GLD-2 pathway (Francis et al. 1995; Kadyk

and Kimble 1998). These pathways are thought to have low or no activity in the

very distal end, but have higher levels more proximally, as cells move away from

the influence of the niche and Notch signaling (Jones et al. 1996; Kadyk and Kimble

1998; Hansen et al. 2004b; Eckmann et al. 2004). GLD-1 is translationally

repressed in the distal PZ, resulting in very low levels of GLD-1 distally, but levels

increase more proximally, with accumulation peaking at the transition zone and

decreasing rapidly near the loop region (Jones et al. 1996; Hansen et al. 2004b).

GLD-1 is itself a translational repressor and functions genetically with NOS-3, a

Nanos homolog, to repress genes that promote proliferation and/or activate genes

that promote meiotic entry (Jones and Schedl 1995; Jan et al. 1999; Kraemer et al.

1999; Hansen et al. 2004b; Eckmann et al. 2004). GLD-1 represses the translation

of glp-1mRNA, thereby creating a negative feedback loop to reduce GLP-1 protein

accumulation beyond the PZ (Marin and Evans 2003). GLD-2, on the other hand,

encodes the catalytic subunit of cytoplasmic poly(A) polymerase (PAP) and func-

tions as a translational activator (Wang et al. 2002; Kim et al. 2010b). GLD-2 binds

the RNA-binding protein GLD-3 (a bicaudal-C homolog) to promote meiotic entry

(Eckmann et al. 2002, 2004; Wang et al. 2002). GLD-2 is known to promote

expression of gld-1mRNA (Hansen et al. 2004b; Suh et al. 2006); however, genetic

analysis suggests that GLD-1 and GLD-2 pathways must regulate other mRNA

targets, which are largely uncharacterized (Kadyk and Kimble 1998). A third

pathway has been proposed to function redundantly with the GLD-1 and GLD-2
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pathways to promote differentiation and may contain the GLD-4/GLS-1 cytoPAP

complex (Hansen et al. 2004a; Millonigg et al. 2014).

The GLD pathways for promoting meiotic entry are regulated, in part, by the

GLP-1 proliferation-promoting pathway through the FBF proteins, which are

members of the PUF family of proteins (Zhang et al. 1997). GLP-1 signaling is

known to activate fbf-2 transcription (Lamont et al. 2004). FBF-2 works redun-

dantly with its paralog, FBF-1, to maintain GSCs (Crittenden et al. 2002). In double

mutant fbf-1 fbf-2 worms, germ cells enter meiosis prematurely at lower tempera-

tures (Crittenden et al. 2002). FBF represses translation of mRNAs in each branch

of the GLD pathways (Crittenden et al. 2002; Eckmann et al. 2004; Suh et al. 2009).

In summary, cell-extrinsic signaling in the form of the GLP-1/Notch signal,

initiated by the DTC niche cell, triggers a transcriptional response in germ cells

instructing them to actively proliferate and maintain their stem cell identity. As

cells move away from the DTC, the GLD-1, GLD-2, and third pathways for entry

into meiosis are activated, allowing germ cells to enter the differentiation program.

Recent evidence suggests that additional extrinsic signals mediated by gap junc-

tions between the soma and the germ line also promote proliferation; however, the

nature of these signals is unclear and could be a new avenue for research (McCarter

et al. 1997; Starich et al. 2014).

Apart from the principal GLP-1 and GLD pathways, many other factors and

pathways have been identified that can modulate the balance between proliferation

and differentiation in the C. elegans germ line. These factors and pathways are

thought to modulate or fine-tune the proliferation vs. differentiation decision and

may help control the activities of the major pathways or run parallel to them. These

additional regulatory controls include phosphorylation, RNA splicing, proteasomal

degradation, and microRNA-mediated gene regulation (MacDonald et al. 2008;

Mantina et al. 2009; Kerins et al. 2010; Bukhari et al. 2012; Wang et al. 2012, 2014;

Gupta et al. 2015). Interestingly, another PUF protein, PUF-8, appears to have

multiple roles in regulating the balance between proliferation and differentiation,

much like its homolog Pumilio in Drosophila (see Sect. 2.3) (Datla et al. 2014).

While PUF-8 works redundantly with MEX-3 to promote proliferation, it also

works to suppress proliferation and/or promote differentiation, in part, by nega-

tively regulating RAS/MAPK signaling (Ariz et al. 2009; Racher and Hansen 2012;

Vaid et al. 2013). Recently, we have demonstrated that a chromodomain containing

protein, MRG-1, may help to set a threshold, allowing the activity levels of the

spatially controlled GLP-1/Notch and GLD pathways to properly control the

activity of downstream genes. Furthermore, the activity of MRG-1 is controlled,

at least in part, by proteasomal degradation (Gupta et al. 2015). Therefore, while the

GLP-1/Notch and GLD signaling pathways are the key regulators of the prolifer-

ation vs. differentiation decision, there are multiple other inputs that help to ensure

that this balance is precisely controlled and optimized for reproductive fitness.

Since the differentiation pathways are activated only when cells move away

from the niche, a fundamental question that remains unanswered in C. elegans has
to do with the mechanisms by which GSCs are retained in the niche. If GSCs exit

the niche prematurely, the GSC pool will be rapidly drained and more differentiated
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cells would result. Conversely, if GSCs remain in the niche longer than appropriate,

the balance would be tilted towards over-proliferation. We describe in Sects. 2.3

and 2.4 how adherens junctions and tight junctions help retain GSCs within the

niche in the Drosophila ovary and mouse testis. Similar mechanisms have not yet

been identified in the C. elegans hermaphrodite. It is speculated that the DTC

plexus may help anchor the distal-most GSCs to the niche, but this has not yet

been demonstrated (Crittenden et al. 2006; Byrd et al. 2014).

2.2.3 Plasticity

C. elegans is a free-living nematode that lives in the soil, and its germ line is likely

exposed to large fluctuations in environmental conditions (Hubbard et al. 2013). As

a consequence, the worm has developed unique adaptations to tide over stressful

periods and reduce gamete production until conditions improve. Many of these

adaptations have been well studied in early larval stages or in the transition from the

last larval stage to an adult (Hubbard et al. 2013). However, a recent study sheds

light into the adult niche’s response to stressful conditions. In the absence of food,

mitotically dividing germ cells become quiescent, i.e., enter a resting phase (Seidel

and Kimble 2015). This is characterized by slower progression through S phase,

arrest in G2 phase, disappearance of cells entering M phase, and rapid entry into M

phase when food becomes available (Seidel and Kimble 2015). Interestingly, the

ability of germ cells to become quiescent and recover from quiescence was inde-

pendent of germ cell proximity to the DTC, i.e., it was independent of the GLP-1

pathway (Seidel and Kimble 2015). However, it is unknown what signals are

instead responsible for induction and resumption from the quiescent state. Similar

results were obtained when the worms were stressed under high NaCl conditions

(Seidel and Kimble 2015). Therefore, C. elegans offers a tractable model system to

study quiescence in adult stem cells.

2.3 Drosophila Ovariole

2.3.1 Organization of the Drosophila Ovariole

Adult female Drosophila have a pair of ovaries, each of which contain 16–23

(depending on the strain) tube-like structures called ovarioles (Fig. 2.3a) (Sarikaya

et al. 2012). Each ovariole is a unit for egg production and is organized with a

distinct polarity. An apical structure at the anterior end of the ovariole, called the

germarium, houses stem cells and differentiating cells, which will become oocytes

and supporting cells (King 1970; Telfer 1975; Mahowald and Kambysellis 1980;

Spradling 1993). The germarium can be divided into distinct regions based on
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Fig. 2.3 (a) The Drosophila ovariole, depicting asymmetric GSC divisions and mitotic cyst

divisions in region 1. In region 2a, 16 cell cysts are formed. By region 2b, the 16-cell developing

cyst has flattened and occupies the entire width of the germ line. In region 3, the cyst becomes

completely surrounded by follicle cells and is ready to bud. (b) Decapentapelagic (Dpp) is

expressed by cap cells and escort cells. Cytoneme-mediated Hedgehog (Hh) delivery from cap

cells to escort cells also activates Dpp transcription in escort cells. Neighboring GSCs transduce

Dpp signal by a receptor and this results in high phosphorylated Mad (p-Mad) levels in the GSC.

High p-Mad blocks Bam transcription, preventing the GSC from differentiating. At the same time,

the Pum and Nanos complex prevents differentiating mRNAs from being translated. In the

cystoblast, Dpp activation is low, which results in Bam transcription. This allows cystoblasts to

enter the differentiation program. At the same time, Pum and Brat complex together to repress

translation of genes responsive to Dpp. AJ—Adherens Junction
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morphological differences—regions 1, 2a, 2b, and 3 (Fig. 2.3a). Region 1 comprises

the anterior tip of the germarium and serves as a niche to maintain 2–3 GSCs

(Wieschaus and Szabad 1979; Lin and Spradling 1993; Xie and Spradling 2000).

Here, each GSC divides asymmetrically to produce a posterior daughter cell that is

retained in the niche as a GSC and an anterior differentiating daughter cell called

the cystoblast (King 1970). The cystoblast undergoes four subsequent synchronous

mitotic divisions with the resulting cells remaining connected by cytoplasmic

bridges, called ring canals, due to incomplete cytokinesis (King 1970; de Cuevas

et al. 1997). As a result, a 16-cell ball of cells, called the cyst, is produced in region

2a. As the cyst moves posteriorly, the cells continue to develop and mature in

regions 2a and 2b. In region 2b, surrounding epithelial cells, called follicle cells,

envelop the 16-cell cyst, which flattens to take up the entire width of the germarium.

Only one cell in the follicle develops into the oocyte, while the remaining 15 cells

function as nurse cells (King 1970). Hence, the mitotic divisions that result in

formation of a 16-cell cyst are not considered to be transit amplifying as they do not

serve to amplify the number of oocytes produced (Gonen and Toledano 2014). By

region 3, the enveloped cyst buds off from the germarium as an individual Stage

1 egg chamber, but remains connected to other egg chambers adjacent to it, on

either side, by short stalks of specialized follicle cells (Fig. 2.3a) (Ruohola et al.

1991; Cummings and Cronmiller 1994).

A row of 8–10 tightly packed, disk-like, terminal filament (TF) cells make up the

anterior-most cells of the germarium (King et al. 1968; Godt and Laski 1995).

Disruption of TF cell formation leads to sterility, indicating that TF cells are

important for ovariole function (Godt and Laski 1995). The most posterior TF

cell contacts a cluster of 5–7 cap cells. GSCs are anchored to cap cells posteriorly

by adherens junctions (Song et al. 2002). This attachment to cap cells is critical for

stem cell maintenance, as removal of the protein components of adherens junctions

from GSCs results in stem cell loss (Song et al. 2002). Escort cells (also called inner

sheath cells or inner germarium sheath cells) line the surface of regions 1–2a of the

germarium and envelope cystoblasts and maturing cysts with their cellular exten-

sions during the earliest stages of their differentiation (Decotto and Spradling

2005). Escort cells project dynamic microtubule rich cellular processes to the

GSC daughters and assist maturing cysts to move posteriorly through the

germarium by passing the cyst from one escort cell to the other (Morris and

Spradling 2011).

2.3.2 Asymmetric Divisions Are Achieved by Spectrosome
Orientation

GSCs are the anterior-most cells within the niche and can be easily distinguished by

their relatively large size and by the presence of a unique spherical cytoplasmic

structure called the spectrosome, which is rich in cytoskeletal proteins and
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membrane vesicles, but excludes most ribosomes and mitochondria (Lin et al.

1994). During mitosis, the spectrosome is located on the anterior side of the GSC

between the nucleus and the portion of the plasma membrane in contact with the

cap cells and terminal filament cells (Deng and Lin 1997; Lin and Spradling 1997).

At telophase, the spectrosome segregates asymmetrically during cystoblast differ-

entiation, with the daughter cystoblast inheriting a reduced amount of spectrosomal

material (Fig. 2.3a) (Deng and Lin 1997; Lin and Spradling 1997; de Cuevas and

Spradling 1998). The spectrosome anchors one pole of the mitotic spindle so that

the GSC divides along the anterior–posterior axis and only one cell is retained in the

niche (Deng and Lin 1997). If GSCs are rapidly lost from the niche, the

spectrosome aligns perpendicularly to the anterior–posterior axis so that both

daughter cells are positioned in the niche to become GSCs, thereby replenishing

the GSC population (Xie and Spradling 2000). Therefore, spectrosome orientation

is an intracellular mechanism to determine whether a dividing GSC gives rise to

daughter GSCs or a cystoblast and a GSC.

The spectrosomal material inherited by the cystoblast gradually develops into a

large branched structure, called the fusome, which connects the ring canals in the

cyst (Telfer 1975; de Cuevas and Spradling 1998). The fusome is asymmetrically

distributed within the developing cyst and is important for cyst formation (Lin et al.

1994; de Cuevas and Spradling 1998). Disrupting the cytoskeletal components of

the spectrosome results in failure to specify the oocyte in the developing follicle

(Yue and Spradling 1992; Lin et al. 1994; de Cuevas et al. 1996). The asymmetrical

distribution of the fusome within the cyst is also noteworthy, as the cell within the

cyst that preferentially retains the most fusomal material will become the oocyte,

while the remaining cells become nurse cells (Lin et al. 1994; de Cuevas and

Spradling 1998; Huynh and Johnston 2004).

2.3.3 Proliferation vs. Differentiation Signals

Since the Drosophila ovariole has only 2–3 GSCs that give rise to many differen-

tiating cells, in order to not deplete the stem cell population, the rates at which

mitotic divisions occur is critical. Each GSC divides about once per day to give rise

to 1–2 cystoblasts, but each cystoblast takes 4–5 days to exit the germarium

(Margolis and Spradling 1995; Xie and Spradling 2000). Moreover, each GSC

within the same germarium divides independently of the other (Deng and Lin

1997). Therefore, even though there are only 2–3 GSCs, the germarium can

maintain multiple cysts at different stages of development without exhausting the

GSC supply, ensuring that oocytes are continually produced. Additionally, for

every GSC division, one cystoblast is produced, and although a cystoblast gives

rise to a 16-cell cyst, only one of the cells within the cyst becomes an oocyte. In

other words, for every GSC division, one GSC and one gamete are produced in this

model. The primary mechanism that maintains this balance is the asymmetric

division of the GSC, which ensures that only the daughter GSC is held in the
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niche, while the cystoblast is insulated from niche signals, thereby allowing it to

enter the differentiation pathway. The principal molecular signal that determines

this balance is Decapentaplegic (Dpp) signaling, assisted by additional signals, as

discussed below (Fig. 2.3b).

The cap cells and escort cells express the Dpp ligand, a member of the Bone
morphogenetic protein (BMP) superfamily of signaling molecules (Fig. 2.3b) (Xie

and Spradling 1998, 2000; Wang et al. 2008). GSCs within the niche that are in

contact with the cap and escort cells show high DPP signal activation, which causes

increased levels of the downstream effector, phosphorylated Mad (p-Mad) (Song

et al. 2004). Dpp signal activation is necessary and sufficient for the repression of

Bag-of-marbles (Bam), a fusome protein that is a key differentiation-promoting

factor, thereby allowing GSCs to maintain their stem cell identity (McKearin and

Spradling 1990; McKearin and Ohlstein 1995; Ohlstein and McKearin 1997; Song

et al. 2004). Cystoblasts are outside the niche and have low Dpp signal activation,

which allows bam to be transcribed, thereby causing these cells to enter a differ-

entiation program (Chen and McKearin 2003; Kai and Spradling 2003; Song et al.

2004). Glass bottom boat (Gbb), another BMP family ligand, is also necessary for

GSC maintenance, but unlike Dpp, its overexpression does not result in complete

repression of bam transcription or inhibit cystoblast differentiation (Wharton et al.

1991; Song et al. 2004).

In other developmental contexts Dpp can act as a long-range signal; however, in

order for the balance between stem cells and differentiating cells to be maintained

in the germarium, the range of Dpp activation is limited to just the 2–3 GSCs (Xie

and Spradling 1998; Kai and Spradling 2003; Song et al. 2004). Several signaling

pathways within the niche help restrict Dpp activity. The terminal filament

(TF) cells secrete Unpaired (Upd) and related cytokines, which activate Jak/Stat

signaling in the neighboring cap and escort cells to regulate dpp transcription in

these cells (López-Onieva et al. 2008). Cap cells secrete the short-range signaling

molecule Hedgehog (Hh), which is delivered through cytonemes to escort cells,

helping to maintain GSCs (Rojas-Rı́os et al. 2012). These cytonemes are a recently

discovered feature of cap cells and are reminiscent of the cytonemes of the

C. elegans germ line niche cell, the DTC (see Sect. 2.2), although the cap cell

cytonemes seem to be much shorter in comparison (Rojas-Rı́os et al. 2012).

Moreover, the germ cells themselves signal to the niche cells to limit Dpp move-

ment and stability in order to repress Dpp activity in cells outside of the niche,

thereby creating a negative feedback loop to limit Dpp activity (Liu et al. 2010). For

a detailed review on restriction of proliferation-promoting signals in the

germarium, please see Chen et al. (2011).

Several other signals emanating from the somatic cells of the niche help main-

tain GSCs. Piwi (P-element induced wimpy testis) is expressed in germ line stem

cells and somatic cells of the niche and is required for spectrosome formation and

GSC self-renewal (Lin and Spradling 1997; Cox et al. 1998, 2000). Piwi expression

in the niche represses Bam expression in the GSCs (Szakmary et al. 2005). TF cells

and cap cells also express Fs(1) Yb (Yb), which contributes to the maintenance of

GSCs (King and Lin 1999; Szakmary et al. 2009). Yb is required for Piwi
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expression in the terminal filament and cap cells (King et al. 2001; Szakmary et al.

2009). Yb sequesters Armitage (Armi), a putative RNA helicase involved in the

piRNA pathway, to the Yb body, a cytoplasmic sphere in somatic cap cells to which

Yb is exclusively localized, thereby allowing Piwi to enter the nucleus (Haase et al.

2010; Olivieri et al. 2010; Saito et al. 2010; Qi et al. 2011). However, Piwi’s role in
stem cell maintenance may be independent of its ability to enter the nucleus and

remains to be elucidated (Klenov et al. 2011).

In addition to signaling supplied by the niche to the GSCs, factors within the

germ cells are also important for maintaining their fate. For example, Pumilio
(Pum) is an RNA-binding protein that works with Nanos (Nos) to maintain GSCs

(Lin and Spradling 1997; Forbes and Lehmann 1998; Gilboa and Lehmann 2004;

Wang and Lin 2004). Pum and Nos complex together and translationally represses

differentiation genes, such as Mei-P26 and Brat (Harris et al. 2011; Joly et al. 2013).

It is interesting that while Pum works in consort with Nos in the GSCs to repress

differentiation and promote GSC maintenance, its role switches in cystoblasts

where it partners with another RNA-binding protein, Brat, to repress genes that

sensitize the cell to respond to Dpp (Sonoda and Wharton 2001; Harris et al. 2011;

Newton et al. 2015). Brat is expressed exclusively in the cystoblasts and works with

Pum to translationally repress proteins that contribute to Dpp responsiveness

(Harris et al. 2011). In other words, the same protein, Pum, has opposing functions

in two neighboring cells, based on context. Bgcn (Benign gonial cell neoplasm) is

another cell-intrinsic factor required for cystoblast differentiation and controls the

localization of Bam to the fusome (Lavoie et al. 1999). In cystoblasts, Bam directly

interacts with Pum, with the help of Bgcn, to suppress Pum/Nos activity, thereby

promoting differentiation (Kim et al. 2010a).

2.3.4 Plasticity

As stated in Sect. 2.1.1, germ line niches are able to respond to changing environ-

ments. With increasing age, there is a decline in reproductive capacity, which is

due, in part, to decreased GSC proliferation and decreased GSC retention in the

niche (Pan et al. 2007; Zhao et al. 2008). GSCs have a half-life of 4.6 weeks and are

randomly lost by differentiation (Margolis and Spradling 1995; Xie and Spradling

1998). The age-related decrease in GSC function and number is associated with

decreased BMP signaling and decreased E-cadherin accumulation between GSCs

and their niche (Pan et al. 2007; Zhao et al. 2008). Increasing BMP signaling slows

the aging of GSCs and promotes GSC proliferation (Pan et al. 2007; Zhao et al.

2008). However, despite the limited lifespan of a GSC, there is only a slight decline

in the number of GSCs maintained in the niche of older germaria; GSCs lost with

increasing age are actively replaced (Xie and Spradling 2000; Zhao et al. 2008).

Cells within the developing cysts up to the 4-cell and 8-cell stages can revert into

single stem cell-like cells if exposed to increased levels of Dpp (Kai and Spradling

2004). Recently, it was demonstrated that escort cells express low levels of Dpp,
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which helps maintain a pool of partially differentiated germ cells that can dediffer-

entiate into GSC-like cells if stem cells become depleted under normal or stress

conditions (Liu et al. 2015). Therefore, in addition to the mechanism of asymmetric

divisions that maintains the balance between proliferation and differentiation,

dedifferentiation is employed by the Drosophila ovariole to restore equilibrium,

when the GSC pool is perturbed.

The niche’s response to nutritional changes is an active area of study (Shim et al.

2013). When supplied with a protein-rich diet, germ line stem cells and somatic

stem cells have high division rates and their progeny also divide and expand

quickly; this response is mediated by insulin signaling (Drummond-Barbosa and

Spradling 2001). Furthermore, neural-derived Drosophila Insulin-Like Peptides

(DILPs) directly regulate GSC division rate and the growth of cysts (LaFever and

Drummond-Barbosa 2005). Under a poor diet, reduced insulin signaling slows the

progression of GSCs through the G2 phase of cell division, while an insulin-

independent pathway slows progression through the G1 phase (Hsu et al. 2008).

Apart from insulin signaling, diet-induced changes in hedgehog signaling also

control follicle stem cell proliferation (Hartman et al. 2013).

In summary, multiple cell signals emanating from the surrounding somatic cells

of the germarium along with cell-intrinsic gene expression is essential to help

regulate the balance between proliferation and differentiation in the Drosophila

niche. While GSCs divide primarily by asymmetric divisions in this system,

replacement of lost GSCs can also be achieved by symmetric divisions of GSCs

or by dedifferentiation of cells from a pool of partially differentiated cells.

2.4 Mouse Testis

2.4.1 Organization of the Seminiferous Tubule

Each lobule of the mammalian testis contains a few tightly coiled structures called

seminiferous tubules. Each tubule is a unit for continuous sperm production. The

progression of gamete development in the mouse testis conforms loosely to a model

of radial polarity (peripheral–central), instead of the strict linear polarity (distal–

proximal/anterior–posterior) seen in the C. elegans hermaphrodite gonad or the

Drosophila ovary. The outer circumference of the tubule supports immature germ

cells called spermatogonia, and differentiation progresses towards the lumen pro-

ducing spermatocytes, followed by spermatids (Fig. 2.4a). The most differentiated

cells, the spermatozoa, are produced in the lumen of the seminiferous tubule.

Unlike other germ line models, in the mouse there does not appear to be a clearly

defined anatomical region that corresponds to a niche. In fact, germ cells in various

stages of differentiation maintain contact with the same somatic cell, the Sertoli

cell. The Sertoli cell is a large cell that originates in the basement membrane of the

tubule and projects towards the lumen. It also sends out cellular extensions to
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developing germ cells. Tight junctions hold adjacent Sertoli cells together, which

results in the formation of a basal compartment and an adluminal compartment. The

basal compartment houses the spermatogonia, while the adluminal compartment is

home to maturing spermatocytes, spermatids, and spermatozoa. Therefore, in the

mammalian testis the term niche is used to describe the close association of the

undifferentiated spermatogonia with the epithelium of the seminiferous tubules

(Oatley and Brinster 2012). The connective tissue surrounding the seminiferous
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Fig. 2.4 (a) Sectional view of a seminiferous tubule. Germ cell development takes place in close

association with somatic Sertoli cells. The Sertoli cells are held together by tight junctions, which

divide the cell layer into an adluminal compartment and a basal compartment, the latter houses all

of the spermatogonia. (b) A schematic representation of the key molecular signals involved in A to

A1 spermatogonia development. GDNF secreted by Sertoli cells binds to receptors on

undifferentiated A spermatogonia to maintain them. Spermatogonia differentiate to A1 spermato-

gonia upon RA stimulation by Sertoli cells. Nuclear receptor RARγ is essential for this. STRA8

and KIT receptor are then expressed in these cells. KIT receptor binds KITL ligand expressed by

Sertoli cells
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tubules contains specialized cells called Leydig cells, which secrete testosterone,

and the peritubular myoid cells, which line the outside of the basement membrane

and provide rigidity to the seminiferous tubules. The adjacent Sertoli cells, inter-

stitial peritubular myoid cells, and Leydig cells all influence the niche (Oatley et al.

2009, 2011; Welsh et al. 2009; Chen et al. 2014).

2.4.2 Spermatogenesis and the Commitment to Meiosis

Traditionally, the cells in different stages of early spermatogenesis have been

described by a naming system based on mitotic hierarchy. Similar to cyst formation

in the Drosophila ovary, each sequential mitotic division results in incomplete cell

division and the daughter cells remain connected in 2, 4, 6, 8, 16, and, sometimes,

32 cell clusters. At the top of this hierarchy are the As cells. The single-celled (As)

spermatogonia undergo four mitotic divisions with incomplete cytokinesis to pro-

duce sequentially paired (Apr) and Aaligned-4, Aal-8, Aal-16 spermatogonia connected

by intercellular bridges (Fig. 2.5) (Oakberg 1971; Tagelenbosch and de Rooij 1993;

de Rooij and Russell 2000). Aal spermatogonia then mature to form A1 spermato-

gonia, without dividing, thereby entering the differentiation pathway. A1 spermato-

gonia undergo five synchronized mitotic cell divisions to form A2, A3, A4, In, and B

spermatogonia that remain syncytial (de Rooij and Russell 2000; de Rooij 2001;

Yoshida 2012). Finally, B spermatogonia divide to form preleptotene spermato-

cytes that enter meiosis (de Rooij and Russell 2000).

However, with time, this unidirectional hierarchical description has undergone

some revision. By lineage marking and live imaging, it was discovered that Apr–

Aal-8 spermatogonia can fragment and revert to forming shorter cysts or As cells

(Nakagawa et al. 2007, 2010). While all of the cells from As to Aal are referred to as

“undifferentiated” spermatogonia, in the prevailing model only some of As cells are

considered to be actual stem cells (also called Spermatogonial Stem Cells or SSCs),

the rest of the spermatogonia are thought to be transit-amplifying cells (Nakagawa

et al. 2007, 2010). Both undifferentiated (As–Aal) and differentiating spermatogo-

nia (A1–B) are located in the basal compartment of the seminiferous tubule, while

spermatocytes, spermatids, and spermatozoa are found in the adluminal compart-

ment (Yoshida 2012). It remains unclear whether SSCs undergo symmetric or

asymmetric divisions (de Rooij and Russell 2000; Oatley and Brinster 2012).

Since Apr and Aal spermatogonia can often be found in regions of the basal

compartment adjacent to Leydig cells and blood vessels, one theory proposes that

SSCs are positioned away from this area and divide asymmetrically to produce only

one daughter cell that is retained in the niche (Shetty and Meistrich 2007; Yoshida

et al. 2007). Despite this complexity, current understanding in the field recognizes

that the transition to A1 spermatogonia is the point where the irreversible commit-

ment to meiosis is made and will be the focus of this section (Griswold 2016).
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Fig. 2.5 The development of germ cells during spermatogenesis in the mouse testis. Spermato-

gonia are connected by intercellular bridges, and therefore spermatogonia exist as either syncytial

or as Asingle cells. Differentiating spermatogonia also exist as syncytial cell clusters, although they

have not been shown in this figure. See text for details
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2.4.3 Proliferation vs. Differentiation Signaling

The transition from undifferentiated to differentiating spermatogonia is orches-

trated by levels of two key signals: a drop in Glial cell line-derived neurotrophic
factor (GDNF) signaling and a surge of Retinoic Acid (Fig. 2.4b). GDNF, a distant

member of the TGF-β superfamily of proteins, is a key factor that helps maintain

undifferentiated spermatogonia (Lin and Spradling 1993; Meng et al. 2000). Mice

overexpressing GDNF overproduce undifferentiated spermatogonia and lack dif-

ferentiated cells, while mice that lack one copy of GDNF show depletion of

spermatogonia (Meng et al. 2000). GDNF signal transduction is carried out by

the receptor complex comprising of the Ret receptor tyrosine kinase and GDNF
family receptor-α1 (GFR-α1) (Saarma and Sariola 1999). GDNF is produced and

secreted by Sertoli cells, while the receptor complex is expressed by the

undifferentiated spermatogonia (Trupp et al. 1995; Golden et al. 1999; Meng

et al. 2000; Yomogida et al. 2003). New data shows that GDNF production by

peritubular myoid cells is also essential for spermatogonial development (Chen

et al. 2016). Ret is also expressed by Sertoli cells; therefore, GDNF signaling works

through both paracrine and autocrine mechanisms (Caires et al. 2012). GDNF

induces the expression of several transcription factors that are important for SSC

maintenance (Song and Wilkinson 2014).

One of the earliest differentiation signals identified to be required for spermato-

genesis in rodents was Vitamin A, the dietary precursor of Retinoic Acid (RA).

Spermatogenesis is arrested if Vitamin A deficiency is induced, with all tubules

containing only As, Apr, and Aal cells (van Pelt and de Rooij 1990). When Vitamin

A is restored in the diet, spermatogenesis restarts synchronously (van Pelt and de

Rooij 1990). Mice mutant for nuclear receptors of RA, such as RARα and RXRβ,
are sterile (Lufkin et al. 1993; Kastner et al. 1996). Loss of another RA receptor,

RARγ, results in impairment of the Aal to A1 transition (Gely-Pernot et al. 2012).

However, it remains unclear how many of these effects are due to RA’s requirement

by somatic cells, and how many are due to RA’s direct action on germ cells.

Many of the mechanisms downstream of RA action that contribute to Aal to A1

transition remain largely unknown (Busada and Geyer 2016). One of the best-studied

downstream targets of RA is the gene Stra8 (STimulated by Retinoic Acid 8) (Oulad-

Abdelghani et al. 1996). RA induces the expression of Stra8 in adult testis (Koubova

et al. 2006), which is essential for initiation of spermatogenesis in the mouse testis

and is required for preleptotene spermatocytes to transition into meiotic prophase

(Baltus et al. 2006; Anderson et al. 2008). Furthermore, Stra8 promotes spermatogo-

nial differentiation (Endo et al. 2015). It is expressed in the premeiotic spermatogo-

nial cells of prepubertal and adult testes (Oulad-Abdelghani et al. 1996). However,

although Stra8 is essential for initiation of spermatogenesis, it is not strictly required

for differentiation of spermatogonia, as genetic ablation of Stra8 does not completely

block differentiation, suggesting that RA acts through other targets in addition to

Stra8 (Endo et al. 2015). It is found in both the cytoplasm and nucleus and may

function as a transcription factor or a transcriptional co-regulator, but determination
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of its precise function and target genes has remained elusive (Oulad-Abdelghani et al.

1996; Tedesco et al. 2009). Recently, it was found that a periodic RA pulse within the

seminiferous tubule triggers differentiation of spermatogonia (Sugimoto et al. 2012;

Hogarth et al. 2015; Griswold 2016). The periodic RA-Stra8 signal plays an instruc-

tive role, and only some of the undifferentiated spermatogonia may be competent to

respond to the signal and differentiate (Endo et al. 2015). This is supported by another

study that found that undifferentiated spermatogonia exist as two subpopulations, one

that is competent to respond to RA and differentiate and one that is not (Ikami et al.

2015). Double-sex and mab-3 related transcription factor 1 (Dmrt1) also helps

regulate Stra8 expression by restricting RA responsiveness (Matson et al. 2010).

Spermatogonial expression of Dmrt1 suppresses precocious entry into meiosis by

binding to the Stra8 promoter and blocking activation by the RA receptor transcrip-

tional regulatory complex (Matson et al. 2010). Establishing differential competen-

cies and differential ability to respond to signals are key mechanisms to help maintain

hierarchy within the spermatogonial population, since spermatogonia at various

stages of differentiation are all contained within the same basal compartment in

close proximity.

In addition to RA, KIT, a receptor tyrosine kinase, is a well-established marker for

differentiating spermatogonia and is expressed in A1 to B spermatogonia,

preleptotene spermatocytes, and Leydig cells (Manova et al. 1990; Yoshinaga et al.

1991; Schrans-stassen et al. 1999). KIT-mediated phosphatidylinositol 30-kinase
(PI3-kinase) activity is essential for spermatogonia to enter meiosis (Blume-Jensen

et al. 2000; Kissel et al. 2000). Sertoli cells express the KIT ligand, KITL, also called

the Stem Cell Factor (SCF) (Nakayama et al. 1988; Motro et al. 1991; Marziali et al.

1993). Activation of the KIT receptor in spermatogonia by neighboring KITL

expressing Sertoli cells leads to activation of the PI3K pathway in spermatogonia,

which is required for entry into meiosis (Blume-Jensen et al. 2000; Kissel et al. 2000).

Interestingly, it was recently found that RA translationally activates KIT in neonatal

testis, and it is also possible that RA is important for the translation of KIT in

differentiating spermatogonia of the adult (Busada et al. 2015). Upon RA stimulation,

nuclear receptor RAR/RXR heterodimers are activated and drive expression of the

Sall4 transcription factor, which is known to regulate KIT expression (Hobbs et al.

2012; Gely-Pernot et al. 2015).

There are several other factors that help determine the fate of spermatogonia and

have been recently reviewed in Griswold (2016). Moreover, there is evidence that

both spermatogonia and Sertoli cells have an intrinsic cycle of gene expression

(Timmons et al. 2002; Vernet et al. 2006; Yoshida et al. 2006). Surprisingly, and in

contrast to the niche’s dominance over the type of germ cell that occupies the niche in

other systems (see Drosophila), in the mouse testis the spermatogonial cell-intrinsic

program is dominant over the Sertoli cell cycle (França et al. 1998). This was perhaps

best illustrated by a transplantation experiment in which rat germ cells transplanted to

mouse testis always differentiated following the rat 12.9 day cycle of spermatogen-

esis rather than the mouse 8.6 day cycle (França et al. 1998). In summary, mamma-

lian spermatogenesis involves a complex interplay of cell-intrinsic programs and

extrinsic signals that help ensure the continual production of sperm.
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2.4.4 Plasticity

In the mouse testis, age-related decline is observed in stem cell and niche function

(Ryu et al. 2006; Zhang et al. 2006). At 1 year of age, the total number of SSCs

declines, although they still retain their colony-forming abilities (Zhang et al.

2006). Between 1 and 2 years of age, SSC numbers continue to decline and

spermatogenesis decreases (Ryu et al. 2006). Moreover, testis of 2-year-old mice

cannot support spermatogenesis when transplanted with SSCs from younger mice,

indicating that the somatic cell niche environment also declines with age (Zhang

et al. 2006). This is supported by results from a reciprocal experiment; SSCs from

older mice support spermatogenesis when transplanted to a younger niche (Ryu

et al. 2006). During aging, GDNF expression changes in a biphasic mode. In 15–19-

month-old aging-fertile animals, GDNF is increased by 60%, when compared with

levels in control 2–4-month-old young-fertile mice. However, in aging-infertile

mice, GDNF levels are 73% of the levels in control mice. The initial surge in

GDNF, in response to an aging niche, is thought to be a potentially compensatory

response to restore niche activity. However, with increasing age, GDNF expression

goes down, likely due to the loss of Sertoli cell function, as they also show reduced

expression of GFR-α1 receptor (Ryu et al. 2006).

To summarize, cell-extrinsic signals, such as GDNF from Sertoli cells, are

essential for spermatogenesis in the mouse testis. At the same time, since sper-

matogonia of differing stages of meiosis all share the same physical space, a critical

mechanism to help control the balance between proliferation and differentiation is

the establishment of differing competencies to respond to extrinsic cues. The tight

junctions that divide the Sertoli cell layer into two compartments help achieve

further compartmentalization for developing germ cells. Several rounds of mitotic

divisions amplify the proliferative capacity of the undifferentiated spermatogonia.

The interplay of all of these mechanisms helps ensure that a proper balance between

proliferation and differentiation is met.

2.5 Concluding Remarks

There are several common themes and intriguing differences between these differ-

ent models of germ line stem cell proliferation, which we highlight in this section.

Many germ lines seem to share some mechanisms to help maintain the balance

between proliferation and differentiation. Distinct compartments (niche and

non-niche) are produced by differential cell signaling and negative feedback

loops that sharply demarcate the boundary between these two compartments. One

main cell-signaling pathway (e.g., Notch, BMP, GDNF) appears to be essential for

this balance, while several other pathways help modulate this balance. The key

pathway is initiated by the adjacent niche cell and leads to transcriptional activation

of genes essential for GSC maintenance in all three systems. Several other
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pathways feed into the key pathway, or function parallel to it, and exist to help

modulate its effect. Physical barriers between these compartments, such as cell

junctions in the case of Drosophila and mouse or cell bridges in C. elegans, are
employed to help separate compartments, while adhesion also plays an important

role in preferentially retaining GSCs in the niche. In the mouse, since both

undifferentiated and differentiating spermatogonia are housed in the basal com-

partment, differential cell competencies and responsiveness to extrinsic cues is the

cell-intrinsic mechanism by which two distinct populations of germ cells are

maintained. Furthermore, niche cells make intimate contact with germ cells to

limit their range of influence to a select group of cells. The DTC and cap cells

extend processes or cytonemes to GSCs, while escort cells extend processes to

differentiating cells, and Sertoli cells send cellular projections to developing germ

cells. Another common feature in these systems is that germ cells are often partially

syncytial, presumably to enable rapid cellular communication across developmen-

tally similar cohorts of cells. While developing germ cells in C. elegans are partially
covered by cell membranes, incomplete cell divisions take place in the developing

cysts of Drosophila and the Apr to Aal spermatogonia in mouse. RNA-binding

proteins, such as PUF family proteins, also work similarly in C. elegans and

Drosophila. Both Pumilio from Drosophila and PUF-8 from C. elegans have roles
on both sides of this balance, regulating proliferation and differentiation through

distinct mechanisms. With increasing age, niche function generally declines and a

drop in number of GSCs is observed.

It may seem as though that there are vast differences in the number of GSCs

maintained by the niche in these three systems. While Drosophila has only 2–3

GSCs per ovariole, the C. elegans hermaphrodite has 60–80 GSCs in each of the

two gonad arms. However, the total number of GSCs per individual organism is less

stark, when one accounts for the fact that there are 16–23 ovarioles per ovary and

two such ovaries in the female fly. In the mouse testis, we find that there are

multiple gamete-producing units in the form of many seminiferous tubules. There-

fore, it is tempting to speculate that isolating GSCs into multiple niches may be an

adaptation in relatively longer living organisms, such as Drosophila and the mouse,

to preserve gametogenesis in case of injury/damage. The GSCs may be maintained

by symmetric or asymmetric cell divisions, or a combination thereof. We have seen

that TA divisions are not always required for success in these models. The female

Drosophila and C. elegans hermaphrodite do not seem to have a pool of transit-

amplifying cells. In the case of C. elegans, this may be attributed to its short

reproductive life and the presence of a large pool of proliferative cells. The worm

does not need the TA cells to help amplify GSC divisions or for limiting the effects

of acquiring deleterious mutations because it is short-lived and the likelihood of

acquiring mutations is likely to be less of a concern. While the Drosophila ovariole

also does not have TA divisions, it does maintain a pool of partially differentiated

cells that can replenish the niche. On the other hand, mouse spermatogonia undergo

several rounds of TA divisions to help sustain continual spermatogenesis over a

much longer reproductive life, while protecting germ cells from passing on any

acquired mutations.
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Understanding the fundamental principles of how the balance between prolifer-

ation and differentiation in these models is achieved is vital to furthering our

knowledge of how adult stem cell niches are regulated. An imbalance in this

decision, in either direction, can dramatically reduce the reproductive fitness of

the species. These three models of the proliferation vs. differentiation decision have

many similar mechanisms that govern this balance. While the precise signaling

pathways that are utilized differ between these organisms, many aspects of their

utilization are similar. The last few years have been particularly exciting with new

research pointing towards the fact that the germ line niche is a highly dynamic and

plastic tissue compartment.
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Chapter 3

Control of Germline Stem Cell Lineages by

Diet and Physiology

Kaitlin M. Laws and Daniela Drummond-Barbosa

Abstract Tight coupling of reproduction to environmental factors and physiolog-

ical status is key to long-term species survival. In particular, highly conserved

pathways modulate germline stem cell lineages according to nutrient availability.

This chapter focuses on recent in vivo studies in genetic model organisms that shed

light on how diet-dependent signals control the proliferation, maintenance, and

survival of adult germline stem cells and their progeny. These signaling pathways

can operate intrinsically in the germ line, modulate the niche, or act through

intermediate organs to influence stem cells and their differentiating progeny. In

addition to illustrating the extent of dietary regulation of reproduction, findings

from these studies have implications for fertility during aging or disease states.

3.1 Introduction

Organisms face frequent challenges to their homeostasis, and sensing and

responding appropriately to these challenges is essential for their survival and

successful reproduction. Diet and various stressors in the external environment

help determine the levels of many circulating factors, including nutrients, metab-

olites, and hormones, which in turn can influence the germ line, a special lineage

that gives rise to gametes and allows species propagation (Ables et al. 2012;

Hubbard 2011). Constant evolutionary pressure on reproduction has therefore led
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to very tight coupling of nutrient availability, metabolic status and other aspects of

whole-body physiology to the biology of germ cells.

In many systems, germline stem cells (GSCs) support gametogenesis throughout

most of adult life. Germ cell development from the stem cell stage to fully

differentiated gametes is energetically costly and entails a large number of cellular

processes that impose varying metabolic demands. It is therefore not surprising that

multiple steps of gametogenesis are regulated by diet and other physiological

factors (Ables et al. 2012; Hubbard 2011; Gracida and Eckmann 2013b; Busada

and Geyer 2016).

Over the past 15 years, many studies have tackled the complex question of how

whole-body physiology controls adult GSC lineages by taking advantage of in vivo

model systems amenable to genetic manipulation. In this chapter, we summarize

and discuss the progress in this field, with a special focus on diet-dependent

mechanisms that modulate adult GSC lineages in Drosophila melanogaster,
Caenorhabditis elegans, and mammals.

3.2 Responses of Germline Stem Cell Lineages to Diet

By coupling reproduction to nutrient availability, organisms avoid the costly

metabolic investment of reproduction under suboptimal conditions and improve

evolutionary fitness. Diet-dependent regulation of germ cells is therefore found in a

wide range of systems regardless of life history strategy or germ line organization.

For example, abalone produces fewer gametes under nutrient stress (Rogers-

Bennett et al. 2010), starved zebrafish slow down egg production (Wang et al.

2006), and women with anorexia or excessively low body fat do not ovulate (Group

2006; Rojas et al. 2015). In cases where GSCs support gametogenesis, the germ line

can be influenced by diet-dependent signaling in GSCs or their progeny, in the

niche (a specialized microenvironment that maintains stem cells), or in intermediate

organs that provide relay signals.

3.2.1 The Drosophila melanogaster Ovary

The Drosophila ovary has a well-described cell biology (Spradling 1993). Each

ovary contains 15–20 ovarioles, composed of progressively more developed egg

chambers (or follicles) formed in an anterior germarium, which houses GSCs and

follicle stem cells (FSCs) (Fig. 3.1a). Two to three GSCs are closely associated with

a group of somatic cap cells, which are the major cell type in the GSC niche. Cap

cells produce bone morphogenetic protein (BMP) signals that maintain the GSC

fate by repressing a differentiation factor, while the physical association between

cap cells and GSCs requires E-cadherin. Anterior to cap cells, a row of terminal

filament cells also contributes to the niche. GSCs typically divide asymmetrically to
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Fig. 3.1 GSC lineages. (a) Diagram of a Drosophila ovariole (top), which contains growing

follicles. Each follicle is composed of a germline cyst surrounded by follicle cells and is produced

from stem cell populations in the germarium (bottom). Germline stem cells (GSCs; dark purple)
are juxtaposed to a somatic niche consisting primarily of cap cells (pink) and terminal filament

cells (teal). GSCs divide asymmetrically, and their progeny generate 16-cell germline cysts (light
purple) containing one oocyte and 15 nurse cells. The fusome (orange) becomes progressively

more branched as cysts divide. Germline cysts initially associate with escort cells (gray) and are

subsequently enveloped by follicle cells (light blue) generated by follicle stem cells (dark blue) to
form follicles. (b) The Drosophila testis (left) is a blind-end tube. GSCs (dark purple) reside at its
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self-renew and generate daughter cystoblasts. Cystoblasts divide four additional

times with incomplete cytokinesis to form a 16-cell cyst: one of these cyst cells

acquires an oocyte fate; the others support oocyte development as nurse cells. GSCs

and their early progeny are easily identifiable based on the morphology of a

specialized structure, the fusome. In GSCs, the fusome contacts the cap cell

interface and remains round most of the time; as the cystoblast divides to form

16-cell cysts, the fusome becomes progressively more branched (Xie 2008). Early

germ cells are closely associated with escort cells (also known as inner germarial

sheath cells), which are required for the proper formation of 16-cell cysts (Kirilly

et al. 2011). Two FSCs (abutting the posterior-most escort cells) give rise to follicle

cells that envelop each 16-cell cyst to give rise to a follicle that buds off the

germarium and proceeds through 14 developmental stages (Xie 2008).

Drosophila oogenesis is energetically demanding and highly regulated by diet

(Ables et al. 2012). On a yeast-rich diet, each female lays an average of over

80 eggs per day, but upon shifting to a yeast-free (poor) diet, egg-laying rates drop

to just one or two eggs daily (Drummond-Barbosa and Spradling 2001). This

largely reversible response to diet occurs within 18–24 h and reflects the concerted

regulation of multiple processes in oogenesis. The proliferation rates of GSCs and

FSCs and the proliferation and growth of their progeny decrease, and follicles

develop two- to threefold more slowly on a poor diet (Drummond-Barbosa and

Spradling 2001). An additional effect of starvation in developing follicles is the

accumulation of large aggregates of processing bodies and cortically enriched

microtubules; this is a reversible response that requires microtubule motor proteins

(Burn et al. 2015). GSC and cap cell loss over time is also accelerated by a poor diet

(Drummond-Barbosa and Spradling 2001; Hsu and Drummond-Barbosa 2009). In

addition, early germline cysts die at an increased frequency within the germarium,

follicles entering vitellogenesis degenerate, and ovulation is largely blocked, caus-

ing an accumulation of mature stage 14 egg chambers within the ovary

(Drummond-Barbosa and Spradling 2001).

Fig. 3.1 (continued) apical end in close association with hub cells (pink) and cyst stem cells

(CySCs, dark blue) (right). GSCs and CySCs divide asymmetrically, and their progeny (germline

cysts and cyst cells, respectively) remain associated with each other during spermatogenesis. (c)

Diagram showing one of the two gonad arms of adult C. elegans hermaphrodites. A niche

comprising the distal tip cell (DTC; pink) maintains progenitor cells in the mitotic, proliferative

zone. As progenitor cells move away from the niche, they enter meiosis. Sperm produced during

larval stages are stored in the spermatheca; oocytes (purple) generated later are fertilized by stored
sperm (or sperm introduced by mating) before progressing to the uterus. (d) In the mouse testis

(left), spermatogenesis takes place in seminiferous tubules. Cross-section of a seminiferous tubule

(right) showing different stages of the lineage supported by basally located spermatogonial stem

cells (SSCs, dark purple). SSCs divide to produce mitotically active differentiating progeny

(spermatogonia) that undergo meiosis (spermatocytes) and spermiogenesis (spermatids) before

they are released into the lumen of the tubule. Sperm undergoes further maturation in the

epididymis, where they are eventually stored. Leydig cells (teal), blood vessels (red), and Sertoli

cells (blue) play important roles in support of the SSC lineage
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3.2.2 The Drosophila Testis

Drosophila male GSCs reside at the testis apex in a niche, the hub, composed of

10–15 somatic cells (Fig. 3.1b). Six to nine GSCs are closely associated with

approximately twice as many somatic cyst stem cells (CySCs) at the hub. The

cytokine unpaired (Upd) produced by the hub is required for adhesion of GSCs to

the hub and for maintaining the CySC fate. Additional signals contribute to GSC

and CySC maintenance, including BMPs and Hedgehog, respectively (Greenspan

et al. 2015). GSCs divide asymmetrically to generate gonialblasts that form two-,

four-, eight-, and 16-cell cysts, collectively referred to as spermatogonia. CySCs

give rise to postmitotic cyst cells; a pair of cyst cells envelops the gonialblast and

remains associated with the resulting germline cyst as it develops. Meiotic divisions

produce a cyst with 64 spermatids, followed by their individualization and mature

sperm generation (Fuller 1993).

Despite the obvious size and energy storage differences between oocytes and

sperm, early stages of Drosophila spermatogenesis are also regulated by diet. Upon

protein starvation, the number of GSCs and their division rates decrease, and these

effects are reversible (McLeod et al. 2010). A reduction in protein and sugar levels

also slows down GSC proliferation, at least in part as a result of increased rates of

centrosome misorientation (Roth et al. 2012). A reduction in overall food intake

without specific removal of nutrients has been reported to result in a slight delay in

GSC loss with age (Mair et al. 2010), suggesting that specific dietary manipulations

can impact GSC maintenance in unique ways. More recent studies examining the

kinetics of the protein-starvation response show that although GSC proliferation

and numbers decrease initially, after about a week, GSC numbers stabilize and

proliferation rates return to normal levels. During this response, early spermatogo-

nial cells die at the two- to four-cell stage, and their death requires caspase activity

in surrounding cyst cells. When death of cysts cells is blocked by dronc caspase

knockdown or DIAP1 overexpression, GSCs are no longer maintained during

prolonged starvation, suggesting that elimination of cyst cells/spermatogonial

units has a protective effect against protein starvation (Yang and Yamashita 2015).

3.2.3 The Caenorhabditis elegans Gonad

The hermaphrodite C. elegans has a gonad with two arms, each containing ~1000

germ cells and capped by a single somatic distal tip cell (DTC) at each end

(Fig. 3.1c). Notch ligands produced by the DTC maintain a population of ~225

proliferating germ cells, including a stem cell pool of ~35–70 GSCs, in the distal

mitotic zone (Kimble and Seidel 2008). As germ cells move proximally, they enter

meiosis as a result of reduced Notch signaling and complex posttranscriptional

regulation. Following intense oocyte growth, ovulation occurs, followed by fertil-

ization (by sperm produced during larval development or introduced through
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mating) and egg laying (Hubbard and Greenstein 2005; L’Hernault 2009)

(Fig. 3.1c).

Complete removal of food in adult hermaphrodites can lead to different pheno-

types (Angelo and Van Gilst 2009). Maternal death may occur due to internal

development of progeny (who will eat their way out of the mother) following

reduced rates of egg laying. Animals that escape matricide undergo instead an

adult reproductive diapause, where over the initial 10 days of starvation, the germ

line is reduced to ~35 germ cells (presumably GSCs) that resist continued starvation

for over 30 days and are able to reconstitute a fully functional germ line within 72 h

of refeeding (Angelo and Van Gilst 2009). A more recent study showed that germ

cells in the proliferative zone stop dividing and arrest in the G2 phase of the cell

cycle, and meiotic entry is inhibited within a few hours of starvation of early adults,

and that these effects are reversible upon refeeding. Interestingly, GSCs retain their

stemness independently of Notch signaling during this starvation-induced arrest

(Seidel and Kimble 2015).

3.2.4 The Mouse Testis

Mouse spermatogenesis takes place in the epithelial lining of seminiferous tubules

in the testis (Fig. 3.1d) (de Rooij and Russell 2000). Large somatic Sertoli cells span

the entire epithelium, thereby contacting all stages of germ cell development, and

they secrete glial cell line-derived neurotrophic factor (GDNF), required for GSC

self-renewal (Franca et al. 2016). GSCs, called spermatogonial stem cells (SSCs),

represent a subset of undifferentiated Asingle spermatogonia located basally in the

epithelium. SSCs give rise to daughters that undergo four rounds of incomplete

divisions remaining in clusters of two cells (Apaired) and four, eight, 16, and up to

32 cells (collectively called Aaligned spermatogonia), subsequently differentiating

into B spermatogonia (de Rooij and Russell 2000). B spermatogonia differentiate

into spermatocytes, which undergo meiosis to form haploid spermatids that differ-

entiate into sperm released into the lumen. A highly vascularized interstitium

surrounding seminiferous tubules contains peritubular myoid cells, macrophages,

and testosterone-producing Leydig cells, all of which support spermatogenesis

(Oatley and Brinster 2012; DeFalco et al. 2015).

Although specific effects on SSCs have not been carefully analyzed, several

studies point to possible connections with diet. For example, diet-induced obesity

and vitamin D or zinc deficiency can lead to a decrease in male fertility in mice (Fan

et al. 2015; Sun et al. 2015; Croxford et al. 2011). Adult mice deprived of dietary

vitamin A show testicular degeneration as a result of increased apoptosis and

sloughing of immature germ cells into the lumen in more severe cases

(Boucheron-Houston et al. 2013). Several of these observations have parallels in

humans: obese men are more likely to be infertile (Campbell et al. 2015), and there

is a positive correlation between vitamin D and zinc and sperm quality in adult men

(Blomberg Jensen 2014; Colagar et al. 2009).
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3.3 Nutritional Control of GSC Lineages

GSC lineages sense and respond to nutritional inputs through multiple mechanisms

integrated into a seamless physiological output. GSC lineages can directly receive

dietary information through cellular energy sensors, or nutrient transport and

sensing. These same inputs can act in the niche, indirectly influencing GSCs and

their progeny. Finally, remote endocrine cells can produce hormones in a diet-

dependent manner with broad physiological influence over the organism, including

direct effects on the niche, GSCs, or their differentiating progeny, or indirect effects

through one or more intermediate organs.

3.3.1 Nutrient Sensors Control GSC Lineages

Highly conserved nutrient-sensing pathways operate in a wide range of cells,

including those in GSC lineages; yet, several examples illustrate how these path-

ways can control distinct processes depending on the cellular context. The energy

sensor adenosine monophosphate (AMP)-activated protein kinase (AMPK) is a

heterotrimeric protein composed of a catalytic α and regulatory β and γ subunits.

When ATP levels are low (for example, due to low nutrients or prolonged exercise),

AMP and ADP binding to the γ subunit leads to activation of AMPK, which also

requires phosphorylation of the α subunit by liver kinase B1 (LKB1) or, in a few

cases, by calmodulin-dependent protein kinase kinase β (CAMKKβ) (Hardie et al.
2016) (Fig. 3.2). AMPK activation inhibits anabolism and cell growth and promotes

catabolic processes to restore cellular energetic balance (Hardie 2015; Hardie and

Ashford 2014). AMPK inhibits growth in part through the inhibition of the kinase

Target of Rapamycin (TOR, or mTOR in mammals). TOR exists as part of two

distinct complexes, TORC1 and TORC2, which differ in their regulation and

downstream roles (Bar-Peled and Sabatini 2014; Huang and Fingar 2014;

Devreotes and Horwitz 2015). TORC1 is the best-understood complex and inte-

grates diverse upstream inputs, including extracellular signals (e.g., insulin signal-

ing) and intracellular cues (e.g., amino acid levels, AMPK activity), to control a

variety of downstream cellular processes, including cell growth (Hindupur et al.

2015) (Fig. 3.2).

TOR signaling is required in Drosophila female GSCs. TOR activity promotes

GSC proliferation via G2 independently of insulin signaling (see below). Intrigu-

ingly, maintenance of female Drosophila GSCs requires very precise regulation of

TOR signaling levels. Tor mutation decreases GSC numbers (LaFever et al. 2010),

and loss of Tsc1 (which encodes an upstream inhibitor of TOR) function causes a

significantly more severe GSC loss (LaFever et al. 2010; Sun et al. 2010) indicating

that the either low or high TOR activity levels are detrimental to stem cell

maintenance. Tsc1GSCs have low levels of BMP signaling, suggesting an impaired

ability to respond to niche signals (Sun et al. 2010). Regulation of the C. elegans
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germline progenitor pool by AMPK and TOR is mechanistically distinct in devel-

oping versus adult worms. During earlier nutrient-dependent developmental check-

points, the homologs of mammalian AMPK, aak-1 and aak-2, suppress germ line

proliferation, and their simultaneous mutation leads to germline hyperplasia (Fuku-

yama et al. 2012; Narbonne and Roy 2006a). The C. elegans homolog of the TOR

downstream effector ribosomal protein S6 kinase (S6K), rsks-1, is required for

germ cell proliferation during the fourth larval instar (Korta et al. 2012). In stark

contrast, rsks-1 is dispensable for progenitor proliferation in adults (Korta et al.

2012), and AMPK mutants are still competent to undergo GSC quiescence in

response to starvation (Seidel and Kimble 2015). The mechanisms controlling the

response of adult C. elegans proliferative germ cells to diet remain largely

unknown, and appear to be distinct from those controlling adult female

Drosophila GSCs.

Fig. 3.2 Conserved nutrient sensing pathways. Cells respond to intrinsic energy and nutrient

levels and external stimulation by hormones to activate an interdependent, conserved cellular

response to diet. Species-specific protein names are indicated in orange (C. elegans), green
(Drosophila), and purple (mammalian); common names are shown in black
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TOR is also required for the proliferation, growth, and survival of differentiating

progeny of Drosophila female GSCs (LaFever et al. 2010). Tor mutant dividing

germline cysts in mosaic germaria show increased death, and follicles containing

Tor mutant cysts grow at a markedly decreased rate (LaFever et al. 2010). Con-

versely, follicles carrying homozygous mutant cysts for Tsc1 grow significantly

faster (LaFever et al. 2010). Under amino acid starvation, TORC1 inhibition by

nitrogen permease regulator like 2 and 3 (Nprl2 and Nprl3) protects

pre-vitellogenic follicles from apoptosis, and knockdown of nprl2 and nprl3 in

the germ line prevents recovery of oogenesis following amino acid starvation (Wei

and Lilly 2014). Mutations in follicle cells, in addition to affecting follicle cell

growth itself, can also non-autonomously influence the growth of the underlying

wild-type germ line, with Tor and Tsc1 mutant follicle cells slowing down or

accelerating follicle growth, respectively (LaFever et al. 2010). AMPK activity

also controls follicle cells, and ampk mutant follicle cells are larger than wild-type

cells (Haack et al. 2013). Follicles carrying Tor mutant cysts eventually arrest at or

prior to vitellogenesis, depending on allele strength, and degenerate (Pritchett and

McCall 2012; LaFever et al. 2010). In another dipteran species, the yellow fever

mosquito Aedes aegypti, where ovarian follicles remain in a pre-vitellogenesis

arrest until blood ingestion (Attardo et al. 2005), entry into vitellogenesis is also

TOR dependent, suggesting evolutionary conservation. Specifically, ovarian

TORC1 activity is stimulated by a blood meal (Hansen et al. 2005; Roy and Raikhel

2012), and global knockdown of S6K inhibits yolk deposition (Hansen et al. 2005).

Finally, TORC1 activity also regulates meiotic entry in the Drosophila ovary, as

Tor mutant germline clones enter meiosis prematurely before 16-cell cysts are

formed, and the amino acid sensing GATOR1 complex promotes meiotic entry in

the early germ line by inhibiting TOR activity. Since global amino acid deprivation

is not a condition for meiotic entry in the Drosophila ovary, however, GATOR1

may be acting in a nutrient-independent role (Wei et al. 2014).

Optimal levels of mTOR activity are also required in the mouse testis. TOR

inhibition by rapamycin in neonatal mice reduces testis size, likely due to decreased

germ cell proliferation and a block to meiosis (Busada et al. 2015). On the other

hand, activation of mTORC1 as a result of global mutation of promyeolocytic
leukemia zinc finger (PLZF) leads to compromised GDNF signaling and progres-

sive germ cell loss, and these defects are rescued by rapamycin feeding (Hobbs

et al. 2010). Nutrient-sensing pathways in Sertoli cells also influence the germ line.

For example, Sertoli cell-specific overactivation of TOR via Tsc1 or Tsc2 deletion

or through decreased AMPK activity by conditional Lkb1 knockout leads to pro-

gressive germ cell loss and loss of Sertoli cell quiescence (Tanwar et al. 2012).

These studies suggest that tight regulation of TOR is a recurring theme in the

regulation of GSC lineages. Intriguingly, men with Peutz–Jeghers syndrome, fre-

quently associated with LKB1 mutations (Hemminkl et al. 1998), are at risk for

germ cell loss and Sertoli cell tumors, suggesting a conserved role for LKB1 in the

human testis (Venara et al. 2001; Gourgari et al. 2012).
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3.3.2 Diet-dependent Hormones Affect GSC Lineages

Long-range, diet-dependent signals are integral components of the control of GSC

lineages. As discussed below, hormones can regulate GSC lineages through direct

actions on the germ line itself or indirectly, via the niche or other somatic support

tissues. Cross talk among different hormonal systems and their integration within

specific cellular contexts can further refine downstream responses.

Activation of insulin/insulin-like signaling is a highly conserved hormonal

response to nutrient availability, and it can also affect downstream production of

other hormones, such as the Drosophila steroid hormone 20-hydroxyecdysone

(20E). In mammals, insulin is secreted by pancreatic β cells in response to stimu-

lation by glucose or amino acids, and signals through the insulin receptor (InR)

(Fig. 3.2). Insulin-like growth factors 1 and 2 (IGF1 and IGF2) are primarily

synthesized in the liver and act through their receptors IGFR-1 and IGFR-2 to

control cell growth (Siddle 2011). Activation of InR/IGFR receptors leads to

multiple downstream events, including increased phosphoinositide-3 kinase

(PI3K) activity and downstream phosphorylation and inhibition of the transcrip-

tional factor FOXO. The Drosophila genome encodes eight insulin-like peptides

(ILPs), whereas C. elegans has as many as 40, but in both cases, single homologs of

InR and other downstream effectors transduce these signals (Kannan and Fridell

2013; Murphy and Hu 2013). 20E, the major steroid hormone in Drosophila, is
produced from dietary cholesterol or ergosterol. In females, late stage egg chambers

produce 20E in a diet- and insulin-dependent manner, whereas the source of the

much lower titers of 20E in male hemolymph remains unidentified (Schwedes and

Carney 2012). 20E acts through a nuclear hormone receptor composed of the

ecdysone receptor [EcR, the homolog of mammalian farnesoid X receptor and

liver X receptor (King-Jones and Thummel 2005)] and Ultraspiracle (Usp, the

homolog of retinoid X receptor, RXR) to induce a wide range of downstream direct

and indirect targets, including the early response genes E74, E75, and broad (Uryu

et al. 2015).

ILPs directly stimulate GSC proliferation in Drosophila. In females, neural ILPs

act directly on the germ line to control the G2 phase of the GSC cell cycle via PI3K

but independently of FOXO (LaFever and Drummond-Barbosa 2005; Hsu et al.

2008). While downregulation of the insulin pathway preferentially extends G2,

both the G1 and G2 phases of the GSC division cycle are lengthened in females on a

poor diet, suggesting the existence of a yet unknown diet-dependent signal that

regulates G1 (Hsu et al. 2008). In male GSCs, germline-specific knockdown or

inhibition of insulin signaling increases centrosome misorientation by disrupting

localization of Apc2, a cortical protein required for centrosome anchoring (Roth

et al. 2012). Conversely, constitutive activation of InR in the male germ line rescues

diet-induced centrosome misorientation. Further, an intact centrosome orientation

checkpoint is required for the slowdown of GSC division in males on a poor diet

(Roth et al. 2012), suggesting a central role for this mechanism in the testis.
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These studies in Drosophila are in contrast to findings in C. elegans. Although
larval germ cells and adult germ cell tumors require insulin signaling for prolifer-

ation, normal adult germ cells proliferate in an insulin-independent manner

(Michaelson et al. 2010; Hubbard 2011; Dillin et al. 2002). Nevertheless, in adult

C. elegans, insulin signaling couples nutrient availability to oocyte development and

progression through meiosis I through the activation of MAPK/ERK signaling (and,

notably, independently of FOXO/DAF-16) (Lopez et al. 2013), indicating that germ

cells in different developmental stages use distinct branches of insulin signaling.

Drosophila GSC maintenance also requires insulin signaling. In females, the

mechanisms involved are clearly distinct from those controlling proliferation.

Insulin signaling is not required in GSCs themselves for their maintenance. Instead,

ILPs act directly on cap cells to promote Notch signaling, which is required for cap

cell maintenance (Song et al. 2007), through FOXO inhibition; under low insulin

signaling, FOXO induces high levels of the glycosyltransferase Fringe, leading to

inhibition of the Notch receptor (Hsu and Drummond-Barbosa 2009, 2011; Yang

et al. 2013). In addition, ILPs directly stimulate the physical association between

cap cells and GSCs through E-cadherin, independently of Notch signaling (Hsu and

Drummond-Barbosa 2009). By contrast, in males, insulin signaling is intrinsically

required in GSCs for their maintenance, as indicated by the higher frequency of loss

of homozygous mutant InR GSCs in mosaic testes. Full rescue of GSC loss induced

by starvation, however, requires the constitutive activation of InR in both the germ

line and hub cells, suggesting that insulin signaling in the niche may also contribute

to GSC maintenance (McLeod et al. 2010). These studies imply that conserved

signaling pathways regulating similar processes (e.g., GSC proliferation or main-

tenance) can evolve distinct mechanisms to achieve that goal even between the

different sexes of a given species.

20E directly controls GSC proliferation and maintenance in the Drosophila
ovary, and it also has additional roles in ovarian and testicular somatic cells.

Temperature-sensitive EcR mutants show increased loss and reduced proliferation

rates of GSCs, and both of these phenotypes reflect an intrinsic requirement for

ecdysone signaling in GSCs based on genetic mosaic analyses (Ables and

Drummond-Barbosa 2010). Ecdysone signaling controls GSCs independently of

insulin signaling by modulating the responsiveness of GSCs to BMP ligands from

the niche. This role requires the downstream target E74 [a member of the ets proto-
oncogene family (Burtis et al. 1990; Karim et al. 1990)] specifically, as GSCs

mutant for usp or E74, but not E75 or broad, show low levels of a BMP signaling

reporter and are rapidly lost from the niche (Ables and Drummond-Barbosa 2010).

E75 [a homolog of mammalian peroxisome proliferator-activated receptor γ
(PPARγ) (King-Jones and Thummel 2005)] is also required in escort cells for

GSC maintenance, and expression of a dominant negative form of EcR in escort

cells disrupts female germ cell differentiation (Konig et al. 2011; Morris and

Spradling 2012), underscoring the complexity of 20E regulation of the early female

germ line. In later follicle development, E78, an E75-related gene that is

also an early ecdysone target (Stone and Thummel 1993), is cell autonomously

required for germ line survival and functionally interacts with ecdysone signaling
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(Ables et al. 2015). Many additional targets of ecdysone contribute to its various

roles in the female GSC lineage, although more in depth analysis is needed (Ables

et al. 2016). In the testis, EcR knockdown in the somatic lineage leads to CySC and

GSC loss and death of differentiating germ cells, although the specific mechanisms

involved remain unclear (Li et al. 2014).

Progression through vitellogenesis is a major nutritional checkpoint in Drosoph-
ila and other insects. Drosophila temperature-sensitive EcR mutants and E75
mutant germline clones fail to progress through vitellogenesis (Carney and Bender

2000; Buszczak et al. 1999), indicating a germ line requirement for ecdysone

signaling. Drosophila InR global mutants are defective in ecdysteroid production

and vitellogenesis, and these defects appear to be at least partially rescued by

treatment with a juvenile hormone analog (Tu et al. 2002). Follicles containing

germline clones that are mutant for InR or defective for PI3K signaling, however,

have reduced rates of growth and blocked vitellogenesis, clearly indicating that

insulin signaling through PI3K is required in the germ line itself for these processes

(Hsu et al. 2008; LaFever and Drummond-Barbosa 2005). Unlike for GSC prolif-

eration, however, insulin signaling does not involve FOXO and, instead, feeds into

TOR signaling for the control of follicle growth (Hsu et al. 2008). Interestingly,

insulin/TOR signaling in follicle cells is required for the processing body and

microtubule changes that occur in the underlying germ line in response to diet

(Burn et al. 2015). In A. aegypti, vitellogenesis also requires insulin signaling

(Brown et al. 2008; Gulia-Nuss et al. 2011), and the ovary expresses EcR and

shows induction of ecdysone response genes, including E75, upon blood feeding

(Cho et al. 1995; Swevers and Iatrou 2009; Pierceall et al. 1999), suggesting

conserved mechanisms of vitellogenesis control. After vitellogenesis in the Dro-
sophila ovary, a reduction in insulin signaling induces a metabolic shift towards

glycogen storage and mitochondrial quiescence, preparing the oocyte for fertiliza-

tion (Sieber et al. 2016).

Multiple hormones also regulate mammalian GSC lineages, although the con-

nection to diet is not always well understood. Retinoic acid (RA) is derived from

dietary vitamin A and signals through retinoic acid receptors (RARs) and their

partners, RXRs (Blomhoff and Blomhoff 2006). The multiple isoforms of RAR and

RXR are differentially expressed, lending an additional level of specificity to RA

signaling. Analogously to ecdysone signaling in Drosophila, RA signaling is

required in both the germ line and somatic support cells of the mouse testis

(Hogarth and Griswold 2013). Knockout of all three RAR or RXR isoforms specif-

ically in the germ line suppresses spermatogonia proliferation, consistent with the

role of vitamin A in maintaining spermatogenesis (Gely-Pernot et al. 2012;

Ghyselinck et al. 2006). Furthermore, Sertoli cell-specific knockout of

retinaldehyde dehydrogenases, which are required for RA synthesis, blocks sperm

meiotic entry (Tong et al. 2013; Raverdeau et al. 2012). Testicular RA titers are also

reduced in mice genetically depleted of macrophages, resulting in spermatogonial

differentiation defects (DeFalco et al. 2015). Conversely, ectopic RA administra-

tion induces differentiation and meiotic entry in specific, poised subsets of sper-

matogonia (Endo et al. 2015). While spermatogonia can directly respond to RA
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in vivo (Zhou et al. 2008), it is unlikely that RAR/RXR are the sole mediators of its

activity. For example, spermatogonia lacking all three isoforms of either RAR or

RXR can still enter meiosis, albeit at a low frequency (Gely-Pernot et al. 2015),

hinting that RA could act independently of the nuclear hormone receptor dimer or

act indirectly through other testicular cell types (Gely-Pernot et al. 2015). Indeed,

Sertoli cell-specific RARα knockout in RARγ mutant mice has a complete block to

meiosis, suggesting that the RA-dependent meiosis signal requires paracrine sig-

naling from Sertoli cells (Gely-Pernot et al. 2015). While spermatogonial RAR and

RXR isoforms are dispensable for germ cell survival (Gely-Pernot et al. 2015),

Sertoli cell RARα promotes germ cell survival in aging animals (Vernet et al.

2006). Sertoli cell-specific knockout of RARα leads to progressive testis deteriora-

tion, with death of spermatocytes and spermatids (Vernet et al. 2006). Intriguingly,

this phenotype is not recapitulated in Sertoli cell knockout of all isoforms of RXR,

invoking again an RXR-independent RA signaling mechanism. Bioinformatic

analysis further suggests that several genes responsible for establishing tight junc-

tions to create the blood–testis barrier contain retinoic acid response elements,

suggesting that RAR activity in Sertoli cells may regulate the integrity of the

blood–testis barrier (Chung et al. 2010).

The hypothalamic-pituitary-gonadal axis is a major regulator of mammalian

spermatogenesis, and there is evidence to suggest that diet and obesity can impact

its function. Gonadotropin-releasing hormone (GnRH) secreted from the brain

induces secretion of follicle-stimulating hormone (FSH) and luteinizing hormone

(LH) from the pituitary, which act on Sertoli and Leydig cells, respectively, to

control SSC lineage activity (O’Shaughnessy 2014). LH induces testosterone pro-

duction by Leydig cells and testosterone signals via the androgen receptor (AR), a

nuclear hormone receptor predominantly expressed in Sertoli cells (Sar et al. 1990;

reviewed in Walker and Cheng 2005), although recent evidence suggests the

presence of a functional AR in human sperm (Aquila et al. 2007). Aromatase

activity in the testis, and to a lesser extent in peripheral tissues, catalyzes the

synthesis of estradiol, the most potent biological estrogen, from androgens (Marcus

and Korenman 1976). Estrogens are integral regulators of spermatogenesis, in part

because they feedback to the brain to regulate LH and FSH secretion (Simpson et al.

1999, 2000). While our current understanding of nutrient inputs to the

hypothalamic-pituitary-gonadal axis is complicated by the tissue dysfunction asso-

ciated with its disruption, studies in rats suggest that GnRH release decreases in

fasted animals (Gruenewald and Matsumoto 1993). Administration of insulin to

female volunteers produces a serum pulse of LH, consistent with insulin acting on

the GnRH neurons (Moret et al. 2009). Conflicting reports in mouse models,

however, debate whether insulin acts directly on GnRH neurons (Evans et al.

2014; DiVall et al. 2015), and the response to insulin could also be sexually

dimorphic (Kovacs et al. 2002; Castellano et al. 2006). Furthermore, Leydig cell

testosterone production is perturbed in mice with Sertoli cell-specific InR or Igf1r
knockout, suggesting that diet-dependent signaling controls the hypothalamic-

pituitary-gonadal axis at the testis level (Pitetti et al. 2013b). Igf1 knockout mice

also have reduced spermatogenesis, although it is unclear whether there is a
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developmental contribution to this phenotype (Baker et al. 1996). Metabolic state

influences the hypothalamic-pituitary-gonadal axis in adult men and women.

Women with diet-induced amenorrhea have reduced plasma levels of estrogen,

FSH, and LH (Couzinet et al. 1999), and high aromatase expression in postmeno-

pausal obese women leads to more circulating estrogen (Baglietto et al. 2009).

Additionally, men with type 2 diabetes or obesity are more likely to be testosterone

deficient, further suggesting a possible connection between the hypothalamic-

pituitary-gonadal axis and diet (Kelly and Jones 2013; Wang et al. 2011).

The hypothalamic-pituitary-gonadal axis regulates both the germ line and

somatic support tissues in the mammalian testis. Testosterone and FSH act semi-

redundantly through their receptors (AR and FSHR, respectively) on Sertoli cells to

promote germ cell survival (Walker and Cheng 2005). Estrogen signaling is also

critical for germ line survival during spermatogenesis, as shown in a knock-in ER

mutant mouse that does not respond to estrogen (Sinkevicius et al. 2008, 2009). In

accordance, global knockout of aromatase in mice results in increased germ cell

apoptosis in the testis (Robertson et al. 1999). In both estrogen-signaling incompe-

tent and aromatase mutant mice, circulating LH and FSH levels are slightly higher

and unchanged, respectively, suggesting that germ cell apoptosis is not simply a

downstream effect of estrogens controlling LH and FSH secretion (Sinkevicius

et al. 2009; Robertson et al. 1999; Simpson et al. 1999, 2000). FSH is required for

testis growth in both mice and humans (Kumar et al. 1997; Phillip et al. 1998), and

FSHR knockout mice have impaired spermatid elongation (Krishnamurthy et al.

2000). AR is absolutely required in Sertoli cells for completion of meiosis (Abel

et al. 2008; De Gendt et al. 2004). Furthermore, mice with a conditional knockout of

AR in peritubular myoid cells have significantly reduced sperm counts, suggesting

multiple sites of action for testosterone (Zhang et al. 2006).

3.3.3 Additional Interorgan Communication Influences GSC
Lineages

Beyond the more “traditional” hormone examples discussed above, the extent of

GSC lineage regulation by signals originating in other organs, with distinct organs

providing various types of information, is just beginning to be appreciated. The

molecular mechanisms of many of these signaling axes remain unknown, but

proteohormones, signaling lipids or metabolites, and mobilized nutrients from

one organ to another are likely participants.

The nervous system regulates physiological circuits that marry inputs from the

external environment, including diet, to whole-body physiology either through

changes in organismal behavior or more directly. As discussed above, Drosophila
ILPs are diet-dependent neuropeptides that directly regulate GSC lineages and

nearby somatic support cells (Hsu and Drummond-Barbosa 2009; LaFever and

Drummond-Barbosa 2005). Ecdysone produced by ovarian follicles acts on the
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brain to promote female-specific feeding behavior, increasing nutrient uptake and

supporting oogenesis (Sieber and Spradling 2015). Octopaminergic neurons inner-

vate the ovaries and reproductive tract and are essential for Drosophila ovulation

(Lee et al. 2003; Monastirioti 2003; Deady and Sun 2015). Interestingly, a subset of

octopaminergic neurons becomes hyperactive under starvation conditions (and pro-

motes foraging behavior) (Yang et al. 2015), suggesting a potential molecular link

between ovulation and nutrient availability. During C. elegans development,

transforming growth factor β (TGFβ/DAF-7) expression in chemosensory neurons

is activated by food availability and low dauer pheromone, which is involved in

sensing population density (Ren et al. 1996; Schackwitz et al. 1996; Dalfo et al.

2012). daf-7 mutant worms enter meiosis prematurely, thereby reducing progenitor

number, and downstream signaling pathway components are required in the DTC,

indicating a niche-mediated role for TGFβ in maintaining a large germline progen-

itor pool from which gametes can be generated (Dalfo et al. 2012). As mentioned

earlier, GnRH released from the mammalian hypothalamus stimulates pituitary

FSH and LH release, which in turn act on testis somatic cells to control the germ

line (O’Shaughnessy 2014). In adult men, even short periods of fasting can suppress

GnRH, leading ultimately to a fall in LH-induced testosterone production (Trumble

et al. 2010). Thus, nutritional cues may be transmitted to the germ line via the brain

in multiple organisms, although specific strategies can vary.

GSC lineages are also controlled by endocrine signals from other organs,

including the adipose tissue. Accordingly, obese men are more likely to be

subfertile (Martin 2014; Kawwass et al. 2015), and diet-induced obesity in rats is

linked to decreased sperm motility (Fernandez et al. 2011; Palmer et al. 2012).

Mammalian proteohormones secreted from adipocytes, or adipokines, modulate

homeostasis by regulating multiple processes (Cao 2014). For example, adiponectin

regulates the sensitivity of peripheral tissues to insulin (Yamauchi and Kadowaki

2013), while leptin signals satiety to the brain and controls metabolism in peripheral

tissues (Moran and Phillip 2003). Several lines of evidence also suggest that

adipokines might influence reproduction, although reports are conflicting

(Kawwass et al. 2015). Adiponectin receptors 1 and 2 are expressed in the human

and mouse hypothalamus (Dupont et al. 2014), and their transcripts are detected in

Leydig cells and the testicular epithelium of rats (Caminos et al. 2008). Adiponectin

knockout mice, however, are fertile, while mice lacking adiponectin receptor 2 do

not produce sperm (Bjursell et al. 2007), suggesting possible adiponectin-

independent roles for this receptor. The leptin receptor is also expressed in the

mammalian testis (Landry et al. 2013), and leptin-deficient mice have increased

germ cell death and fertility defects (Mounzih et al. 1997; Bhat et al. 2006).

Conversely, spermatogenesis defects in men show an association with increased

expression of leptin and its receptor in the testis (Ishikawa et al. 2007). Deletion of

leptin receptor specifically in the hypothalamus recapitulates many of the pheno-

types of leptin-deficient mice, however, suggesting that leptin acts via the brain to

control fertility (Ahima et al. 2006). Although these studies are important steps

towards our understanding of how mammalian adipokines influence the germ line
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(Kawwass et al. 2015), much remains to be learned about how these and other

adipocyte factors control reproduction.

Adipocyte factors also contribute to the control of GSC lineages in invertebrate

model systems. In Drosophila, the fat body, an organ composed of adipocytes and

hepatocyte-like oenocytes (Gutierrez et al. 2007), has endocrine roles that control

development, metabolism, and behavior (Arrese and Soulages 2010). Although

C. elegans lack a distinct fat storage organ, dedicated lipid storage cells are found

in the intestine and epidermis (Mullaney and Ashrafi 2009). Adipokine signaling

modules are conserved in Drosophila and C. elegans, and they influence the GSC

lineages of these organisms (Rajan and Perrimon 2012; Laws et al. 2015; Kwak

et al. 2013; Svensson et al. 2011). The sole adiponectin receptor in Drosophila,
AdipoR, is intrinsically required by ovarian GSCs for their maintenance (Laws

et al. 2015). In C. elegans, deletion of adiponectin receptor homologs paqr-1, -2,
and -3 causes extensive defects, including reduced brood size (Svensson et al.

2011). Adiponectin-like ligands have not yet been identified in C. elegans or

Drosophila; nevertheless, ex vivo cultures of fly larval brains respond to stimula-

tion by recombinant mammalian adiponectin (Kwak et al. 2013), suggesting that

the Drosophila receptor recognizes an endogenous ligand with conserved three-

dimensional structure. Additionally, Unpaired 2 (Upd2) is secreted from Drosoph-
ila adipocytes and stimulates brain ILP secretion (Rajan and Perrimon 2012),

presumably indirectly affecting oogenesis. Human leptin transgenic expression or

feeding rescues the upd2 mutant phenotype, suggesting that Upd2 is the functional

equivalent of leptin despite lack of primary sequence homology (Rajan and

Perrimon 2012).

Studies in Drosophila also show that adipocytes play an important role in

reproduction by transmitting nutritional information to the ovary. In Drosophila
females, a slight decrease in amino acid levels within adult adipocytes through the

knockdown of single amino acid transporters significantly increases the rate of GSC

loss from the niche and partially blocks ovulation through distinct mechanisms

(Armstrong et al. 2014). Low amino acid levels trigger the evolutionarily conserved

amino acid response pathway through unloaded tRNA-mediated activation of the

GCN2 kinase within adipocytes to cause GSC loss, whereas amino acids modulate

TOR in adipocytes to regulate ovulation (Armstrong et al. 2014). Adipocyte factors

acting downstream of the amino acid response pathway or TOR to control the GSC

lineage, however, remain unidentified. In A. aegypti, global knockdown of amino

acid transporters reduces egg laying (Carpenter et al. 2012), and TOR activity in the

fat body is induced after blood feeding (Hansen et al. 2005) and required for ovarian

follicle vitellogenesis (Hansen et al. 2004, 2005; Roy and Raikhel 2011, 2012;

Carpenter et al. 2012). Fat body transcription of vitellogenin, which is physiolog-

ically triggered by 20E following a blood meal, can be induced by ex vivo treatment

of cultured fat bodies with amino acids, but this effect is suppressed by TOR

inhibition (Hansen et al. 2004, 2005). In vivo, knockdown of components of the

TOR pathway reduces egg laying and can impair yolk uptake and egg viability

(Hansen et al. 2004, 2005), although these effects likely reflect potential roles of

TOR in multiple locations, as is the case in Drosophila.
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Many additional organs are important regulators of physiology; therefore, it

would be logical to explore their potential roles in contributing to the control of

GSC lineages. For example, nutrients are absorbed at the intestine, and in Dro-
sophila females, feeding conditions change the physiology of the midgut (Cognigni

et al. 2011). Mating also leads to extensive remodeling of the midgut and increased

lipid metabolism, and these changes are required for normal levels of fecundity

(Reiff et al. 2015). Although some of these effects likely reflect changes in

efficiency of digestion and nutrient absorption, it is conceivable that more active

signaling occurs between the intestine and GSC lineages. It is also important to

consider the effect of the gut microbiome in reproduction. The type of bacteria

ingested by C. elegans influences its brood size (Yu et al. 2015). Also, in the

absence of the nuclear hormone receptor nhr-114 (the homolog of HNF4), worms

are sterile when fed a specific strain of bacteria (Gracida and Eckmann 2013a). nhr-
114 activity is detected in both the germ line and gut, but it does not appear to be

required in the germ line. Tryptophan supplementation rescues this phenotype,

suggesting that nhr-114 may help buffer dietary changes in the gut (Gracida and

Eckmann 2013a). Interestingly, germ-free mice have impaired blood–testis barrier

and lumen formation in seminiferous tubules, and reduced levels of serum LH,

FSH, and testicular testosterone. Exposure of these mice to a strain of bacteria that

secrete high levels of the short-chain fatty acid butyrate restores integrity of the

blood–testis barrier (Al-Asmakh et al. 2014). Recent studies have also shown that

muscles secrete peptide hormones, or myokines, inDrosophila and mice (Demontis

et al. 2013, 2014; Demontis and Perrimon 2010), and genetic manipulations in

muscles affect the physiology of the fly (Demontis and Perrimon 2010). In mice,

osteocalcin secreted from bones modulates spermatogenesis by promoting testos-

terone production in Leydig cells (Oury et al. 2011). Further, in insects, sex

peptides transferred during mating trigger a host of physiological changes, includ-

ing many upstream of GSC lineage activity (Soller et al. 1997; Kubli 2003). In

C. elegans, major sperm protein (MSP) released by sperm promotes oocyte growth,

meiotic maturation, and ovulation in proximal oocytes via several mechanisms

(Miller et al. 2001; Harris et al. 2006; Govindan et al. 2009; Kim et al. 2013). Future

studies should consider many possible modes of action for various signals coming

from multiple organs in regulating reproductive lineages.

3.4 Discussion

As reviewed here, highly conserved diet-dependent pathways control GSC line-

ages, revealing interesting similarities and differences in their specific roles in

different contexts (Fig. 3.3) (Table 3.1). As the diet-dependent molecular, cellular,

and physiological mechanisms controlling GSC lineages are further investigated in

multiple models, common themes and more specific strategies shaped by evolution

will become clearer. As this field advances, the continued use of tissue- and cell

type-specific manipulations in an in vivo setting will be crucial to understand the
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Fig. 3.3 Cell type-specific requirements for diet-dependent pathways involved in the control of

GSCs and their progeny. (a) In the Drosophila ovary, intrinsic, local, and tissue non-autonomous

signals coordinately regulate the GSC lineage. In addition to the niche, the brain, follicle cells, and

adipocytes all communicate with the GSC lineage as part of the response to diet. (b) GSCs in the

Drosophila testis require InR intrinsically for maintenance and proliferation. EcR in cyst stem

cells (CySCs) promotes GSC maintenance and the survival of their progeny. (c) In the developing

C. elegans gonad, but not in the adult, proliferation is regulated intrinsically by insulin, TOR, and

AMPK (AAK-1/2). TGFβ ligand (DAF-7) promotes progenitor pool maintenance via the distal tip

cell (DTC). (d) The mouse SSC pool is regulated by Leydig, Sertoli, and peritubular myeloid

(PTM) cells, as well as macrophages. An additional layer of control is provided by the

hypothalamic-pituitary-gonad axis, which controls the activity of these somatic support cells to

influence spermatogenesis. Biological processes are indicated in green and cell types in gray. For
details, see text and Table 3.1
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Table 3.1 Physiological regulation of GSC lineages by diet-dependent pathways

Pathway Organism Role

AMPK C. elegans Inhibits germline proliferation during larval starvation (Fukuyama

et al. 2012; Narbonne and Roy 2006b)

Drosophila Inhibits follicle cell growth in the ovary (Haack et al. 2013)

Mouse Sertoli cell LKB1 promotes SSC proliferation and maintenance

(Tanwar et al. 2012)

TOR C. elegans Promotes larval progenitor proliferation (Korta et al. 2012)

Drosophila Controls GSC maintenance and proliferation (LaFever et al. 2010;

Sun et al. 2010) and germline cyst survival (LaFever et al. 2010) in

the ovary

Regulates ovarian cyst growth intrinsically and via follicle cells

(LaFever et al. 2010; Sun et al. 2010)

A. aegypti Elevated in ovary following blood meal (Hansen et al. 2005; Roy

and Raikhel 2012)

Required in the fat body for vitellogenesis (Hansen et al. 2004,

2005; Roy and Raikhel 2011, 2012; Carpenter et al. 2012)

Mouse

(mTOR)
Promotes germline proliferation and meiosis during development

(Busada et al. 2015)

Global hyperactivation inhibits SSC maintenance (Hobbs et al.

2010)

Overactivation in Sertoli cells leads to intrinsic polarity defects,

reduced SSC proliferation, and SSC loss (Tanwar et al. 2012)

Insulin C. elegans Promotes larval germ cell proliferation (Michaelson et al. 2010)

Drosophila Promotes ovarian GSC proliferation, cyst growth, and vitellogen-

esis (LaFever and Drummond-Barbosa 2005)

Controls ovarian GSC maintenance via cap cells (Hsu and

Drummond-Barbosa 2009)

Promotes GSC proliferation and maintenance in testis (Roth et al.

2012; McLeod et al. 2010)

A. aegypti Required for progression through vitellogenesis (reviewed in

Attardo et al. 2005)

Mouse Global requirement for InR and Igf1r for testicular development

(Pitetti et al. 2013a)

InR and Igf1r promote developmental Sertoli cell proliferation

(Pitetti et al. 2013b)

Global IRS2 mice have small testes and progressive germ cell loss

as adults (Griffeth et al. 2013)

Global Igf1mice have reduced spermatogenesis (Baker et al. 1996)

Ecdysone Drosophila Promotes ovarian GSC maintenance, proliferation (Ables and

Drummond-Barbosa 2010), and vitellogenesis (Buszczak et al.

1999)

Required in escort cells for germline differentiation (Konig et al.

2011; Morris and Spradling 2012)

Required in CySCs for GSC maintenance and progeny survival in

the testis (Li et al. 2014)

A. aegypti After a blood meal, ecdysone response genes expressed in ovary

(Pierceall et al. 1999)

Required in the fat body for vitellogenesis (Martin et al. 2001)

(continued)
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full range of contributions of any given hormone or other factor to the regulation of

the germ line.

Not surprisingly, many other factors besides diet can impact organismal phys-

iology. For example, changes in germ line activity accompany aging in multiple

organisms (Tatar 2010; Oatley and Brinster 2012). C. elegans and Drosophila
fecundity is impaired in older females (Herndon et al. 2002; Partridge and Fowler

1992), sperm aneuploidy increases as mice age (Lowe et al. 1995), and sperm count

declines in older men (Eskenazi et al. 2003). The germ line ages intrinsically and is

also affected by the aging of the soma. In C. elegans, oocytes deteriorate as mated

hermaphrodites age, and naturally occurring cell death protects oocyte quality in

younger animals, as cell death mutants ced-3 and ced-4 have a premature drop in

oocyte quality. This is a germline-autonomous effect because mutations that block

only somatic cell death do not impair oocyte quality (Andux and Ellis 2008). In

contrast, there is a systemic effect of aging in mouse SSCs, as transplantation of

SSC from old donors to young recipients restores youthful function to the older

SSCs (Ryu et al. 2006). In Drosophila males and females, GSCs proliferate more

slowly as they age (Wallenfang et al. 2006; Cheng et al. 2008; Pan et al. 2007). By

contrast, long-lived methuselah mutant males do not experience a decrease in GSC

proliferation as they age (Wallenfang et al. 2006). The number of niche cells and of

GSCs declines with age in males and females (Wallenfang et al. 2006; Xie and

Spradling 2000; Hsu and Drummond-Barbosa 2009; Zhao et al. 2008; Boyle et al.

2007). E-cadherin, and BMP and insulin signaling levels decline with age in the

ovary (Pan et al. 2007; Hsu and Drummond-Barbosa 2009), and overexpression of

E-cadherin or AdipoR in the germ line (Pan et al. 2007; Laws et al. 2015) or of BMP

signals or ILPs in the soma (Pan et al. 2007; Hsu and Drummond-Barbosa 2009)

can reverse age-related GSC loss. Somatic and germline overexpression of super-

oxide dismutase (SOD), an antioxidant enzyme, rescues the age-associated decline

Table 3.1 (continued)

Pathway Organism Role

Retinoic

acid

Mouse Germ cell RARα and Sertoli cell RARγ are together required for

meiosis (Gely-Pernot et al. 2015)

Required in Sertoli cells for germ cell meiosis (Tong et al. 2013;

Raverdeau et al. 2012)

Androgen

receptor

Mouse Required in Sertoli cells for cell survival and meiosis (Abel et al.

2008; Hobbs et al. 2010; De Gendt et al. 2004)

Required intrinsically by PTMs for normal sperm counts (Zhang

et al. 2006)

AdipoR C. elegans Global mutation reduces brood size (Svensson et al. 2011)

Drosophila Required for ovarian GSC maintenance (Laws et al. 2015)

Mouse AdipoR2 global mutants are aspermic (Bjursell et al. 2007)

Leptin Drosophila Required in fat body to promote ILP secretion from the brain

(Rajan and Perrimon 2012)

Mouse Promotes fertility (Mounzih et al. 1997) and germ cell survival

(Bhat et al. 2006)
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of GSC function and cap cell number (Pan et al. 2007), further emphasizing the

complexity of effects of aging on the germ line.

Disease states, including cancer, also disrupt organismal homeostasis. Tumors

are their own dynamic signaling centers (Karagiannis et al. 2010) and can both

hijack normal metabolism to support their growth and secrete factors that have

pleiotropic effects (Patel et al. 2014). For example, tumors induced in the midgut of

adult Drosophila or transplanted into the fly hemocoel secrete the ILP-binding

protein IMP-L2 (Kwon et al. 2015; Figueroa-Clarevega and Bilder 2015), causing

systemic wasting, including degeneration of ovaries. In humans, this wasting,

called cachexia, is a hallmark of end-stage cancer and is uncoupled from tumor

burden (Petruzzelli and Wagner 2016; Fearon et al. 2012), underscoring the role of

systemic factors in cancer pathologies. While our understanding of the effect of

cachexia on mammalian GSC lineages is limited, cachectic patients are often

insulin resistant (Honors and Kinzig 2012), and chronic inflammation, found in

many cancers (Crusz and Balkwill 2015), can lead to Interleukin-6-mediated

hyperactivation of the hypothalamic-pituitary-gonadal axis (Raber et al. 1997).

Therefore, although it is clear that many cancer treatments can impair fertility

(Suhag et al. 2015; Vakalopoulos et al. 2015), it is also possible that the physio-

logical changes caused by the tumors themselves may have additional effects on the

germ line of patients.

Finally, there is also evidence that diet can alter the epigenetic state of the germ

line and thereby impact the next generation. For example, male mice fathered by

fasted males have lower serum glucose concentrations than those fathered by

normally fed animals (Anderson et al. 2006). Adult offspring of Drosophila
males fed a high sugar diet have increased food intake, higher adiposity, and defects

in lipid mobilization, a metabolic signature dependent on specific subtypes of

heterochromatin (Ost et al. 2014). Notably, similar genomic derepression patterns

are predictive for obesity in mice and humans, indicating a conserved pathway of

diet-induced phenotypic variability (Ost et al. 2014). While the effects of paternal

diet lasted a single generation in Drosophila (Ost et al. 2014), in certain mouse

genetic backgrounds, paternal high fat diet causes offspring infertility in males and

females for two generations (Fullston et al. 2012). Although the molecular mech-

anisms remain unknown, epidemiological studies have identified multigenerational

ramifications for the children of males exposed to occupational and environmental

toxins, including lead and pesticides, many of which could be mediated epigenet-

ically (Soubry et al. 2014). As we learn more about how whole-body physiology

controls GSC lineages, new light will be shed on how changes caused by diet,

aging, diseases, infections, injuries, or other stressors affect fertility and, poten-

tially, future generations.
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3.5 Note Added in Proof

While this review article was in press, a study by Guo et al. (2016) was published

showing that secreted paracrine factors from cultured oocytes act in surrounding

cumulus cells to activate mTOR (by inhibiting an upstream negative regulator), and

that mTOR signaling is important for oocyte-cumulus cell complex maturation and

survival.
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Chapter 4

Signaling-Mediated Regulation of Meiotic

Prophase I and Transition During Oogenesis

Swathi Arur

Abstract Generation of healthy oocytes requires coordinated regulation of multi-

ple cellular events and signaling pathways. Oocytes undergo a unique developmen-

tal growth and differentiation pattern interspersed with long periods of arrest.

Oocytes from almost all species arrest in prophase I of oogenesis that allows for

long period of growth and differentiation essential for normal oocyte development.

Depending on species, oocytes that transit from prophase I to meiosis I also arrest at

meiosis I for fairly long periods of time and then undergo a second arrest at meiosis

II that is completed upon fertilization. While there are species-specific differences

in C. elegans, D. melanogaster, and mammalian oocytes in stages of prophase I,

meiosis I, or meiosis II arrest, in all cases cell signaling pathways coordinate the

developmental events controlling oocyte growth and differentiation to regulate

these crucial phases of transition. In particular, the ERK MAP kinase signaling

pathway, cyclic AMP second messengers, and the cell cycle regulators CDK1/

cyclin B are key signaling pathways that seem evolutionarily conserved in their

control of oocyte growth and meiotic maturation across species. Here, I identify the

common themes and differences in the regulation of key meiotic events during

oocyte growth and maturation.

4.1 Introduction

In mammals, females are born with oocytes arrested at meiosis I. Meiosis I is

composed of multiple interconnected differentiation programs, the key events being

pairing and recombination of chromosomes and arrest of growing oocytes at the end

of meiosis I. Due to the lack of germ line stem cells in vertebrate females, model

systems like C. elegans and Drosophila have pioneered the studies on female

meiotic I progression and the key signaling and molecular pathways that govern

this progression. In this chapter, I highlight our current understanding on the
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environmental, hormonal, and signaling events that regulate the progression of

meiosis I during female gametogenesis and compare and contrast the similarities

and differences between worms, flies, and mammalian oocyte growth and meiotic

maturation.

4.2 C. elegans Germ Line Development

C. elegans germ cells are specified in the embryo as Primordial Germ Cells (PGCs),

but unlike in flies and mammals these cells do not undergo migration, but instead

form the focal points that divide symmetrically along with the somatic gonad

progenitors to populate the U-shaped gonad arms in a somatically female animal

(Hubbard and Greenstein 2000; Strome and Updike 2015). During early stages of

larval development, the germ line progenitors continue to divide symmetrically,

until the end of Larval molt 3, at which point the progenitor stem cells in the

hermaphroditic germ line differentiate into spermatocytes that progress through

meiosis I and II eventually to form haploid mature sperm (reviewed in Hubbard and

Greenstein 2000). The process of germ line stem cell proliferation and the balance

and switch of a mitotic stem cell cycle to a meiotic cell cycle are discussed in

Chap. 2. The end of the last larval molt-Larval Stage 4 completes the events of

spermatogenesis that eventually results in mature sperm in a hermaphroditic germ

line stored in a spermatheca. Upon the completion of spermatogenesis, coupled

with the last molt into adulthood, a switch in sex determination of the germ cells

results in onset of the female meiotic program in the hermaphroditic germ line.

Through the remaining life of a hermaphroditic adult, the germ line produces

oocytes (Hubbard and Greenstein 2000). A feminized germ line on the other hand

only produces the female oogenic precursors and mature oocytes starting from

larval stage 3. This chapter will focus on the oogenic events in the hermaphroditic

germ line and highlight key differences (where relevant) from a feminized

germ line.

4.2.1 Oogenic Meiotic Prophase Progression

The C. elegans germ line grows as a syncytial mass of nuclei that are attached to a

common cytoplasm and appear very much like a growing stalk of brussel sprouts

(Hall et al. 1999). In the syncytial germ line, plasma membranes do not fully

surround each germ nucleus, and cytoplasmic bridge connects each germ nucleus

to a common cytoplasm (Maddox et al. 2007). By convention, each nucleus

surrounding cytoplasm and membranes are referred to as a germ cell. From the

mitotic region that harbors the progenitor cells through the end of pachytene, germ

cells are arranged on the surface of the gonadal tube with an interior cell/nucleus-

free cytoplasmic region called the “rachis” or “core.” In oogenesis, the majority of
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pachytene cells appear to function as nurse cells, undergoing apoptosis after

providing RNAs and proteins to the rachis (Gibert et al. 1984; Gumienny et al.

1999; Wolke et al. 2007).

The oogenic germ cells are in a very long meiotic prophase I, with the pachytene

region being the longest, wherein each germ cell is thought to reside in pachytene

for ~54–60 h (Jaramillo-Lambert et al. 2007). Events specific to meiotic pairing,

recombination, and resolution of homologous sisters are covered in Chap. 4. This

long stretch of pachytene can be divided into three major regions, early pachytene,

mid-pachytene, and late pachytene, based on the distinct chromosomal behaviors

(Phillips et al. 2009). Besides chromosomal events, the germ cells in this stage

execute multiple cell biological events such as onset of meiosis (reviewed in

Chap. 8, after the mitotic populations), apoptosis [wherein over 50–80% of the

female germ cells die and are either cleared from the germ line, by the

nonprofessional phagocytic cells of the somatic gonad (Gumienny et al. 1999)],

and plasma membrane synthesis. All of these chromosomal and cell biological

behaviors are exquisitely coordinated in a normal growing germ line and occur in

stereotypic spatial regions, within the context of the pachytene, suggesting that

there must either be autonomous cues that the germ cells are executing as they

progress through the long meiotic prophase I or that these nuclei are responding to

spatially restricted molecular or environmental cues during the different stages of

pachytene. At this time, not much is known regarding whether cues autonomous to

the germ cells dictate normal meiotic progression in different regions of the germ

line, but a clear understanding is beginning to emerge of the spatial cues at each of

the stages of the germ cells that coordinate and drive these events.

Only a handful of signaling pathways have been identified in C. elegans that

regulate progression through meiotic prophase, with the extracellular RAS/ERK

MAPK pathway being one such key pathway. Activation of MPK-1 (C. elegans
ERK) occurs in two distinct regions of the germ line: zone 1, or mid-pachytene, and

zone 2 of growing mature oocytes (Lopez et al. 2013; Miller et al. 2001). In between

these two zones active MPK-1 is downregulated at a stage where the germ cells are

transiting from pachytene to diplotene (Lee et al. 2007; Lopez et al. 2013). Total

MPK-1 is continuously expressed throughout the germ line. The two distinct zones

of active MPK-1 signaling are triggered by (a) insulin receptor DAF-2 based

activation in zone 1 (Lopez et al. 2013) in response to nutritional cues and

(b) sperm-derived MSP signaling through the VAB-1 Ephrin (Eph) receptor in

oocytes (Miller et al. 2001). In zone 1 or the pachytene region, MPK-1 is active for

a sustained amount of time, with current estimates averaging at ~18 h/germ cell; in

the proximal individual oocytes, MPK-1 is active for about 20 min each (Lee et al.

2007; Mattingly et al. 2015). During these stages of meiotic prophase, the germ line

is transcriptionally silent and the meiotic events are controlled via translational or

posttranslational events.
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4.2.2 The LET-60 RAS/MPK-1 ERK Signaling Pathway
as a Major Regulator of Meiotic Progression During
Oogenesis

Abrogation of either DAF-2 (the Insulin receptor), LET-60 (ras), MEK-2 (mek),

LIN-45 (raf), or MPK-1(erk) all result in female germ cells arrested in pachytene

resulting in sterile adults that do not generate any gametes (Church et al. 1995; Lee

et al. 2007; Lopez et al. 2013; Ohmachi et al. 2002). This leads to the model that the

RAS/ERK pathway governs exit of oogenic germ cells from pachytene to the

diplotene stage of meiotic prophase (Church et al. 1995). However, this observation

is inconsistent with normal MPK-1 signaling in the germ line; MPK-1 is active from

mid- to late pachytene and drops below detectable levels at the end of pachytene

(Fig. 4.1a). This spatial activation pattern would suggest that active MPK-1 has to

be downregulated to exit pachytene, rather than linger in pachytene, as the case

seemed to be when mpk-1 was genetically abrogated. Given that pachytene is the

longest phase of meiotic prophase, a key question that arises is, does the rise of

active MPK-1 in the mid-pachytene regulate any meiotic event, or is that rise

important to exit pachytene, which given that the cells did not exit until the end

of pachytene, and in fact remained in pachytene upon the rise of active MPK-1 was

a flawed logic. Thus, the question that was posed was, is the rise in active MPK-1

correlative with progression of pachytene from early to mid-stage? And would the

loss of mpk-1 signaling cause an inability of these cells to exit, resulting in their

arrest. To answer this question, Lee et al. (2007) used the RNA-binding proteins

DAZ-1 and GLD-1 as molecular markers to distinguish between early, mid-, and

late pachytene and assayed the stage of the arrested pachytene stage germ cells in

the mpk-1 null mutant. DAZ-1 is high in the mitotic and transition zone and falls

mid-way through pachytene in wild-type germ lines (Maruyama et al. 2005), with a

reciprocal staining pattern with active MPK-1. Interestingly, in mpk-1 null germ

lines, DAZ-1 levels remain elevated throughout the arrested pachytene germ cells,

indicating that these cells retain distal/mid-pachytene character (Lee et al. 2007).

Additionally, GLD-1 (RNA-binding protein) and CEP-1 (the p53 homolog) levels

were analyzed; GLD-1 falls at the end of pachytene where CEP-1 starts to rise in

normal pachytene stage germ cells. In mpk-1 null mutants, however, GLD-1 is

continuously high in the arrested pachytene stage germ cells, while CEP-1 never

accumulates (Lee et al. 2007). All of these data lead to a new model on the role of

RAS/ERK pathway in controlling meiotic progression. The model proposes that

active MPK-1 controls two distinct aspects of meiotic progression: first, the path-

way enables progression from early to mid-pachytene, presumably, this is coupled

by chromosomal behaviors some of which are now coming to light [(Nadarajan

et al. 2016), also covered in Chap. 4] and second that it regulates pachytene

progression, such that reduction of MPK-1 signaling (analyzed through the use of

single point mutations in the MPK-1 gene, which reduces binding to MEK at

nonpermissive temperatures and causes a reduction in MPK-1 signaling).
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In addition to triggering an entry of germ cells from early to mid-pachytene,

MPK-1 signaling also regulates multiple aspects of cell biology during oogenesis,

including control of cellular morphogenesis and membrane organization (Arur et al.

2009, 2011; Lee et al. 2007). Active MPK-1 is required for the gonadal tube

arrangement of pachytene cells on the surface and an interior cytoplasmic rachis

(a process termed “pachytene cellular organization”), forming a single row of

Fig. 4.1 MAP kinase signaling pathway regulates varied aspects of oocyte growth and maturation

in worms and mammals. (a) (Top) An adult C. elegans hermaphroditic animal carries two

U-shaped gonad arms. In the figure, the arm on the left represents the surface view of the gonad

with plasma membranes in green and nuclei in blue. The right arm represents an internal view of

the gonad, with plasma membranes that open into a common cytoplasm, rachis, and each growing

oocyte is connected to the rachis via an opening. (Middle) Oogenic germ cells in one gonad arm of

C. elegans, from stem cell pool on the left to growing oocytes on the right. In C. elegans, oocytes
arrest in prophase I. (Bottom) MPK-1 ERK MAP kinase is active in two regions of the meiotic

prophase in C. elegans: pachytene and growing oocytes. MPK-1 signal in pachytene is maintained

by insulin like receptor DAF-2 and in growing oocytes by MSP signal from sperm.

(Figure Adapted from Lee et al., Genetics, 2007. Express permission to reproduce the figure

obtained from Tim Schedl and Genetics.) (b) Various stages of mammalian oocyte development

and arrest periods. Active MAP kinase (red) and Maturation Promotion Factor (CDK1/cyclin B)

are regulated dynamically during the various stages of mammalian oocyte development
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cylindrically shaped oocytes in the proximal gonad (oocyte organization and

differentiation), oocyte growth control, and migration of the oocyte nucleus to the

distal surface. Genetic analysis as well as the pattern of activation indicates that

these MPK-1 functions are largely or completely germ line autonomous. MPK-1

regulates these events that occur contemporaneously or simultaneously in the germ

line via coordinated control of multiple distinct substrates that are phosphorylated

and regulated in distinct regions, cell biological compartments, and times during

germ line development. Currently, 31 novel MPK-1 substrates have been identified

to regulate each of the eight processes (Arur et al. 2009). Analysis of each substrate

in detail is shedding light into how MPK-1 regulates any given processes and the

redundant mechanisms that drive the robustness in the germ line (Arur et al. 2009).

However, it currently remains unknown, as to how MPK-1 mediates a switch from

distal to proximal pachytene. The current model is that a number of MPK-1 sub-

strates (currently unidentified) are likely involved in coordinating progression from

distal to proximal pachytene.

4.2.3 Oocyte Growth and Development

Oocytes can achieve sizes >1000 times that of diploid somatic cells. Normal

oocytes attain large sizes compared to their pachytene progenitors via influx of

yolk protein and cytoplasmic constituents (Wolke et al. 2007). Clearly, sizes that

oocytes achieve prior to undergoing a meiosis I arrest are stereotypical in all

organisms. But mechanisms underlying their control remain unknown in most

species. In C. elegans, large oocytes are observed under conditions of reduced

MPK-1 activity (such as loss of daf-2 insulin receptor signaling, mpk-1 signaling, or
loss of the phosphatase ptp-2 null (Church et al. 1995; Gutch et al. 1998; Lopez

et al. 2013). Conversely, small oocytes are generated under a condition where

MPK-1 signaling is increased; let-60 ras gain of function alleles (Lee et al.

2007). Thus, the RAS/ERK signaling cascade appears to act as a rheostat to control

oocyte size, with low MPK-1 activity promoting growth, high MPK-1 activity

inhibiting growth, and presumably normal size oocytes produced at intermediate

activity levels. Activated MPK-1 in diplotene, where it is normally downregulated

appears to be involved in oocyte growth control. Multiple MPK-1 phosphorylation

substrates have been identified that regulate the event of oocyte growth; however,

mechanisms both cellular and mechanistic need to be delineated (Arur et al. 2011;

Drake et al. 2014). It is likely that oocyte growth is controlled autonomously

through each individual oocyte; however, a more likely possibility is that the flow

of cytoplasmic contents from the central rachis of the gonad drives cytoplasmic

constituents into each growing oocyte [connected with the rachis via a cytoskeletal

bridge, much like a ring canal in Drosophila melanogaster oocytes (Robinson et al.
1994)], until the oocyte reaches a critical mass and completely buds off the central

rachis. The signaling pathway thus likely regulates the growth of the oocyte through

controlling either the cytoplasmic flow or the length of connection of the
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cytoplasmic bridge in each oocyte with the rachis. In case of the former, activation

of MPK-1 in pachytene is likely critical for enabling the cytoplasmic flow; the latter

likely relies on the activation of MPK-1 in the oocytes.

Besides the RAS/ERK signaling pathway, loss of proliferation in the germ line

stem cell population (discussed in Chaps. 1–3) via loss of the GLP-1/Notch

signaling also results in generation of large oocytes (Nadarajan et al. 2009).

Phenomenologically, this could occur due to loss of the progenitor stem cell-

based populations that can no longer sustain the development of the germ line,

and thus likely result in misregulation of multiple signaling pathways due to loss of

tissue architecture. It could, however, also be a direct effect of Notch signaling

itself, wherein Notch pathway generates a specific signal in the distal stem cell

region, which is later transported to the oogenic germ line, and directly affects

oocyte size. Blocking the connection of the oogenic germ line with the progenitor

population via injection of a droplet of oil results in the generation of large oocytes

lending support to the model that a physical connection between the progenitor

population and oogenic germ cells may be involved in regulating normal oocyte

growth and development (Nadarajan et al. 2009). Molecules and cellular events that

mediate these events, however, remain to be defined.

Interestingly, however, in a female germ line that lacks the sperm signal, and

thus is unable to activate MPK-1 in oocytes via the Ephrin receptor, the oocytes are

formed normally and arrest prior to oocyte maturation. The growth of these oocytes

is equivalent to oocytes from hermaphroditic animals with robust sperm-dependent

MPK-1 activation, suggesting that oocyte growth per se maybe regulated via events

occurring more distally in the gonad, specifically in pachytene stage of gonadal

development. These models remain to be tested.

4.2.4 Events Controlling Oocyte Meiotic Maturation

The oocytes of most sexually reproducing animals arrest in diplotene or diakinesis

of meiotic prophase (Greenstein 2005). Species-specific hormonal signals trigger

the resumption of meiosis termed meiotic maturation. Meiotic maturation is defined

by the transition to metaphase I (M phase) and is accompanied by nuclear envelope

breakdown (NEBD), rearrangement of the cortical cytoskeleton, and meiotic spin-

dle assembly. In vertebrates, hormonal signaling activates cyclin-dependent kinase

(CDK1) to promote M-phase entry (see below). Somatic cells of the gonad also

function to maintain meiotic arrest in many species, see the section on mammalian

oocyte arrest. Meiotic maturation of oocytes arrested in prophase I is under the

control of signaling and translational events, since these oocytes are transcription-

ally quiescent. Current studies are investigating the mechanisms that link signaling

to translational control and how those regulate meiotic maturation.

In C. elegans, MPK-1 activation is also correlated with oocyte maturation/

ovulation (Drake et al. 2014; Lee et al. 2007; Miller et al. 2001), but functionally,

MPK-1 activity seems required mainly for initiation of the transition from
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prophase I, as timely activation of maturation/ovulation. MPK-1 activity is clearly

required for the initiation of meiotic maturation such as nuclear translocation from

the center of the cell to the anterior and cortical rearrangement of the oocyte (Harris

et al. 2006; Kim et al. 2013; Lee et al. 2007). In accordance with this, in a female,

where there is no sperm-dependent activation of MPK-1, oocytes do not initiate the

process of meiotic maturation and remain arrest in prophase I (Harris et al. 2006;

Kim et al. 2013; Lee et al. 2007). The sperm-dependent MPK-1 activation in zone

2, comprising of the most proximal ~five oocytes appears to be responsible for

MPK-1’s function in maturation/ovulation (Govindan et al. 2009; Greenstein 2005;

Harris et al. 2006; Kim et al. 2013; Lee et al. 2007; Miller et al. 2001). However,

because only the�1 oocyte undergoes maturation it suggests that MPK-1 activation

alone is not sufficient and additional regulatory mechanisms, such as inhibition of

CDK1 from proximal oocytes and/or inhibition from somatic gonadal sheath cells,

must block maturation of the �2 through �5 oocytes (Govindan et al. 2006;

McCarter et al. 1999).

The major sperm protein (MSP) that serves as a ligand to active MPK-1

signaling initiates the events of oocyte meiotic maturation (Miller et al. 2001).

MSP likely acts both on the oocyte and the surrounding sheath cells; injection of

purified MSP is sufficient to induce resumption of meiosis. Work from Govindan

et al. established the role for Gαs-based activation of adenylate cyclase to elevate

cAMP levels (Govindan et al. 2006, 2009). Blocking adenylate cyclase results in

loss of cAMP signaling and blocks oocyte maturation, indicating a direct role of the

adenylate cyclase and cAMP to regulate meiotic maturation in C. elegans oocytes.
Mechanistically, activation of Gαs counteracts the inhibitory signals from Gαi/o
that block meiotic maturation in the absence of MSP. Although MSP can act both

on the oocyte and the sheath cells, the function of MSP directly on the oocytes

remains to be determined. MSP regulates the functions described above via a

communication between the somatic sheath cells and the oocyte. Interestingly,

other regulators of oocyte meiotic maturation have been identified such as

CEH-18 (A POU domain transcription factor) that also act in the soma to repress

MPK-1 activation in the oocyte and mediate meiotic arrest (Govindan et al. 2009;

Yamamoto et al. 2006). However, their exact mechanism of action remains to be

defined.

Activated MPK-1 levels drop dramatically as the �1 oocyte undergoes matura-

tion (Drake et al. 2014; Lee et al. 2007). This inactivation of MPK-1 is distinct from

that in vertebrates where active ERK is present from maturation until release of the

meiosis II arrest by fertilization (see below). Unlike in vertebrates though, in

C. elegans sperm signal initiates ovulation and fertilization of a mature oocyte,

and the events of both the events of meiosis are completed after fertilization. Thus,

the evolutionary reasons for these differences are both intriguing and challenging to

define.

Besides MSP, cyclin-dependent kinase CDK1 (Boxem et al. 1999) and the polo-

like Kinase-1, PLK-1, dependent (Chase et al. 2000), each positively regulates

events of oocyte meiotic maturation. The zinc finger domain-containing proteins

OMA-1 and OMA-2 are redundantly required for oocyte maturation and ovulation
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(Detwiler et al. 2001). In oma-1 and oma-2 double mutants, MPK-1 activation is not

sustained and NEBD is suppressed. OMA-1 and OMA-2 may function upstream of

two conserved cell cycle regulators, the MYT1-related kinase WEE-1.3 and CDK1

(Detwiler et al. 2001; Spike et al. 2014b). Additionally, recently the NHL1 domain

protein LIN-41 has been identified to work antagonistically with the OMA-1 and

OMA-2 proteins to control the prophase to metaphase transition in C. elegans
(Spike et al. 2014a). Chapter 6 discusses the role of these proteins in mediating

the events of oocyte meiotic maturation in further detail.

4.3 Drosophila Female Germ Line Development

Drosophila melanogaster germ cells, much like C. elegans, are specified in the

embryo as primordial germ cells (PGCs) (Forbes and Lehmann 1999; Lehmann

1992). However, primordial germ cell specification from this point on is very

different between these two species. In one cell embryo, right after fertilization of

male and female pronuclei, nuclear divisions, in the absence of cytokinesis, give

rise to a syncytial embryo. Of these early nuclear divisions, ~10 nuclei migrate to

the posterior pole and become the first to be surrounded by a plasma membrane.

These cells then undergo symmetric, but asynchronous divisions to give rise to a

total of about 40 cells. These 40 cells are termed the pole cells and are the early

primordial germ cells. Much like in C. elegans, these cells are transcriptionally

quiescent (reviewed in Lehmann 1992).

During early embryogenesis, pole cells remain positioned at the posterior end of

the embryo; however, as the germ layers form, and midgut starts to invaginate, the

pole cells along with the midgut travel inside the embryo. Once inside the embryo,

at day 10 of embryogenesis, the pole cells start to migrate through the midgut

epithelium. These processes have been extensively reviewed in McLaughlin and

Bratu (2015) and Williamson and Lehmann (1996). The migration and colonization

of the embryonic gonad occur by the time the embryogenesis is complete. At the

end of embryogenesis, another process starts to take place: the somatic gonadal

cells begin to encapsulate the pole cells and form the embryonic gonads on either

side of the embryo. The germ line stem cells continue to stay connected to the

somatic gonadal cells through the rest of germ cell development (Forbes and

Lehmann 1999; Williamson and Lehmann 1996).

These two cell types, the somatic gonadal cells and the pole cell precursors, form

the major progenitors of the D. melanogaster female germ line or the ovary. The

ovary comprises of two main stem cell populations, the germ line (GSC) and the

follicle stem cells (FSC) (reviewed in Chaps. 1 and 3). These two cells give rise to

the nurse cells, oocyte, and follicle cells of the mature egg chamber. Each stem cell

population resides in a unique, specialized niche containing several types of

somatic gonadal precursor cells (Fig. 4.2a). The somatic gonadal cells also harbor

the germ line stem cell “niche” necessary for regulated balance between stem cell

self-renewal and differentiation, reviewed in Chaps. 1–3.
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4.3.1 Meiotic Prophase I Progression

The basic unit of the ovary in Drosophila is the ovariole; there are 16–20 ovarioles

per ovary, each being autonomous with its own stem cell populations and egg

chambers at varying developmental stages (Fig. 4.2a). The ovariole can be divided

into three principal regions (from anterior to posterior): the terminal filament,

germarium, and vitellarium (also see Chap. 3). The germarium is the site of germ

line stem cell (GSC) division, differentiation, and germ line cyst formation and is

divided into four regions (1, 2a, 2b, and 3) (Fig. 4.2a). In germarium region 3, the

germ line cyst, containing nurse cells and oocyte, is ensheathed by a somatic cell

layer, together forming a structure named the “egg chamber” before being passed

into the vitellarium. Here, I discuss the process of meiotic prophase progression and

maturation, which primarily occurs in germarium region 2a (Fig. 4.2a).

The oocyte undergoes both developmental maturation and meiosis throughout

the course of oogenesis, and these processes are intimately linked. The balance of

oocyte differentiation and progression through meiosis is achieved by two major

Fig. 4.2 Stages in Drosophila oogenesis. (a) Mature germarium with the various regions

containing cells in differing stage of mitosis (left, green) or meiotic prophase I. (b) Once a

germarium matures, it is surrounded by follicle cells (blue line, orange) that surround the maturing

oocyte (green). A mature oocyte surrounded by the follicle cells makes an egg chamber. As newer

oocytes are born, the older egg chambers progress through different stages of meiosis. At stage

13, the oocyte starts to undergo the process of meiotic maturation, marked by the nuclear envelope

breakdown. The oocyte arrests in meiosis II at stage 14, until it passes through the oviduct, during

which time the oocyte undergoes maturation in the absence of sperm
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meiotic arrests during oogenesis. Prophase I of meiosis begins in region 2a of the

germarium, where the events of synaptonemal complex can be visualized (reviewed

in Lake and Hawley 2012; McLaughlin and Bratu 2015), and arrests in diplotene

stage of prophase I at the beginning of stage 5 in the egg chamber. The remaining

15 cells develop into the nurse cells and enter an endocycle to become highly

polyploid. Determination of the oocyte fate seems to be dictated by the accumula-

tion of the cyclin-dependent kinase inhibitors p21 CIP/p27 KIP/p57 KIP2 that

prevent endoreduplication via repressing the CDK2/cyclin E such that the oocyte

maintains its meiotic state (Hong et al. 2003). While much is known about the

signaling and molecular events underlying meiotic I arrest and progression in

C. elegans, relatively little is understood in D. melanogaster regarding events that

surround meiotic I arrest. Additionally, events such as gap junction-mediated germ

line communications between somatic follicle cells and developing oocytes have

not been established. While gap junction proteins have been identified in

D. melanogaster oocytes (Stebbings et al. 2002), loss of gap junction proteins in

the oocyte did not result in any developmental arrest phenotypes in the oocytes

(Bohrmann and Zimmermann 2008), suggesting that the gap junction proteins do

not play a major role in mediating meiotic I arrest in D. melanogaster unlike in

C. elegans and mammals.

Likewise, unlike C. elegans where the MAPK pathway is central to meiotic I

progression and meiotic maturation, in D. melanogaster, while the MAPK pathway

is activated in the oocyte by a Mos (MAPK kinase kinase) homolog, loss of either

MAPK or Mos does not result in meiotic arrest or any developmental defects in

oocytes (Ivanovska et al. 2004), suggesting that MAPK activation plays a nones-

sential role in D. melanogaster development. Thus, currently much remains to be

determined about the signaling and molecular events that regulate and sustain the

prophase I arrest in flies (Fig. 4.3).

4.3.2 Oocyte Meiotic Maturation

The cyclin-dependent kinase signaling pathway CDK1/cyclin B regulates the

process of meiotic maturation in the D. melanogaster oocyte at stage 13 of oogen-

esis (Von Stetina et al. 2008; Xiang et al. 2007). Loss of the active CDK1/cyclin B

inD. melanogaster results in a delay in the process of meiotic maturation, including

the process of NEBD (Von Stetina and Orr-Weaver 2011; Von Stetina et al. 2008).

The Polo-like kinase, Polo, regulates the activity of CDK1/cyclin B. Polo binds to

Matrimony (MTRM, a sterile alpha motif-containing protein that is expressed from

the end of pachytene until the completion of meiosis I) in prophase. Phosphoryla-

tion of Matrimony, by a currently unknown kinase, results in generation of Polo

binding site. Binding of Matrimony to Polo results in inactivation of Polo activity

towards cell division cycle 25 (CDC25 or Twine). Activation of Polo results in

activation of CDC25 phosphatase and thus activation of CDK1/cyclin B. Besides

Matrimony, the Great Wall Kinase (Gwl) (Yu et al. 2004) also antagonizes Polo
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Fig. 4.3 Cell–cell communication and cyclic AMP coordinates oocyte meiotic maturation in

worms and mammals. (a) In C. elegans, in the absence of the sperm signal, the Gαo/i pathway in

somatic sheath cells surrounding the oocyte (pink) leads to the inactivation of adenylate cyclase

4 (ACY-4) and protein kinase A (PKA). This inhibition blocks MAP kinase (MAPK) activation

and oocyte meiotic maturation. Additionally, the VAB-1/Ephrin Receptor in the oocyte also

inhibits MAPK and oocyte maturation. Presence of the major sperm protein (MSP) antagonizes

both the somatic Gαo/i and oocyte VAB-1 signaling pathways and activates Gαs pathway in the

somatic sheath cells resulting in MAPK activation and meiotic maturation. (Adapted from

Govindan et al. 2006 reprinted with express permission from David Greenstein and Current

Biology.) (b) Cyclic AMP in the oocyte inhibits meiotic maturation in mammals. cGMP produced

by the cumulus somatic cells enters the oocyte via the gap junctions (via currently unknown

mechanisms) to inhibit PDE3A. PDE3A hydrolyses cAMP. Binding of luteinizing hormone

(LH) to its G protein-coupled receptor (GPCR) (blue) activates the cAMp pathway and enables

meiotic maturation via promoting GVBD
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(Archambault et al. 2007) and maintains meiotic arrest. Activation of CDC25

allows cyclin-dependent kinase 1 (CDK1) to activate and promote germinal vesic-

ular breakdown (GVBD) in prometaphase.

Besides, Polo and matrimony, α-endosulfine homolog is also thought to control

CDK1/cyclin B activity and almost all aspects of meiotic maturation (Von Stetina

et al. 2008). The endos encodes a conserved phosphoprotein; endos mutant oocytes

display a severe delay in NEB, spindle formation, and chromosome congression

defects very similar to twine mutants. The Endos protein appears to regulate CDK1/

cyclin B activity, likely via novel substrates of CDK1/cyclin B (Von Stetina et al.

2008). On meiotic maturation at stage 13, Polo proteins overcome the inhibition of

Matrimony, by sheer increase in their number, thus effectively inactivating CDC25

and activating CDK1/cyclin B and mediating meiotic resumption.

Interestingly, while there must be extrinsic signals that regulate oocyte matura-

tion, not much is known about them. Some examples have, however, been defined.

For example, the prostaglandin hormones or the steroid hormone ecdysone seem

like likely stimulatory signals, since cyclooxygenase (COX), which results in

prostaglandin synthesis, promotes early ovarian follicle maturation (Tootle and

Spradling 2008). Similarly, ecdysone signaling is also required for progression of

oogenesis and egg chamber maturation during mid-oogenesis (Buszczak et al.

1999). Because the follicles in mutants affecting either signaling pathways do not

reach stage 13 (when meiotic maturation takes place), it is not known whether

prostaglandins or ecdysone are required for meiotic maturation in flies.

4.4 Mammalian Female Germ Line Development

Mammalian females are born with differentiated oogenic germ cells arrested in

meiosis I. Mammalian oocytes arrest in prophase during fetal development, an

arrest that lasts for months in mice and years in women. In response to the

leutenizing hormone signal from the pituitary at puberty, the oocyte transitions

from prophase to metaphase II, where it remains arrested until fertilization causes

the completion of meiosis. The prophase-to-metaphase transition is characterized

by the breakdown of the nuclear envelope (NEBD, also known as germinal vesicle

breakdown or GVBD) (Schuh and Ellenberg 2007). Because the oocytes are born

under a condition of meiosis I arrest, not much is understood about earlier events

leading up to the arrest in mammalian systems. This chapter will focus on signaling

events that regulate meiosis I transition to metaphase and oocyte maturation. Events

resulting in meiosis II resumption and fertilization are covered in Chaps. 7 and 8.

4 Signaling-Mediated Regulation of Meiotic Prophase I and Transition During. . . 113

http://dx.doi.org/10.1007/978-3-319-44820-6_7
http://dx.doi.org/10.1007/978-3-319-44820-6_8


4.4.1 Hormonal Control of Prophase I Arrest in Mammalian
Oocytes

4.4.1.1 cAMP and Luteinizing Hormone

Somatic cells surround mammalian oocytes, and these somatic cells are essential

for maintaining prophase arrest in the oocyte. The somatic cells are made up of two

layers, the outer layers or the mural granulosa and the inner cumulus layer. Oocytes

or cumulus–oocyte complexes that are removed from the follicle resume meiosis

spontaneously (Pincus and Enzmann 1935; Edwards 1965), suggesting that a

meiosis inhibitory factor coming from the somatic cells helps maintain the arrest.

Additionally, a physical continuity between the cellular layers connecting the

somatic cells and the oocyte is essential for maintenance of prophase arrest. Gap

junctions mediate the physical connection between the somatic cells and the oocyte;

inhibition of gap junction proteins also results in resumption of meiosis, suggesting

that gap junction-based communication is critical for oocyte meiotic arrest (Edry

et al. 2006; Norris et al. 2008; Sela-Abramovich et al. 2006). The nature of the

inhibitory signal that passes between the somatic cells and the oocyte currently

remains undetermined.

Maintenance of prophase arrest in the fully grown mammalian oocyte requires

high level of cyclic AMP (cAMP) in the oocyte. Inhibition of cAMP levels in the

oocyte results in spontaneous resumption of oocyte progression to metaphase (Cho

et al. 1974; Magnusson and Hillensjo 1977). cAMP is generated in the oocyte by the

constitutively active Gs-linked receptor, GPR3 or GPR12, which act to stimulate

adenylyl cyclase (Mehlmann et al. 2002 reviewed in Runft et al. 2002; Kalinowski

et al. 2004; Mehlmann et al. 2004; Norris et al. 2007). Perturbing either the

receptor, Gs, or adenylyl cyclase causes cAMP levels to decrease resulting in

resumption of meiosis. Measurements of the cAMP concentration in isolated intact

follicle-enclosed mouse oocytes reveal basal cAMP concentration of about

~700 nM (Norris et al. 2009). This cAMP concentration is sufficient to activate

the cAMP-dependent kinase (PKA), PKAI and PKAII (Viste et al. 2005), both of

which accumulate in the oocyte (Newhall et al. 2006). Cyclic AMP regulates

meiotic prophase arrest by PKA-mediated phosphorylation of the phosphatase

CDC25 (CDC25B in mouse) causing CDC25 inactive towards dephosphorylating

CDK1; CDK1 remains phosphorylated and inactive (Lincoln et al. 2002; Oh et al.

2010; Zhang et al. 2008). Removal of the oocyte from its follicle (Vivarelli et al.

1983), or inhibition of the gap junction permeability within the follicle (Sela-

Abramovich et al. 2006), causes cAMP to decrease in the oocyte, resulting in

lack of PKA phosphorylation, which in turn activates CDC25, and CDC25 dephos-

phorylates CDK1 activating CDK1/cyclin B complex. Because inhibition of gap

junctions results in initiation of meiosis, it is interesting to speculate that maybe the

meiosis inhibitory signal that passes from the somatic cells to the oocyte through

gap junctions is cAMP, which diffuses between the somatic cells and the oocytes

and maintains itself at a high level in the oocyte. Interestingly, however, cAMP

114 S. Arur



from the somatic cells (despite being high) is insufficient to maintain cAMP in the

oocyte at an inhibitory (high) level (Mehlmann et al. 2002) suggesting that the

simple diffusion-based model is inaccurate. One likely possibility is that the

somatic cells maintain oocyte cAMP at ~700 nM level via a signal that inhibits

the oocyte cAMP phosphodiesterase PDE3A. In accordance with this hypothesis,

chemical or genetic inhibition of PDE3A in the oocyte (Masciarelli et al. 2004)

helps maintain the oocyte arrest in prophase even when removed from the follicle.

Further studies remain to be conducted, however, to understand the mechanisms

underlying the control of PDE3A, the role of cAMP, and the mechanisms governing

the control of cAMP in mediating prophase I arrest in oocytes.

Interestingly, high levels of cAMP are also necessary in the fetal ovary to enable

the disassembly of synaptonemal complex during the development of mouse

oocytes and for completion of prophase I until the arrest (Wang et al. 2015).

These results suggest that cAMP needs to be high during early stages of oocyte

development to enable normal oocyte growth and differentiation until arrest in

prophase I. At which point it remains arrested for several weeks or years (if human),

until a signal from LH results in downregulation of cAMP for resumption of

meiosis.

4.4.1.2 Interplay Between cAMP and cGMP Regulates Prophase

I Arrest

Besides cAMP, cyclic GMP is an additional key player in maintaining prophase I

arrest in mammalian oocytes. cGMP is also thought to inhibit meiotic progression

since the levels of cGMP in the oocyte decrease with time after removal from the

follicle, and cGMP injection into an isolated oocyte delays spontaneous meiotic

resumption (Tornell et al. 1990). Also, levels of cyclic GMP, much like cyclic AMP

are also regulated by luteinizing hormone (Hubbard 1986). These observations

together suggest that the prophase arrest is maintained by the coordinated function

of cyclic nucleotide regulatory systems in both the somatic cells and oocyte,

compartments that are connected by gap junctions. However, many unanswered

questions remain. For example, it remains unknown as to exactly which guanylyl

cyclases in the mural granulosa cells, and possibly in the oocyte, regulate cGMP,

and in turn how they themselves are regulated. It also remains unknown whether

like cAMP, cGMP has an additional role in oocyte growth and differentiation

during meiosis prior to meiotic arrest.

4 Signaling-Mediated Regulation of Meiotic Prophase I and Transition During. . . 115



4.4.2 The Role of Luteinizing Hormone in Mediating
Progression of Meiosis I

Luteinizing hormone (LH) is released from the pituitary and is the primary stimulus

for meiotic resumption in vertebrate oocytes. In mice, NEBD occurs ~2–4 h after

exposure of isolated follicle containing oocytes to LH (Park et al. 2004). LH

receptors are expressed both on the oocyte and the somatic cells suggesting that

they likely act on one or the other cell type or both to mediate meiotic resumption

(Amsterdam et al. 1975). The LH receptor is a G protein-coupled receptor that

activates Gs, Gi, and Gq/11 (Herrlich et al. 1996; Rajagopalan-Gupta et al. 1998).

Gs activation causes the production of cAMP in the granulosa cells, stimulating

their PKA activity (Tsafriri et al. 1972). However, the effect of Gi or Gq stimulation

on the function of the receptor remains undetermined.

How is LH conveyed from the somatic cells to the oocytes? In frogs and fish,

unlike mice, LH stimulation of meiotic resumption is mediated by the synthesis of

progesterone (Fortune 1983; Masui 1967; Nagahama and Yamashita 2008). How-

ever, while LH causes mammalian follicles to produce progesterone, which is

essential for ovulation and subsequent implantation of the embryo, progesterone

does not have a significant function in stimulating the prophase-to-metaphase

transition in mammalian oocytes (reviewed by Tsafriri and Motola 2007). Thus,

another process must account for how the LH signal is conveyed from the somatic

cells to the oocyte.

4.4.3 LH-induced MAPK Activation andMeiotic Resumption

LH stimulates a key signaling pathway leading to meiotic resumption: MAP kinase

(specifically the ERKMAPK) signaling pathway (Norris et al. 2008; Panigone et al.

2008). EGF receptor is expressed throughout the somatic cells (but not the oocyte),

and current evidence suggests that synthesis and release of EGF receptor ligands

from the somatic cells result in engagement of the EGF receptor and signaling to the

oocyte. Within 30 min of exposure of the follicle to LH, EGF receptors are

activated in the somatic cells in a manner dependent on phosphorylation and

activation of PKA (Panigone et al. 2008). Application of EGF receptor ligands to

follicles causes meiotic resumption (Dekel and Sherizly 1985; Nedachi and Conti

2004; Park et al. 2004), and loss of EGF receptor/Mos/MEK/ERK or any member

of the EGFR/MAPK family results in loss of meiotic resumption, suggesting that

LH signaling pathway leads to meiotic resumption via the EGFR pathway. Most

importantly, studies of mutant mice with reduced EGFR activity and mice with

genetic deletions of EGF ligands have shown that reducing EGFR activation

largely, but not completely, inhibits meiotic resumption in response to LH (Hsieh

et al. 2007).
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EGF ligands that appear to be important for LH signaling are epiregulin and

amphiregulin (Panigone et al. 2008). Granulosa cells from women as well as

nonhuman primates also synthesize EGF ligands in response to LH (reviewed by

Hsieh et al. 2009). EGF receptor activation results in the activation of MAP kinase

in the cumulus cells, and this activation is necessary for activation in the oocyte.

Interestingly, MAP kinase is also thought to be activated by an EGF receptor-

independent pathway in the cumulus cells in a Src kinase-mediated manner in rat

(Wayne et al. 2007). In this context MAP kinase activation may be a key link

between LH stimulation and gap junction closure necessary for reinitiating meiosis.

However, while very exciting, all of these models await rigorous experimental

evidence.

4.5 Common Themes and Differences Across Evolution

that Govern the Events of Meiotic Progression

and Maturation

Despite the reproductive differences in the species reviewed in this chapter, varied

signaling and molecular pathways function to regulate evolutionarily conserved

events. The most striking of these is the communication between the somatic cells

and the oocytes regulated via gap junctions inC. elegans andmammals. In both cases,

high cyclicAMP levels alongwith adenylate cyclase activity in the somatic cells result

in resumption of oocyte maturation. Although, in mammals, the high cAMP levels in

the oocyte also assist in maintaining prophase I arrest. The signals that result in high

cAMP levels in the somatic cells are the major sperm protein in C. elegans and

luteinizing hormone in mammals, where they both engage the G protein-coupled

receptors in the somatic cells. Major sperm protein, while produced by sperm, unlike

LH produced by an endocrine system, can be thought of as a short range hormonal

signal, since in essence the protein is secreted by the sperm very much like peptide

hormones and elicits a robust signaling response even in the absence of physical

sperm. Interestingly, in both C. elegans and mammals, meiotic maturation is associ-

ated with inactivation of the gap junctions between the oocyte and the somatic cells. It

is therefore interesting to test whether inD. melanogaster gap junctions in the follicle
cells play a role in regulating meiotic maturation. The source of a hormonal signal,

however, maybe the key to understanding this regulation. In worms, MSP from the

sperm seems to function as the hormonal signal to regulate the gap junctions and the

cAMP levels; in flies it maybe a distinct mechanism that triggers this signaling event.

Previously, these experiments have not been feasible; however, with the advent of

genome editing technologies and continuous development of powerful imaging and

genetic tools, in the future it will be interesting to test the function of gap junction

proteins on the soma–oocyte communication in flies.

In vertebrates, ERK activation functions to promote oocyte meiotic maturation;

events prior to this in prophase progression cannot be determined (Fan and Sun
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2004; Liang et al. 2007). In C. elegans, ERK activation is necessary for meiotic

prophase progression and is essential for onset of early events of meiotic matura-

tion, such as NEBD and nuclear translocation. However, in C. elegans, active ERK
levels are dramatically downregulated in the maturing oocyte before the completion

of meiotic maturation. In fact, an inability to downregulate active ERK once

meiotic maturation has begun results in early onset of mitosis and endocycles,

rather a transition to metaphase I. This inactivation of ERK is distinct from that in

mammals where active ERK is present from meiotic maturation until the release of

the oocyte from meiosis II by fertilization. This difference is likely a reflection of

the reproductive needs and architecture of the reproductive organs. In mammals,

meiosis II arrest and meiosis I are spatially and temporally separated. Thus, a high

active ERK signal in meiotic I maturation does not necessarily have an impact on

meiosis II onset. However, in C. elegans, completion of meiosis I occurs only in the

presence of the MSP signal from the sperm. The presence of the sperm ensures that

meiosis I maturation is coupled with ovulation into the spermatheca, followed

quickly by fertilization. This suggests that an inability to downregulate active

ERK in the oocyte may result in an arrest in meiosis II, while in the spermatheca

it results in aberrant fertilization and developmental defects. Currently, the phos-

phatase that mediates the downregulation of active ERK in the maturing oocyte in

worms is unknown; identification of this phosphatase will enable us to directly test

this model. It is also interesting to speculate that there maybe evolutionary inter-

mediates where meiosis I arrest and transition while spatially and temporally

separated from meiosis II may still occur in a relatively short time scale to enable

cell biological and genetic dissection of the events. Interestingly, D. melanogaster
would have served as such an intermediate; however, unlike worms and mammals,

loss of Mos (the MAPK Kinase Kinase) or loss of ERK does not impact meiotic

maturation or ovulation, although active ERK is robustly detected in the oocytes.

This suggests that at least in flies ERK signaling and activity play a nonessential

function during oocyte development.

While exciting, the regulatory events uncovered thus far suggest that we are barely

scratching the surface in our understanding of the regulatory and signaling mecha-

nisms that coordinate the various events underlying meiosis I progression, prophase

arrest, and transition from prophase to metaphase. The parallels and differences

between these model systems form a powerful foundation for uncovering common

and novel principals underlying reproductive fitness in females.
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Chapter 5

Prophase I: Preparing Chromosomes

for Segregation in the Developing Oocyte

Rachel Reichman, Benjamin Alleva, and Sarit Smolikove

Abstract Formation of an oocyte involves a specialized cell division termed

meiosis. In meiotic prophase I (the initial stage of meiosis), chromosomes undergo

elaborate events to ensure the proper segregation of their chromosomes into

gametes. These events include processes leading to the formation of a crossover

that, along with sister chromatid cohesion, forms the physical link between homol-

ogous chromosomes. Crossovers are formed as an outcome of recombination. This

process initiates with programmed double-strand breaks that are repaired through

the use of homologous chromosomes as a repair template. The accurate repair to

form crossovers takes place in the context of the synaptonemal complex, a protein

complex that links homologous chromosomes in meiotic prophase I. To allow

proper execution of meiotic prophase I events, signaling processes connect differ-

ent steps in recombination and synapsis. The events occurring in meiotic prophase I

are a prerequisite for proper chromosome segregation in the meiotic divisions.

When these processes go awry, chromosomes missegregate. These meiotic errors

are thought to increase with aging and may contribute to the increase in aneuploidy

observed in advanced maternal age female oocytes.

5.1 Introduction

Oocyte formation involves a process termed meiosis. Meiosis is not unique to

oocytes; it occurs in spermatocytes as well as other type of gametes (e.g., spores).

Meiosis includes a reductional division, which is not found in mitotic cells. In

meiosis, cells replicate their DNA once, followed by two subsequent rounds

of division: a reductional division—meiosis I (MI)—and then an equational

division—meiosis II (MII). When diploid cells undergo meiosis to form gametes

such as sperm or spores (in yeast), it results in four identical haploid cells (e.g., Tamaki

1965). In oogenesis, a polar body is extruded in both meiotic divisions, and only one

R. Reichman • B. Alleva • S. Smolikove (*)

Department of Biology, University of Iowa, Iowa City, IA 52242, USA

e-mail: sarit-smolikove@uiowa.edu

© Springer International Publishing Switzerland 2017

S. Arur (ed.), Signaling-Mediated Control of Cell Division, Results and Problems

in Cell Differentiation 59, DOI 10.1007/978-3-319-44820-6_5

125

mailto:sarit-smolikove@uiowa.edu


meiotic product will become the oocyte (Rodman 1971). Since the polar bodies do not

divide further, meiosis in oogenesis creates three meiotic products, two of which are

not fertilized and their DNA is not transmitted to the next generation.

Meiotic prophase I includes unique chromosomal processes that are not found in

mitotic prophase (Fig. 5.1). These include programmed DNA damage in the form of

DNA double-strand breaks (DSBs) that occur multiple times in different positions

on each chromosome (Kolodkin et al. 1986). In meiosis, homologous chromosomes

identify each other and come in close proximity (pairing), a process largely unique

to meiotic cells. The tight association between homologous chromosomes is medi-

ated by a meiotic-specific protein structure known as the synaptonemal complex

through a process termed synapsis (Fawcett 1956; Moses 1956, 1958). These

unique meiotic processes are targeted toward the formation of crossovers between

each pair of homologous chromosomes. Completion of crossover formation is a

prerequisite for successful meiotic divisions; without crossovers, chromosome

segregation in MI is random, leading most frequently to inviable progeny.

Meiotic prophase is divided into five ordered stages: leptotene, zygotene, pachy-

tene, diplotene, and diakinesis (Zickler and Kleckner 1999). DSB formation and the

initiation of pairing interactions occur at the entrance to prophase I, whereas

complete synapsis and stabilizing pairing interactions are observed in the pachytene

stage in which DSBs are repaired to form crossovers and noncrossovers (gene

conversions without crossover). In diplotene, the synaptonemal complex disassem-

bles, and in diakinesis, chromosomes are condensed and chiasmata are typically

observed. A chiasma is the physical/visual representation of a crossover event

holding together two homologous chromosomes to form a bivalent.

Fig. 5.1 Key meiotic events from chromosomal perspective. (A) In premeiotic S phase, each

homolog is replicated once and resulting sister chromatids are held together by sister chromatid

cohesions (green). Two replicated homologs are shown in blue and orange. (B) Pairing begins

concurrently with axial elements (yellow) binding to the chromosomes. DNA double-stranded

breaks are also made at this time (red stars), starting the process of homologous recombination.

(C) Pairing interactions are stabilized when central and lateral components of the synaptonemal

complex (red zipper-like structure) are assembled along the chromosomes. (D) Homologous

recombination results in crossovers between homologs (one crossover shown here). (E) SC

disassembles (some residual SC protein localization to chromosome is not shown here) and

centromeres (black circles) of homologs are pulled to opposite directions (gray arrows). (F) In
MI (transition from E to F), homologs separate, yet sister chromatids are still held together by

cohesion that is maintained at the centromeric regions. (G) In meiosis II (transition from F to G),

sister chromatids separate when the cohesions are removed from chromosomes. Meiosis results in

four distinct haploid daughter gametes that are allelically different than the parent organism
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Here, we will review the processes that chromosomes undergo to form DSBs and

repair them. We will focus on the process of homologous recombination as well as

on key structural features unique to meiosis that also contribute to this repair. The

progression of meiosis requires communication between different steps in the

meiotic program, which is inter- and intra-connected by signaling events. Most

importantly, these chromosomal events are responsible for setting the stage for

chromosome disjunction, and we will discuss the current view about how pertur-

bation in meiotic prophase I events may contribute to chromosome nondisjunction.

5.2 Homologous Recombination

5.2.1 DSB Formation

One key feature of meiosis is that the cell forms programmed DSBs in order to

initiate homologous recombination (Fig. 5.2). Recombination maintains genetic

diversity among species by breaking linkage disequilibria and further facilitates the

efficient removal of deleterious mutations (Hill and Robertson 2007). The process

of meiotic recombination must lead to repair of the genome in an error-free

pathway, as error-prone pathways risk introducing chromosomal aberrations. Mei-

osis harbors a complex mechanism of DNA repair through recombination that bears

resemblance to somatic DNA damage repair of DSBs.

Chromosomal pairing and DSB repair are interdependent in some organisms, yet

separable in others. In mice (Mus musculus), homolog pairing at chromosomal ends

initiates before DSBs are formed (Boateng et al. 2013). While not initially thought

to be common, this mechanism of initiating pairing independently of DSB forma-

tion is also found to hold true in Caenorhabditis elegans and Drosophila
melanogaster (Dernburg et al. 1998; McKim and Hayashi-Hagihara 1998). In

budding yeast, the majority of cells do not undergo pairing until DSBs are formed,

and in the absence of DSBs, limited synaptonemal complex assembly occurs

(Bhuiyan and Schmekel 2004). Even though some chromosomal pairing and

synapsis may occur without meiotic DSBs, viable offspring are not produced due

to random chromosome segregation in the absence of crossovers.

Homologous recombination (HR) begins when the topoisomerase-like protein,

Spo11, is recruited to the DNA to initiate DSBs (Keeney et al. 1997). Spo11 is the

catalytic subunit of a multi-subunit protein complex, as found in a number of

studies in Saccharomyces cerevisiae (Table 5.1). Spo11 binds directly to the

DNA, creates a DSB, and then remains covalently bound to the DSB until resection,

the formation of ssDNA from dsDNA via nuclease activity, takes place (Neale

et al. 2005). Spo11-induced DSBs are not random, as there are regions with little to

no breaks (i.e., telomeres and centromeres in S. cerevisiae), while others are

enriched with DSBs (“hot spots”) (Gerton et al. 2000). DSB formation is influenced

by epigenetic marks that can determine DSB levels and/or positioning.

5 Prophase I: Preparing Chromosomes for Segregation in the Developing Oocyte 127



Fig. 5.2 Homologous recombination during meiotic prophase I. (A) Two homologous chromo-

somes have been replicated and are about to undergo meiosis (orange and blue lines). For
simplicity, sister chromatids are not shown here, and two lines with similar colors represent the

two strands of DNA. (B) The topoisomerase-like protein Spo11 (red balloon) and the MRX (blue
triangle) complex localize to specific sites on the DNA, and Spo11 creates a double-strand break in

the DNA. MRX then removes Spo11 by cleaving roughly 35 bp upstream of the DSB. This results

in an oligonucleotide with Spo11 attached at one end being removed from the break site. (C) The

nucleases Exo1 and Dna2 create longer ssDNA. This long-term resection may be executed by

different protein complexes in different organisms; some may not require Exo–Dna2 for wild-type

resection. Once ssDNA is formed, Ku proteins can no longer bind the cut site, thus inhibiting a

mutagenic repair pathway known as NHEJ. (D) RPA, followed by Dmc1/Rad51 (here shown as a
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PRDM9 was identified as a gene essential for meiosis that regulates recombina-

tion hot spots (Baudat et al. 2010; Hayashi et al. 2005; Parvanov et al. 2010). Germ

cells that lack PRDM9 have an aberrant DSB pattern with a very small effect on

DSB levels (inferred directly or by ssDNA-binding protein localization) (Brick

et al. 2012; Sun et al. 2015). Most mammals studied express the PRDM9 protein

that recognizes a specific DNA sequence via its Zn-finger motif, both DNA

sequences and the Zn finger motif are rapidly evolving (Berg et al. 2010; Ponting

2011; Ségurel et al. 2011). In humans and mice, allelic variants of PRDM9

Zn-finger motifs are associated with hot spot usage (Baudat et al. 2010). Another

protein domain found in PRDM9 is an H3K4 trimethyltransferase (me3) domain

(Hayashi et al. 2005, ix; Koh-Stenta et al. 2014). Hot spots have an open chromatin

structure (Getun et al. 2010). PRDM9 me3 of H3K4 causes chromatin restructuring,

which leaves a nucleosome-free region (Baker et al. 2014). Altogether, these data

suggest that PRDM9-dependent H3K4me3 may expose a DNA region to make

them more amenable to Spo11-induced DSBs that will otherwise be induced

elsewhere, thus determining hot spot positioning. Mammalian PRDM9 sites are

frequently found outside promoters in intragenic regions (Brick et al. 2012). Con-

versely, nonmammalian eukaryotes from yeast to birds have DSB and/or recombi-

nation hot spots that are normally located in promoter regions of genes (Lam and

Keeney 2015; Singhal et al. 2015) or within genes (Adrian and Comeron 2013).

These locations are under much greater evolutionary constraint; therefore, these hot

spots evolve at a much slower rate (Lam and Keeney 2015).

Studies done in the yeast S. cerevisiae and in C. elegans agree with studies done
in mice, showing that epigenetic marks play an important role in hot spot definition.

The chromatin’s overall structure comprises a series of large loops attached at their

base to the meiotic axis (Zickler and Kleckner 1999). DSBs are formed in the loop

regions and are scarcely found in proximity to the axis (Blat et al. 2002). Based on

the presence of “recombination nodules” (seen on EM images of meiotic chromo-

some spreads), it was suggested that the recombination process occurs in a location

embedded in the synaptonemal complex (Carpenter 1975). These studies altogether

suggest that DSBs formed in the loops are moved to the synaptonemal complex for

repair. Spo11 in S. cerevisiae forms DSBs via interaction of proteins in the

holocomplex with the axis as well as with Spp1, a member of the H3K4me3 Set1

complex (Acquaviva et al. 2013; Sommermeyer et al. 2013). Spp1 physically

⁄�

Fig. 5.2 (continued) single green circle, though composing distinct complexes in vivo), coats the

ssDNA and protects it from degradation. (E) Dmc1/Rad51 also conducts a homology search along

the homolog. Once homology is found, polymerase extends the ssDNA to close the gap made by

the initial exonucleases. (F) The crossover is resolved as either a “noncrossover” which results in

gene conversion (dark blue line in the yellow homolog) when the newly synthesized DNA is

removed from the invaded D-loop and is ligated to its original (yellow) homolog. Polymerase can

then use the DNA of the invading strand (yellow) as a template for the top missing DNA (purple).
(G) The “crossover” pathway. Proteins called resolvases cut the DNA (two pairs of red arrows),
which, when religated, forms crossovers, DNA molecules that contain sequences originating from

two different homologs
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interacts with the promoter-enriched H3K4me3, bringing the DSB to the

synaptonemal complex (Acquaviva et al. 2013; Sommermeyer et al. 2013).

H3K4me3 seems important for DSB activity since methyl transferase mutants

that result in reduction of H3K4me3 also result in reduced hot spot activity (Sollier

Table 5.1 Proteins involved in DSB formation

Protein

name Function Species present Species absent

Rec102 Binds chromatin, may form complex

with Rec104, biochemical function

unknown but important for Spo11

localization.

S. cerevisiae Mice, human,

D. melanogaster,
C. elegans

Rec104 Binds chromatin, may form complex

with Rec102, biochemical function

unknown but important for Spo11

localization.

S. cerevisiae Mice, human,

D. melanogaster,
C. elegans

Mei4 Biochemical function is unknown;

however, it does form a complex with

Rec114 and Mer2.

S. cerevisiae, mouse,

human

C. elegans,
D. melanogaster

Ski8 Scaffold protein that directly interacts

with Spo11 in meiosis. Localizes

directly to the chromatin. Has a sepa-

rate function in mRNA metabolism

not related to meiosis.

S. cerevisiae, human,

mouse,

D. melanogaster

C. elegans

Rec8 A meiosis-specific cohesin protein that

holds chromatin together during DSB

formation and HR.

S. cerevisiae, mouse,

human, C. elegans,
D. melanogaster

None

Rec114 Biochemical function is unknown;

however, it does form a complex with

Mei4 and Mer2.

S. cerevisiae Mice, Human,
D. melanogaster,
C. elegans

Mer2/

Rec107

Localizes to chromatin prior to DSB

formation. Is phosphorylated by

Cdc28 to initiate recombination and

forms a complex with Rec114

and Mei4.

S. cerevisiae Mice, Human,

D. melanogaster,
C. elegans

Mre11 Has an endo- and exonuclease function

to initiate DSBs and resect DNA. Ini-

tial resection removes Spo11 from

broken ends. Forms a complex with

Rad50 and Xrs2/Nbs1.

S. cerevisiae, mice,

human,

D. melanogaster,
C. elegans

None

Rad50 Contains coiled-coiled domains to

hold broken DNA ends together as

well as an ATPase domain that acts as

a motor to move the MRX/N complex

along DNA during resection.

S. cerevisiae, mice,

human,

D. melanogaster,
C. elegans

None

Xrs2/

Nbs1

Forms a complex with Mre11 and

Rad50. Important for protein–protein

interactions and has a role in localizing

the complex to the DNA during DSB

initiation.

S. cerevisiae, mice,

human,

D. melanogaster

C. elegans
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et al. 2004). In C. elegans, the H3K4me3 was not shown to play a role in DSB

formation, but other marks do appear to play an important role, through the action

of proteins such as HIM-17 and XND-1. HIM-17 is required for H3K9 methylation

in early meiotic prophase (Reddy and Villeneuve 2004). In the absence of HIM-17,

DSB formation is decreased but not eliminated, as indicated by reduction in the

number of bivalents formed (Saito et al. 2012; Tsai et al. 2008). Global histone

acetylation levels are associated with changes in the frequency of DSB formation in

C. elegans (Gao et al. 2015). This pathway likely involves CRA-1 and XND-1 that

are suggested to promote crossover formation on the autosomes and the X chro-

mosomes, respectively (Gao et al. 2015, Wagner et al. 2010).

5.2.2 DSB Processing

Once DSBs are formed, nucleolytic activity removes the covalently bound Spo11

and processes the DNA ends in a process termed resection. This leads to the

formation of long single-stranded DNA at meiotic DSBs (Sun et al. 1991). These

single-stranded DNA overhangs are required for the strand invasion step that

follows. A key protein complex acting in this process is the MRN/X protein

complex composed of Mre11, Rad50, and NBS1/Xrs2 (Usui et al. 1998). Homologs

of Mre11 and Rad50 exist between species, despite varying levels of sequence

similarity (Badugu et al. 2015; Hopfner and Tainer 2003). The third member of the

MRN complex is NBS1 in mammals or Xrs2 in S. cerevisiae (Carney et al. 1998;

Ivanov et al. 1992). NBS1/Xrs2 is the least conserved member of the MRN

complex; the conservation between S. cerevisiae Xrs2 and human NBS1 is low

and restricted to the N-terminus of the protein (Carney et al. 1998). C. elegans on
the other hand lacks an identifiable NBS1/Xrs2 homolog.

The MRN/X complex is thought to hold the broken ends of the chromosome

together through the long coiled-coil domains of Rad50, while Mre11 resects the 50

end of the broken DNA to promote the formation of 30 single-stranded DNA

overhangs (Paull and Gellert 1998). In S. cerevisiae and C. elegans, MRE11 is

required both for DSB formation and resection, while in mice, it is known to act

only in DSB processing (Ajimura et al. 1993; Cherry et al. 2007; Johzuka and

Ogawa 1995). DSB formation and resection are two separate activities of MRE11.

For example, in C. elegans and in S. cerevisiae, mutations in MRE11 have been

isolated that are proficient in DSB initiation but are unable to resect broken DNA

(Nairz and Klein 1997; Yin and Smolikove 2013). Mre11 has both endo- and

exonuclease activities (Furuse et al. 1998; Moreau et al. 1999; Paull and Gellert

1998). This nuclease activity of Mre11 is suggested to be sufficient for Spo11

removal, which is required for resection of meiotic DSBs (Moreau et al. 1999;

Neale et al. 2005). Mre11 has an additional meiotic function outside of its role in

nucleolytic activity: it promotes the assembly of the MRX complex by recruitment

of polySUMO chains (Chen et al. 2016). NBS1/Xrs2 is primarily involved in

protein–protein interactions. In mitotic cells, it is posttranslationally modified
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through phosphorylation, ubiquitination, and SUMOylation (Cremona et al. 2012;

Falck et al. 2012; Stiff et al. 2006; Wu et al. 2012).

Another key nuclease that participates in DSB processing in meiosis is Ctp1/

Sae2/CtIP/COM-1. CtIP is an endonuclease required for Spo11 removal from the

ends of broken DNA (Prinz et al. 1997; Rothenberg et al. 2009). Following Spo11

removal, CtIP is required for further end resection, a function that is separable from

its role in Spo11 removal (Ma et al. 2015). CtIP was also suggested to act by

facilitating the nuclease activity of Mre11 (Cannavo and Cejka 2014). It has been

observed that CtIP is phosphorylated and that this posttranslational modification is

necessary for its recruitment to DSBs through CtIP binding to Nbs1 (Dodson

et al. 2010).

Once initial resection is underway, other proteins assist in further DNA

processing to reform long-range resection. Compared to non-meiotic DNA damage

resection, meiotic resection produces much smaller regions of single-stranded

DNA. In S. cerevisiae mitosis, Dna2 and Exo1 contribute to resection (Mimitou

and Symington 2008; Zhu et al. 2008). In S. cerevisiae meiosis, Dna2 is also

capable of meiotic resection, but only in the absence of the single-stranded

DNA-binding protein Dmc1 (Manfrini et al. 2010). DNA-2 likely does not play a

role in meiotic resection in C. elegans. In S. cerevisiae, Exo1 is a 50–30 exonuclease
that collaborates with Mre11 in bidirectional resection following nick formation by

Mre11 (Zakharyevich et al. 2010). In C. elegans, Exo-1 functions in resection only

when Mre11 or COM-1 resection is impaired and NHEJ is inactive (Lemmens

et al. 2013; Yin and Smolikove 2013).

Processive resection may also be involved in the repression of error-prone DSB

repair pathways, such as nonhomologous end joining (NHEJ). In C. elegans,
inhibiting DSB resection by com-1 deletion or an mre-11 separation of function

allele permits the utilization of NHEJ as a DSB repair pathway (Yin and Smolikove

2013). In other organisms, regulation of NHEJ in meiosis is independent of

resection; in S. cerevisiae, NHEJ proteins are exported out of the nucleus upon

meiotic entry, and in mammals, NHEJ proteins are degraded, which effectively

eliminates the possibility of NHEJ as a mode of repair during meiosis (Goedecke

et al. 1999; Valencia et al. 2001).

5.2.3 Strand Invasion

ssDNA must be protected from both nucleolytic digest that would shorten its length

and extensive resection that will increase the length of ssDNA. The first may lead to

a loss of genetic information, while the latter may increase the chance of creating

regions of microhomology that could be utilized for error-prone repair pathways

resulting in deletions and/or translocations. In meiosis, three repair proteins are

used to protect these ssDNA ends before homology search begins: RPA, Rad51, and

Dmc1 (Bishop et al. 1992; Sung and Robberson 1995). The first protein complex to

recognize and load onto the ssDNA is RPA, a three subunit protein complex:

132 R. Reichman et al.



RPA70/RPA1, RPA32/RPA2, and RPA14/RPA3. Each RPA complex binds to

approximately 20 or 30 nucleotides of ssDNA, and each ssDNA strand is coated

by multiple RPA complexes forming a filament (Chen and Wold 2014). The RPA

filament inhibits strand exchange, thus keeping premature recombination from

taking place, but RPA is also required for recombination due to its role in

preventing secondary structures of ssDNA (Gasior et al. 2001). Interestingly,

RPA does not bind to DSBs when CtIP is depleted, indicating that RPA is in

some way regulated by CtIP (Costelloe et al. 2012).

Once RPA is bound, Rad51 and Dmc1 are loaded onto the ssDNA (Nešić

et al. 2004; Wang and Haber 2004). Rad51 is associated with both mitotic and

meiotic HR, whereas Dmc1 is the meiosis-specific single-stranded binding protein

and a member of the RecA/Rad51 gene family (Lin et al. 2006). Not all organisms

have a Dmc1 homolog; both C. elegans and Drosophila are missing a homolog

(Schurko and Logsdon 2008). The Rad51–Dmc1 filament nucleates from the center

of the single-stranded DNA, and the two proteins elongate in opposing directions:

Rad51 in the 30–50 direction and the Dmc1 filament in the 50–30 direction (Brown

and Bishop 2015). Dmc1 has DNA strand exchange activity (Sehorn et al. 2004).

The molecular mechanism behind how Dmc1 promotes strand exchange involves

recognition of three bases at a time (Lee et al. 2015). This base triplet mechanism is

highly similar to that of Rad51-based strand exchange (Lee et al. 2015; Qi

et al. 2015). It has been shown that in meiosis, the filament formed can be composed

of both Rad51 and Dmc1, when Dmc1 is found at a terminal position (Brown

et al. 2015).

Dmc1 is required for proper completion of meiotic homologous recombination

in most organisms. In S. cerevisiae, Dmc1 is essential for sporulation, and Rad51

plays a minor role in homologous recombination (Bishop et al. 1992; Cloud

et al. 2012). In S. pombe, however, Rad51 rather than Dmc1 plays a more dominant

role in homologous recombination (Fukushima et al. 2000). However, Rad51 can

partially substitute for Dmc1; when S. cerevisiae Rad51 is overexpressed in cells

that lack Dmc1, meiosis is partially restored (Tsubouchi and Roeder 2003). Cross-

over interference, the mechanism that prevents adjacent crossovers, is not restored

by Rad51 overexpression in Dmc1 mutants, suggesting a role for Dmc1 in cross-

over interference (Tsubouchi and Roeder 2003). Interhomolog recombination is

strongly favored during meiosis. This homolog bias is required to promote accurate

chromosome segregation at MI via suppression of recombination between sister

chromatids. Dmc1 and Rad51 are required for homolog bias; intersister recombi-

nation frequency is drastically increased in the absence of Dmc1 or Rad51 in

S. cerevisiae (Cloud et al. 2012; Lao et al. 2013). Rad51 is inhibited in

S. cerevisiae, inhibition of meiotic cells by Hed1, which restricts the access of

Rad51 to Rad54 (Rad54 is a protein that facilitates D loop formation) (Busygina

et al. 2008, 2012). Furthermore, Dmc1 is necessary for the proper localizations of

the synaptonemal complex protein Red1 and the kinase Mek1 that may indirectly

contribute to homolog bias in S. cerevisiae (Lao et al. 2013).

Mediator proteins are needed for Rad51/Dmc1 proteins to be loaded onto the

DNA. The conserved Mei5-Sae3/Swi5 complex promotes Dmc1 loading in
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S. cerevisiae and Rad51 loading in S. pombe (Hayase et al. 2004). In S. cerevisiae,
Rad52 is a primary mediator protein that assists with Rad51/Dmc1 loading onto the

DNA, as well as playing a role in displacing RPA (Gasior et al. 1998; Sugiyama and

Kowalczykowski 2002). Rad52 is conserved throughout eukaryotes with two

known exceptions: C. elegans and Drosophila. These two organisms lack any

known Rad52 homolog, which is intriguing due to its integral role in strand

exchange in all other organisms studied to date. Vertebrates, as well as

C. elegans, contain an alternative Rad51 loader: Brca2 (Sharan and Bradley

1997). Brca2 possesses Rad51 binding and DNA-binding sites that may act in

Rad51 loading (Sharan et al. 1997). Brca2 is required for meiosis in mouse (Sharan

et al. 2004). In C. elegans, the Brc2 homolog, BRC-2, functions in Rad51 loading

and RPA displacement on Spo-11 generated DSBs (Martin et al. 2005).

Throughout eukaryote and archaea, Rad51/RecA contains multiple paralogs, in

addition to eukaryotic Dmc1 (Lin et al. 2006). The C. elegans RFS-1/RIP-1

complex promotes Rad51 loading, and the rfs-1 mutant shows meiotic defects

when combined with helicase helq-1 mutants (Taylor et al. 2015). Rad51C is

found in mouse meiotic prophase nuclei and is required for meiosis (Kuznetsov

et al. 2007; Liu et al. 2007). In Drosophila, RAD51C/SPN-D is required for DSB

repair in meiosis (Joyce et al. 2012). The Rad55–Rad57 complex, other RAD51

paralogs, in S. cerevisiae promotes Rad51 assembly by preventing Rad51 filament

disruption by anti-recombinase activity (Liu et al. 2011). Both Rad55 and Rad57

are required for meiosis in S. cerevisiae (Gasior et al. 1998; Lovett and Mortimer

1987), while in S. pombe, Rad55 has a small effect on meiotic recombination

(Lorenz et al. 2014).

5.2.4 Crossover Formation

ssDNA invasion into the homologous sequences is followed by DNA displacement,

creating a D-loop. DNA synthesis “captures” the loop leading to the formation of a

double Holliday Junction (dHJ). The ZMM (ZIP–MSH–MER) proteins, identified

in S. cerevisiae, promote the resolution of this structure into a crossover. ZMM

proteins include synaptonemal complex proteins (as Zip1/2/3/4) and proteins

directly involved in crossover formation (as Msh4/5) (Lynn et al. 2007). Msh4/5

creates a sliding clamp complex that utilizes ATP hydrolysis for movement (Snow-

den et al. 2004). In C. elegans, MSH-5 can be found uniformly throughout the

chromatin, but once crossovers are formed in early to mid pachytene, MSH-5

begins to form distinct foci at the single interfering crossover on each chromosome

(Yokoo et al. 2012). These two proteins are thought to be involved in physically

holding the crossover intermediates until recombination is complete, and a loss of

this function would affect the outcome of recombination. In S. cerevisiae, Msh4/5

mutants that are unable to interact with DNA have a decrease in the number of

crossovers, whereas ATP hydrolysis defective Msh4 mutants have reduced cross-

over interference as well as crossover numbers (Krishnaprasad et al. 2015; Nishant
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et al. 2010; Novak et al. 2001; Rakshambikai et al. 2013). This indicates that the

Msh4/5 complex in yeast may not only play a stabilizing role during recombination

but also affect crossover numbers and interference via a distinct mechanism.

COSA-1, a protein discovered in C. elegans, co-localizes to crossover sites

during meiosis and acts in the same pathway as the MSH-4/5 complex (Yokoo

et al. 2012). COSA-1 bears a close resemblance to the human Cyclin B1 protein

based on structural modeling. COSA-1 homologs are widely conserved throughout

eukaryotes, except in the Drosophila lineages in which Msh4, Msh5, and COSA-1

are all absent (Schurko and Logsdon 2008). The precise mechanism of COSA-1

function is still unknown; however, a model has been proposed consisting of a

two-stage licensing process: starting with MSH-4/5 and COSA-1 localization,

followed by COSA-1 partnering or interacting with an unknown CDK to phosphor-

ylate MSH-4/5 which promotes recombination progression (Yokoo et al. 2012).

The mammalian COSA-1 homolog, CNTD1, exhibits similar phenotypes as those

of the C. elegans homolog, which includes normal progression of early meiosis but

a failure of late meiotic recombination markers to appear or be removed from the

chromatin, thus indicating defects in crossover formation. These findings lead to the

model that a CDK partner may work with CNTD1 in mammals to ensure normal

meiosis progression, likely via phosphorylation of specific target proteins

(Holloway et al. 2014).

Crossover formation is also dependent upon proteins involved in posttransla-

tional modifications. RNF212 in mammals, Zip3 in S. cerevisiae, and ZHP-3 in

C. elegans are all homologous E3 ligase proteins. These proteins have been

implicated in SUMOylation in yeast and possibly ubiquitination in other organisms

(Reynolds et al. 2013). RNF212 is required for crossover formation in mammals; in

the absence of RNF212, synapsis can still occur relatively normally; however,

localization of crossover promoting protein such as MLH1 and MSH4 is reduced

or eliminated, suggesting a role for RNF212 in stabilizing crossover precursors

(Reynolds et al. 2013). In mammals, RNF212 localizes as puncta in early pachy-

tene, which progressively become more selective and co-localize with the MSH4/5

complex (Reynolds et al. 2013). The ubiquitin ligase HEI10 has been implicated in

this process as an antagonistic factor to RNF212 (Qiao et al. 2014; Ward

et al. 2007). In HEI10-deficient mice, RNF212 localizes to crossovers but fails to

be removed, preventing crossover formation and arresting meiosis (Qiao

et al. 2014). HEI10 also localizes to crossovers in wild-type cells, suggesting a

direct role in this pathway. These studies point to an interplay between SUMO and

ubiquitin in order to promote the correct number of meiotic crossovers and non-

crossovers. The RNF212 homolog in yeast, Zip3, has been implicated in both the

SUMOylation and ubiquitination pathways (Cheng et al. 2006; Perry et al. 2005).

Consistent with the findings from mice, the C. elegans RNF212 homolog, ZHP-3, is

also important for crossover formation (Jantsch et al. 2004). Despite the fact that

Zip3 was first implicated in assembly of the synaptonemal complex, a role in

synaptonemal complex assembly was not identified for RNF212 (mice) or ZHP-3

(C. elegans) (Agarwal and Roeder 2000). Thus, although the role of RNF212/Zip3/
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ZHP-3 proteins in promoting crossover formation is conserved, their function in

synaptonemal complex assembly is restricted to yeast.

A model based on studies in S. cerevisiae meiosis indicates that crossovers can

arise as an outcome of two pathways: class I crossovers/interfering crossovers and

class II crossovers/non-interfering crossovers. Class I crossovers make up the

majority of meiotic crossovers and are promoted by the ZMM proteins. Class I

and class II crossovers originate by the action of resolvases, structure-specific

nucleases that can act on HJ. In S. cerevisiae, Mlh1 and Mlh3 form a heterodimer

that acts to resolve dHJs in a pathway that leads exclusively to crossover formation

(Hunter and Borts 1997; Wang et al. 1999). This pathway also involves the nuclease

Exo1 (Zakharyevich et al. 2012). Similar observations were made in mouse: most

meiotic crossovers arise by the action of the Mlh1–Mlh3 complex (Baker

et al. 1996; Lipkin et al. 2002).

Class II crossovers originate from the combined activities of several endonucle-

ases. These nucleases can resolve dHJs forming either crossovers or noncrossovers,

although some resolvases can act on the D-loop intermediate as well and promote

only crossovers (Osman et al. 2003; Svendsen and Harper 2010). Nuclease com-

plexes that are involved in generation of class II crossovers include Mus81–Eme1/

Mms4, Slx-1–Slx-4, Xpf1–ERCC1, and Gen1/Yen1 (Bailly et al. 2010; Boddy

et al. 2001; Saito et al. 2012). These nuclease complexes exhibit partially redundant

functions in HJ resolution, and the part each nuclease plays in HJ resolution varies

from organism to organism. In S. cerevisiae, mms4 as well as mus81mutants have a

significant effect on meiosis, while yen1 (gen1 in mammals), slx1, and slx4 have no
effect as shown in single mutant analysis (Mullen et al. 2001). The redundancy

between these nucleases is revealed in double mutant analysis; combining mus81
with yen1, slx1, or slx4 deletion mutants exacerbates the mus81 mutant phenotype

(Matos et al. 2011). A major role for these nucleases is observed in resolving

unregulated joint molecules (e.g., HJ between sister or multiple partners), as

found in sgs1 mutants (Oh et al. 2008; Zakharyevich et al. 2012). mus81 mutants

produce no viable spores, suggesting that MUS81 has a key role in meiosis in

S. pombe (Boddy et al. 2000). In mice, MUS81 appears to play a minor role; both

BTBD12/slx4 and mus81 mutants have reduced fertility and meiotic progression

defects, but cells that progress to diakinesis show no crossover defects (Holloway

et al. 2011). The effect ofmlh3 null mutant on crossover formation is enhanced (but

not eliminated) by deleting mus81 in this background, an indication that Mus81 is

required for crossover formation in the absence of Class I resolvases (Holloway

et al. 2008). Moreover, MLH1 foci numbers are increased in mus81 mutants, likely

indicating a cross talk between the class I and II crossover pathways (Holloway

et al. 2008). Despite the fact that each of the three complexes (Mus81–Eme1,

Slx-1–Slx-4, Xpf1–ERCC1) possesses a separable nuclease activity and frequently

functions redundantly, evidence from mitotic cells suggests that in fact these

complexes associate to form one multi-protein complex. In Drosophila, xpf1/
Mei9-Ercc1 physically interacts with mus312 and slx4, and this interaction is

mediated by Mei9 (Radford et al. 2005; Yildiz et al. 2002). In C. elegans,
HIM18/Slx-4 interact with XPF-1, SLX-1, and MUS-81, while EME-1 and
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ERCC1 are brought to the complex by interaction with MUS-81 and XPF-1,

respectively (Saito et al. 2013), and in human cells, a Mus81–Eme1–Slx-1–Slx-4

complex was identified to function in mitotic resolution (Wyatt et al. 2013).

Investigation of the role that structure-specific nucleases play in meiosis in

C. elegans has added complexity to the picture. In C. elegans meiosis, all cross-

overs are MSH-4/5-dependent crossovers, suggesting that they are interfering

(Kelly et al. 2000). Interestingly, however, the nucleases involved in each of

these events utilize a class of nucleases named Class II in S. cerevisiae, challenging
the classification of resolvases (Saito et al. 2013). In C. elegans, him-18/slx-4
mutants have reduced crossover numbers, bivalent stability is compromised, and

bivalent differentiation is delayed (Saito et al. 2009). As found in S. cerevisiae,
worm gen1 (yeast yen1) and slx-1 have mild effects on meiosis as single mutants

(Bailly et al. 2010; Saito et al. 2012). However, double mutant analysis is consistent

with a role in crossover resolution for all of these nucleases (Saito et al. 2013).

These studies are consistent with a model for two main resolution pathways in

C. elegans: one for MUS-81 and SLX-1 and one for XPF-1, with a very minor role

for GEN-1. Also similarly to S. cerevisiae, C. elegans mus-81 and slx-1 mutant

phenotypes are exacerbated in the absence of Sgs1/HIM-6 (Saito et al. 2013).

5.3 Chromosome Structure

5.3.1 Sister Chromatid Cohesion

As chromosomes enter meiosis, sister chromatids are connected to each other and

held together by the sister chromatid cohesion complex (Fig. 5.3A). The composi-

tion of this complex resembles, but is not identical, to that of the mitotic sister

chromatid cohesion complex. It is therefore not surprising that recruitment of

mitotic cohesion to meiotic chromosomes is unable to compensate for the lack of

meiotic cohesion (Yokobayashi et al. 2003). The cohesion complex is composed of

four protein subunits: Smc1, Smc3, Scc3/SA/STAG, and Scc1/Rad21 (Klesin). In

meiosis, Scc1 is replaced by meiotic specific subunit(s), and in some organisms

other subunits are replaced as well. For example, Scc1 is replaced by Rec8,

ubiquitously among organisms, while in mammals, Smc1 is replaced by Smc1β
and Smc3/STAG1 is replaced by STAG3 (Pezzi et al. 2000; Revenkova et al. 2001;

Watanabe and Nurse 1999). Cohesion protein components are evolutionarily con-

served (Harvey et al. 2002; Koshland and Strunnikov 1996) and are related to other

complexes that act in maintaining the function of chromosomes: the condensin

complex (chromosome condensation), the Smc4/5 complex (DNA damage repair),

and in Drosophila, the synaptonemal complex protein C(2)M shares sequence

similarity to Scc1 (Heidmann et al. 2004).

The cohesion subunits assemble to form a ring structure (Anderson et al. 2002),

most of which is accounted for by the Smc subunits, with each Smc subunit
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Fig. 5.3 The synaptonemal complex and sister chromatid cohesion. (A) Two sister chromatids

(blue pair and orange pair) are held together by sister chromatid cohesion complexes. During

pairing, axial elements (yellow) are first to bind and then central region proteins assemble to form

the synaptonemal complex (red). In this context, axial elements are called lateral elements.

(B) Close-up on the blue homolog region boxed in (A) of chromatin arranged in large loops.

(C) Model one of the cohesion complex working during meiosis: a single cohesion complex

consisting of Smc1, Smc3/Smc3β, Scc3/SA/STAG3, and Scc1/Rec8 forms a loop-like structure.

Names of mitotic–meiotic subunits are in black and meiosis-specific subunits in blue. This single
loop can fit two DNA strands within it, holding sisters together. (D) Model two: two complete

cohesion complexes each have one strand of DNAwithin their loop and the two complexes interact

with each other to hold the two DNA strands together. Both C and D are close-ups of black
rectangle in B
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containing two long coiled-coil domains. A wide hole enclosed by the cohesion ring

structure is compatible with different models explaining how sister chromatids are

connected (Huang et al. 2005). Model 1 (Fig. 5.3C) suggests that the ~40 nM ring

structure can fit two DNA molecules (10 nM fiber that contain nucleosomes)

(Haering et al. 2002). This led to the proposal that the cohesion complex can

connect two sister chromatids by passing the two DNA strands through a single

ring in multiple positions along the chromosomes (Haering et al. 2002). An

alternative model (model 2, Fig. 5.3D) suggests that each chromatid is captured

by its own ring and two adjacent rings interact to establish cohesion (Zhang

et al. 2008b). The establishment of sister chromatid cohesion typically occurs

during S phase (Uhlmann and Nasmyth 1998). However, most of the cohesion

complex is loaded onto the chromosomes prior to replication (Michaelis

et al. 1997), which suggests that modification of the ring structure (opening/closing)

is an important part of establishment of sister chromatid cohesion.

The variety in cohesion subunits suggests that multiple cohesion complexes may

exist with specific functions. This is supported by a specific localization pattern

temporally and spatially for some of the cohesion complexes. In the mouse, the

Scc1/Rad21 meiotic subunit can be replaced not only by Rec8 but also Rad21L

(Herrán et al. 2011; Ishiguro et al. 2011; Lee and Hirano 2011). In early prophase,

Rad21L’s presence is predominant, compared to that of Rec8, and these two pro-

teins occupy nonoverlapping positions on the chromosomes (Ishiguro et al. 2011;

Lee and Hirano 2011). In C. elegans, five Scc1 subunits exist: COH-1, COH-2/

SCC-1, COH-3, COH-4, and REC-8; all five subunits have suggested meiotic

functions based on localization and/or mutant phenotypes (Severson and Meyer

2014). However, REC-8 and COH-3/4 seem to play the major role in meiotic

cohesion (Pasierbek et al. 2001; Severson et al. 2009). The REC-8 and the

COH-3/4 cohesin complexes play redundant roles, as breakdown of prophase

cohesion requires depletion of both complexes (Severson et al. 2009). These

functions are not identical as (1) REC-8 and COH-3/4 localize to different chro-

mosomal domains on pre-metaphase chromosomes, (2) the COH-3/4 complex is

able to bi-orient sister chromatids in the absence of REC-8, while REC-8 cannot

bi-orient sisters in the absence of COH-3/4 (Severson and Meyer 2014; Severson

et al. 2009). The picture became even more complex with the discovery that the

mitotic cohesion complex may play a role in meiosis as well [Scc1/Rad21: Prieto

et al. (2002), Smcα: Gutiérrez-Caballero et al. (2011), COH-1 and COH-2/SCC-1:

Severson and Meyer (2014), STAG2: Prieto et al. (2002)]. However, in some cases,

their roles in meiosis are debated. For example, despite the presence of Scc1/Rad21

on meiotic chromosomes, it is not required for meiotic division (Tachibana-

Konwalski et al. 2010). Therefore, some cohesion proteins may “wait” on meiotic

chromosomes to perform their role later on in mitotic divisions within the zygote.

Cohesin complexes are essential for chromosome function in meiosis. In early

stages of meiosis, cohesion is essential for the formation and maintenance of the

synaptonemal complex at the level of axis formation (the substructure of the

synaptonemal complex, Fig. 5.3A, first to assemble). Yeast mutants that lack

Rec8 do not form an axis (Klein et al. 1999). In organisms in which several cohesin
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complexes exist, partially overlapping function of cohesin complexes in

synaptonemal complex assembly is revealed. In the absence of mouse Rec8 or

Rad21L, synapsis is severely impaired but axes still form (Herrán et al. 2011; Xu

et al. 2005). Loss of axis is observed only when both mouse Rec8 and Rad21L are

depleted (Llano et al. 2012). Similarly to what is found in mice, in C. elegans
mutants in which all meiotic cohesion is removed (rec-8, coh-3/4) the homologs are

unable to form an axis. However, removing only one of these complexes restricts

the effects only in to the central region of the synaptonemal complex (Severson

et al. 2009). Effects on synaptonemal complex maintenance, as opposed to estab-

lishment, were also observed in Rad21L mutants in Drosophila and Rec8 mutants

in Sordaria (Urban et al. 2014, Storlazzi et al. 2008). The role of cohesion in

synaptonemal complex assembly may be indirect due to cohesion’s function in

modifying chromosome structure or direct by interacting with synaptonemal com-

plex proteins. The latter was demonstrated in Drosophila and mice: in Drosophila,
mitotic cohesion protein Rad21 physically interacts with C(2)M, and in mouse,

SMC1 and SMC3 interact with synaptonemal complex proteins SYC3 and SYC2

(Urban et al. 2014; Vallaster et al. 2011). In addition to its importance for

synaptonemal complex assembly, cohesion plays a role in shaping the length of

the meiotic axis. Increasing cohesion on chromosomes by inhibiting mechanisms

for its removal shortens axis length in C. elegans and yeast (Challa et al. 2016;

Crawley et al. 2016).

The key role of cohesion in synaptonemal complex assembly is likely to enable

repair of meiotic DSBs, since the synaptonemal complex is required for and pro-

motes interhomolog repair. However, cohesion may also control the repair of DSBs

independently of its role in synaptonemal complex assembly. For example, cohe-

sion is required for the repair of DSBs using sister chromatid recombination in the

absence of the synaptonemal complex in C. elegans (Crawley et al. 2016; Smolikov

et al. 2007). In C. elegans, defects in cohesion loading impair early steps in DSB

processing (Lightfoot et al. 2011), whereas an increase in cohesion loading leads to

a delay in DSB repair (Crawley et al. 2016). In yeast, increased cohesion also leads

to DSB repair defects (Challa et al. 2016), and sister chromatid cohesion plays a

role in implementing homolog bias in meiosis (Hong et al. 2013). DSB formation is

also dependent on cohesion, as complete removal of the meiotic cohesion com-

plexes prevents axis assembly which is required for DSB formation (Severson

et al. 2009).

The most notable function of cohesion is in holding sister chromatids together,

thus allowing proper chromosome segregation in mitosis and meiosis. Cohesion

counteracts the action of forces generated by the spindle through the kinetochore

that try to pull the chromatids apart. By this action, cohesion promotes proper

alignment of chromosomes on the metaphase plate. Therefore, release of cohesion

requires a regulated process: in mitosis, cohesion is released first from the chro-

mosome arms (prophase to pre-metaphase, the “prophase pathway”) followed by

release from centromeres (in anaphase) (Waizenegger et al. 2000). Release of

meiotic cohesion occurs in a similar order, but the release of cohesion from

chromosome arms occurs at MI releasing homologous chromosomes, while release
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of centromeric cohesion occurs at MII, releasing sister chromatids. Release of

meiotic cohesion in anaphase of both meiotic divisions occurs by proteolytic

cleavage of the cohesion ring by similar mechanisms to what is found in mitotic

anaphase (Buonomo et al. 2000; Kudo et al. 2006; Salah and Nasmyth 2000).

Protection of centromeric cohesion by Shugoshin and PP2A/Air2 prevents this

mechanism from releasing centromeric cohesion in MI (Kitajima et al. 2004; Lee

et al. 2008). Premature release of cohesion results in chromosome missegregation

(as will be discussed in Sect. 5.3).

Many of the proteins that assist cohesion loading and establishment in mitosis

have conserved functions in meiosis. These functions include the opening and

closing of the cohesion ring without the need for proteolytic cleavage via mecha-

nisms that are currently poorly understood. The NIPBL/Scc2-Mau2/Scc4 cohesion

loader complex was suggested to act by a mechanism involving the ATP-dependent

opening of the cohesin ring structure (Arumugam et al. 2003; Hu et al. 2011;

Murayama and Uhlmann 2014; Unal et al. 2008). NIPBL/Nipped-B localizes to

the synaptonemal complex axis in mouse, C. elegans, and Drosophila (Gause

et al. 2008; Kuleszewicz et al. 2013; Lightfoot et al. 2011; Visnes et al. 2014),

and Mau2/Scc4 additionally localizes to the synaptonemal complex in mouse

(Visnes et al. 2014). Similar to its role in mitosis (Ciosk et al. 2000), NIPBL/

Scc2 promotes sister chromatid cohesion in meiosis (Lin et al. 2011). However, in

yeast, it was shown that at least part of the role that Scc2 plays in formation of

meiotic cohesion is due to increasing transcription of the Rec8 gene (Lin

et al. 2011). Nipped-B mutants in Drosophila have defects in the maintenance of

cohesion (and the synaptonemal complex), while scc-2mutants in C. elegans do not
load cohesion and phenotypically resemble cohesion null mutants (Gause

et al. 2008; Lightfoot et al. 2011). The protein Ctf7/Eco1 promotes cohesion

establishment by acetylating Smc3 (Ivanov et al. 2002; Skibbens et al. 1999;

Toth et al. 1999). RNAi for Arabidopsis Ctf7 in meiosis prevents Scc3 localization

to the chromosome axis and impairs sister chromatid cohesion in meiosis (Singh

et al. 2013). Pds5 is a cohesion-associated protein that promotes Eco1-mediated

acetylation and thus is suggested to play a role in cohesion maintenance (Vaur

et al. 2012). Pds5 is associated with the meiotic axis (Fukuda and Hoog 2010;

Storlazzi et al. 2008; Zhang et al. 2005). Studies in several model organisms support

an important, but not essential, role for pds5 in meiotic cohesion. The C. elegans
pds5/evl-14 point mutant has a small effect on meiotic cohesion (Wang et al. 2003).

In S. cerevisiae, Pds5 mutants show impaired loading of Rec8, but these defects are

sufficient to prevent synaptonemal complex assembly (Jin et al. 2009; Zhang

et al. 2005). In S. pombe and Sordaria, Rec8 loading is reduced but not eliminated

in Pds5 mutants (Ding et al. 2006; Storlazzi et al. 2008). While in most organisms,

the effects of cohesion loading on recombination can be explained as stemming

from a function in synaptonemal complex assembly, studies in Arabidopsis suggest
a direct role in recombination, as axis formation is not affected in Pds5 mutants but

recombination is affected (Pradillo et al. 2015). Pds5 also affects chromosome

structures in fission yeast, and Pds5 mutants in budding yeast lead to chromosomal

hyper-condensation (Ding et al. 2016; Jin et al. 2009). One protein was shown to
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counteract cohesion maintenance in meiosis: WAPL is necessary for unloading the

cohesins in mitosis. The activity of WAPL is regulated by Eco1-mediated acetyla-

tion of Smc3 (Rolef Ben-Shahar et al. 2008; Sutani et al. 2009; Unal et al. 2008). It

is likely that WAPL plays a similar role in meiotic prophase I, although the

biochemical mechanism is not yet resolved. WAPL localizes to the synaptonemal

complex in mouse (Zhang et al. 2008a). In C. elegans, WAPL-1 regulates cohesion

removal of the COH-3/4 complexes but not the REC-8 cohesion complex (Crawley

et al. 2016). Drosophila wapl mutants lead to nondisjunction of achaismata chro-

mosomes, likely via heterochromatin pairing (Vernı̀ et al. 2000).

5.3.2 The Synaptonemal Complex: An Introduction

The synaptonemal complex, a multimeric protein complex, mediates the associa-

tion of homologous chromosomes in meiotic prophase I (Fig. 5.3; Fawcett 1956;

Moses 1956, 1958). The proteinaceous synaptonemal complex is composed of

lateral elements which bind to the axis of each homologous chromosome pair and

central region proteins that connect to the lateral elements. Together they form a

tripartite, ladder-like structure which holds homologous chromosomes together

(Zickler and Kleckner 1999). Components of the synaptonemal complex contain

coiled-coil domains which are conserved across all Eukarya synaptonemal complex

proteins, but the amino acid sequence of the proteins is highly variable across

species (Fig. 5.4; Table 5.2; Fraune et al. 2012; Page and Hawley 2004). Complete

formation of the synaptonemal complex occurs when central region proteins have

loaded and form a bridge between the lateral element proteins; this is known as

synapsis of homologous chromosomes. Full synapsis is important for stable pairing,

which allows for the repair of DSBs and the formation of crossovers, one of the

outcomes of this repair. Crossovers create a physical tether between homologous

chromosomes. This tether is important for holding the homologous chromosomes

together until segregation; therefore, complete synapsis is necessary for proper

chromosome segregation during meiosis. Loss of the synaptonemal complex

leads to unstable pairing and deficient homologous recombination (e.g., de Vries

et al. 2005; MacQueen et al. 2002; Sym et al. 1993). Homologous recombination is

crucial for proper segregation of homologous chromosomes, and improper segre-

gation leads to the formation of aneuploid gametes.

5.3.2.1 Synaptonemal Complex Assembly Dynamics, Pairing,

and Signaling

Prior to synaptonemal complex assembly and complete synapsis along homologous

chromosomes, the homologs need to pair. In general, the method by which the

homologs find their partners is conserved across metazoans: chromosome move-

ment prevents nonhomologous chromosome pairing while promoting homologs to
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pair, which acts through chromosome connections to the nuclear envelope and the

cytoskeleton. Chromosomes are attached to the nuclear envelope through one or

more ends in a configuration typically defined as a “bouquet” (Dresser and Giroux

1988; Harper 2004). Drosophila and C. elegans are exceptions in that they do not

form a typical bouquet (Harper 2004). In C. elegans, initial pairing of chromosomes

occurs at pairing centers, repetitive DNA sequences that are found on one end of

each chromosome (Phillips et al. 2009). These sequences are recognized and bound

Fig. 5.4 Synaptonemal complex proteins vary among organisms. (A) SC in mouse consists of

lateral proteins (yellow) and central region proteins, SYCP1 (red), TEX12 (orange), SYCE2
(orange/blue), and SYCE1 (blue). SYCP1 is the only central region protein to interact with the

lateral elements, whereas TEX12, SYCE2, and SYCE1 interact only with each other and the

opposite end of SYCP1. (B) SC in D. melanogaster consists of three proteins, C(3)G (red), Cona
(blue), and Corola (blue). Cona and Corola form a complex in the middle of the central region and

do not contact the lateral elements. C(3)G is the only protein to interact with lateral elements

similar to mammalian SYCP1. (C) C. elegans SC is composed of four central region proteins:

SYP-1 (red), SYP-2 (orange), SYP-3 (light blue), and SYP-4 (blue). Unlike other organisms,

multiple C. elegans proteins interact with lateral elements, including SYP-1, SYP-3, and SYP-4

Table 5.2 Synaptonemal complex proteins

Species Lateral elements Central region proteins

S. cerevisiae Red1

Hop1

Mek1

Zip1

Zip2

Zip3

Zip4

(Emc11-Gmc2)

C. elegans HIM-3

HTP-1/2

HTP-3

SYP-1

SYP-2

SYP-3

SYP-4

D. melanogaster C(2)M C(3)G

COROLLA

CONA

M. musculus SYCP3

SYCP2

HORMAD1/2

SYCP1

SYCE1/2

TEX12

SYCE3
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by zinc-finger proteins, which are suggested to link the pairing centers of the

chromosomes to the nuclear envelope (MacQueen et al. 2005; Phillips

et al. 2005). In Drosophila, pairing initiates at centromeric locations, while in

S. cerevisiae, pairing initiates at telomeres (Takeo et al. 2011; Tanneti

et al. 2011; Trelles-Sticken et al. 2000). In the mouse, both telomeres and centro-

meres (telocentric in mouse) show significant levels of pairing in the initiation of

meiosis (Boateng et al. 2013). SUN-KASH domain proteins were shown to be

involved in the anchoring of chromosomes to the nuclear envelope in S. cerevisiae,
S. pombe, C. elegans, and mouse model systems (Boateng et al. 2013; Conrad

et al. 2008; Ding et al. 2007; Morimoto et al. 2012; Niwa et al. 2000). To disturb

nonhomologous chromosome interactions, a whipping movement is created

allowing for chromosomes to continue the search for homologs (Chikashige

et al. 1994; Parvinen and S€oderstr€om 1976). In Drosophila and mice, a rotational

movement is used to promote proper homologous chromosome pairing

(Christophorou et al. 2015; Scherthan et al. 1996). In S. pombe, C. elegans, and
Drosophila, the mechanism for homology search requires dynein-mediated move-

ment of microtubules, while in S. cerevisiae, actin plays a role in the chromosomal

movements in meiosis (Christophorou et al. 2015; Horn et al. 2013; Yamamoto

et al. 1999).

Synaptonemal complex assembly initiates when the lateral elements (referred to

as axial elements prior to synaptonemal complex assembly) bind to the chromo-

somes (Zickler and Kleckner 1999). The recruitment of axis proteins to chromo-

somes may be mediated by a direct interaction with the cohesion complex,

providing a scaffold for synaptonemal complex assembly (Urban et al. 2014;

Vallaster et al. 2011). Once chromosomes have found their homologs, central

region protein nucleation occurs at the site of homolog pairing. In S. cerevisiae
and Drosophila, the first synapsis initiation events were shown to coincide with

centromeres, while in C. elegans, synapsis most likely initiates at pairing centers

(Rog and Dernburg 2015). In mouse, however, centromeres are not the sites of

synapsis initiation (Qiao et al. 2012). Once the central region proteins fully align

along the chromosomes, the synaptonemal complex is considered to be fully

synapsed. It is not clear yet if central region proteins interact directly with lateral

elements or if the lateral elements create the right chromosomal environment for

their assembly. The type and number of proteins that make up the two different

parts of the synaptonemal complex (lateral and central elements) vary between

organisms (see Table 5.2). Synaptonemal complex disassembly occurs at the end of

prophase after DSB formation, repair, and the presence of crossovers that has now

created a physical tether between homologs. Synaptonemal complex disassembly

occurs in a stepwise manner, typically starting with the removal of central elements

of the synaptonemal complex, followed by some elements of the axis (Eijpe

et al. 2003; Nabeshima et al. 2005). Some synaptonemal complex proteins are

retained on chromosomes in restricted locations and disassemble only during

meiosis I, when homologous chromosomes segregate (Bisig et al. 2012; de

Carvalho et al. 2008).
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Just as the proteins of the synaptonemal complex vary from organism to organ-

ism, so does the interplay between recombination and the synaptonemal complex.

In all cases, the synaptonemal complex is crucial for crossover formation between

homologs. However, while in Drosophila and C. elegans, the synaptonemal com-

plex is absolutely required for crossover formation, in mouse and in S. cerevisiae,
the requirement is only partial (e.g., de Vries et al. 2005; MacQueen et al. 2002;

Page and Hawley 2001; Sym et al. 1993). Another difference between organisms is

in how much the synaptonemal complex requires DSBs for its formation. In

C. elegans andDrosophila, the loss of DSB formation does not affect synaptonemal

complex assembly, disassembly, or its structure (Colaiácovo et al. 2003; McKim

et al. 1998). In mouse and in S. cerevisiae, in the absence of DSBs, the

synaptonemal complex fails to properly form and very limited synapsis is observed

(Bhuiyan and Schmekel 2004; Romanienko and Camerini-Otero 2000).

5.3.2.2 The Contribution of the Synaptonemal Complex

to Recombination

The main role of the synaptonemal complex is considered to be to hold the

homologous chromosomes together to stabilize the pairing interactions between

them and to ensure crossover formation. Crossovers create a physical tether that

holds together homologs at points where the synaptonemal complex disassembles.

If the synaptonemal complex assembles improperly, such as partial assembly or

aggregate formation, the ability to form crossovers is impaired and can lead to

aneuploidy or cell death. The axial elements of the synaptonemal complex were

shown to be required for DSB formation. In S. cerevisiae, both axis proteins Red1

and Hop1 are required for DSB formation (Mao-Draayer et al. 1996; Woltering

et al. 2000; Xu et al. 1997), while in C. elegans, HTP-3 is required for DSB

formation (Goodyer et al. 2008).

Other studies have suggested further roles for the synaptonemal complex in the

regulation of the recombination process. The synaptonemal complex may promote

the crossover/noncrossover decision by its specific effect on supporting crossovers.

Mutants in the ZMM class of proteins in S. cerevisiae, which includes SC compo-

nents, are required for crossover formation, but have no role in noncrossover

formation (B€orner et al. 2004). Axial element proteins of the synaptonemal com-

plex act in ensuring homolog bias. Hop1 and Red1 from S. cerevisiae and SYCP3

from mouse impose homolog bias by serving as a barrier for sister chromatid

recombination (Li et al. 2011), while in S. pombe, the axis imposes interhomolog

recombination by promoting recombination with the homolog (Latypov

et al. 2010). In C. elegans, reducing the level of synaptonemal complex central

region proteins impairs interference (Libuda et al. 2013). However, it is not clear if

the synaptonemal complex plays a role in crossover interference in other organisms

since interference acts prior in S. cerevisiae (Bishop and Zickler 2004) or concur-

rently in Sordaria macrospora (Zhang et al. 2014) to synaptonemal complex

assembly.
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5.3.2.3 Posttranslational Modification

The proteins that make up the synaptonemal complex have been well studied, but

how these proteins are regulated by posttranslational modifications is still not fully

understood. One function of posttranslational modification is to regulate the assem-

bly of the synaptonemal complex. S. cerevisiae provides the most complete under-

standing of synaptonemal complex assembly, a process which is regulated by

SUMOylation in this organism. Zip3, one of the ZMM proteins, is an E3 SUMO

ligase (Cheng et al. 2006). SUMO localizes to Zip1, and the absence of SUMO

causes defects in synaptonemal complex assembly (Cheng et al. 2006; Hooker and

Roeder 2006; Voelkel-Meiman et al. 2013). An additional component in this

pathway includes UBC9, an E2 ligase that forms SUMO chains that are required

for synaptonemal complex assembly (Klug et al. 2013). The C-terminal domains of

the SC proteins Zip1 and Red1 contain SUMO-interacting domains (SIMs) (Cheng

et al. 2006; Lin et al. 2010). Red1 is SUMOylated, in a Zip1-dependent manner, and

SUMOylation facilitates the interaction between the two, promoting SC assembly

(Eichinger and Jentsch 2010). A second step in SC assembly involves Emc11

SUMOylation (Humphryes et al. 2013; Leung et al. 2015; Voelkel-Meiman

et al. 2013). SUMOylation of Emc11 promotes Zip1 assembly, via the central

region of the SC, which is located at the Zip1 N-terminus (Leung et al. 2015). In

C. elegans, synaptonemal complex aggregation is prevented by the activity of a

neddylation regulated ubiquitin ligase, but it is still not clear if this effect on

synaptonemal complex assembly is direct (Brockway et al. 2014). Posttranslational

modification of synaptonemal complex proteins is also important for their disas-

sembly. InM. musculus, PLK-1 localizes to and is required for the phosphorylation
of SYCP1, TEX12, and SYCE1 in spermatocytes and is important for

synaptonemal complex disassembly (Jordan et al. 2012). Phosphorylation of

synaptonemal complex central region proteins also can initiate disassembly, as

was shown for C. elegans SYP-2 (Nadarajan et al. 2016).

Another function of posttranslational modification of the synaptonemal complex

is in regulation of recombination in meiosis. In S. cerevisiae, phosphorylation of the
axial element, Hop1, is required for interhomolog recombination bias (Carballo

et al. 2008), while the phosphorylation of Zip1, central region protein, promotes the

formation of interfering crossovers as well as synaptonemal complex assembly

(Chen et al. 2015). Axial element proteins of the synaptonemal complex are

phosphorylated in a temporally regulated manner in mice, but the function of this

phosphorylation is currently unknown (Fukuda et al. 2012). Since posttranslational

modifications play an important role in the regulation of protein complexes, more

in-depth understanding of how posttranslational protein modifications regulate the

synaptonemal complex is required.
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5.4 Signaling in Meiotic Prophase I

The accurate execution of meiotic events requires signaling pathways to commu-

nicate between different steps of the meiotic program. This communication is

thought to occur between many different components of the meiotic program within

each cell, although intercellular communication cannot be excluded. In terms of

signaling related to recombination events, many of the pathway components are

borrowed from DNA damage repair signaling. This is not surprising due to the

similarity between meiotic and mitotic recombination. Pathways that regulate

homologous chromosome pairing and synapsis are intertwined with

recombination-related signaling, as expected from the interdependency between

recombination and synapsis found in many organisms. Overall, meiotic signaling

involves a combination of feedback loops acting within a pathway (e.g., DSB repair

signals to DSB formation), with cross talk between pathways (e.g., crossover

formation signals to chromosome pairing), and altogether regulating the complex

molecular events that take place in meiosis.

DSB formation and repair are linked by signaling mechanisms that ensure when

recombination proceeds normally, DSB formation is halted. ATM/Tel1 and

ATR/Mec1 are two related protein kinases that play an important role in mitotic

DSB repair (Guleria and Chandna 2016). In Drosophila and mouse meiosis, DSB

formation is downregulated by ATM, while in S. cerevisiae, ATM and ATR are

both involved in downregulating DSB formation (Joyce et al. 2011; Lange

et al. 2011; Zhang et al. 2011). ATM and ATR’s regulation of DSB formation

may involve phosphorylation of members of the Spo11 complex, as was shown for

Rec114 in S. cerevisiae (Carballo et al. 2013). This mechanism of downregulating

DSB formation may be controlling interference at the level of DSB formation, as in

S. cerevisiae ATM preferentially downregulates proximal DSBs, preventing the

positioning of adjacent DSBs (Garcia et al. 2015). ATM and ATR are also involved

in regulating DSB repair. In S. cerevisiae, activation of ATM/Tel1 depends on

Mre11, a key player in DSB resection (Usui et al. 2001). However, ATM is not only

activated by Mre11 but also positively regulates resection with ATR (Cartagena-

Lirola et al. 2006; Terasawa et al. 2008; Usui et al. 2001). ATM and ATR promote

differential timing of resection on a different subset of DSBs; ATM regulation is

earlier and acts upon a few DSBs, whereas ATR regulates the late and abundant

DSBs (Joshi et al. 2015). The synaptonemal complex axis is also a target of ATM

and ATR. In mouse, axis and cohesion proteins are phosphorylated, in an ATM- and

ATR-dependent manner, in chromosomal regions not yet synapsed, suggesting a role

in silencing of unsynapsed chromatin (Fukuda et al. 2012; Royo et al. 2013). In

S. cerevisiae, ATM/ATR phosphorylates Hop1 to promote interhomolog recombina-

tion (Carballo et al. 2008; Penedos et al. 2015). Mutating a predicted ATM/ATR

phosphorylation site on Zip3 reduces crossover levels in S. cerevisiae (Serrentino

et al. 2013). These effects on crossover levels are in agreement with the role for ATM

and (more so) for ATR in imposing homolog bias (Joshi et al. 2015). ATR1/Mec1 also

mediates Zip1 phosphorylation, but this event is specifically required for the early
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meiotic role of Zip1 in binding centromeres (centromere coupling) (Falk et al. 2010).

In C. elegans, the early meiotic role for ATM/ATR has not been described as these

proteins function mainly in the context of externally induced DNA damage and the

mitotic germ line (Garcia-Muse and Boulton 2005; Stergiou et al. 2007). InC. elegans
meiosis, ATM is involved in the restoration of chromosomal structure after DNA

damage is induced in meiotic nuclei (Couteau and Zetka 2011).

Similarly to ATM and ATR, CHK2/Mek1 acts primarily in the DNA damage

response in mitotic cells (Zannini et al. 2014). In mice ovaries, Chk2 is regulated by

ATM and in S. pombe, CHK2 is a target of ATR, thus linking the two DNA damage

signaling pathways (Miles et al. 2010; Tougan et al. 2010). The activation of CHK2

in mouse ovaries is essential for DNA damage-induced apoptosis of oocytes

(Bolcun-Filas et al. 2014). Work done in S. cerevisiae and S. pombe is consistent

with a role for Chk2 in the DNA damage repair pathway, but in a different step:

promoting meiotic DSB repair (Niu et al. 2007; Tougan et al. 2010; Xu et al. 1997).

In S. cerevisiae, Chk2 was shown to be involved in inhibiting sister chromatid

recombination (Niu et al. 2007). In C. elegans, CHK-2 acts both in promoting DSB

formation and homologous chromosome pairing. These pathways add to the grow-

ing list of noncanonical functions of CHK2 beyond DNA damage signaling

(Zannini et al. 2014). CHK-2 promotes the formation of meiotic DSBs by control-

ling the recruitment of proteins required for DSB formation (DSB-1 and DSB-2) to

chromosomes (Rosu et al. 2013; Stamper et al. 2013). In its second meiotic

function, CHK-2 is required for localization of most pairing center proteins,

promoting both chromosome pairing and synapsis (MacQueen and Villeneuve

2001; Phillips and Dernburg 2006). These mechanisms involve the phosphorylation

of SUN-1 (part of the protein complex tethering chromosomes to the nuclear

envelope) by CHK-2 (Penkner et al. 2009). CHK-2 also acts as a “sensor” protein.

Defects in chromosome synapsis or recombination are relayed to CHK-2 via pro-

teins forming the synaptonemal complex axis; this process promotes prolongation

of CK activities (Kim et al. 2015). Chk2 may have a meiotic function outside DSB

repair in mouse as well, as it is required in spermatogenesis for a specific H3

phosphorylation mark (Govin et al. 2010).

Polo-like kinases (PLKs) are involved in the regulation of cell division in both

mitosis and meiosis that includes a wide variety of cellular functions (Archambault

et al. 2015). In C. elegans, two PLKs act in meiosis: the meiotic functioning PLK-2

and the mainly mitotic functioning PLK-1 which can partially substitute for PLK-2

(Chase et al. 2000; Harper et al. 2011). In C. elegans, SUN-1 is targeted by PLK-2

(and CHK-2, see above). PLK-2 localizes to SUN-1 and phosphorylates it, promot-

ing pairing and inhibiting nonhomologous synapsis (Harper et al. 2011; Labella

et al. 2011). PLK-2’s localization to SUN-1 patches is partially dependent upon the
phosphorylation of SUN-1, suggesting a positive feedback loop between the two

proteins (Woglar et al. 2013). In S. cerevisiae, the polo-like kinase homolog Cdc5

appears to perform a later meiotic function. Cdc5 is required for pachytene exit and

synaptonemal complex disassembly and is the target of the transcriptional regulator

Ndt80 (Sourirajan and Lichten 2008). Ndt80 was also suggested to be part of the

signal transduction pathway signaling between the recruitment of the Spo11 com-

plex to the MI division (Malone et al. 2004).
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TheMAP kinase (MAPK) pathway plays an important role in oocyte maturation,

allowing for the transition from diplotene arrest to MI in vertebrates (Fan and Sun

2004; Fan et al. 2012; Sato 2015). In C. elegans, where cells do not normally arrest

at diplotene, MAPK signaling is required for meiotic progression and the develop-

ment of functional oocytes (Church et al. 1995; Lee et al. 2007). MAPK plays a role

in meiotic DSB repair by serving as a signal for the transition from the meiotic repair

mechanism to a mitotic-like repair pathway (Hayashi et al. 2007). The effect of the

MAPK pathway on DSB repair may even take place prior to crossover formation, as

defects in the timing of MPK activation are correlated with an alteration in the

timing of key DSB repair events (Yin et al. 2016). Moreover, the MAPK pathway

may regulate DSB repair directly, since proteins required for homologous recombi-

nation repair are among the suggested MAPK targets (Arur et al. 2009). MAPK

inactivation is also required for the disassembly of synaptonemal complex central

region proteins, thus acting to preserve synaptonemal complex structure until

crossovers are formed (Nadarajan et al. 2016). Altogether, these studies show that

the MAPK pathway may serve to connect the various molecular processes taking

place in the pachytene stage and coordinate them with meiotic progression.

5.5 Defects Originating in Prophase that Lead

to Aneuploidy

5.5.1 Meiosis and Aneuploidy

The inheritance of an abnormal number of chromosomes is termed aneuploidy. In

humans, an aneuploid embryo with only one autosomal chromosome will die before a

pregnancy is recognized, while a trisomic embryo will either end as a miscarriage or

lead to the birth of a childwith developmental disabilities (Herbert et al. 2015).Human

oocytes show a high rate of aneuploidy [reviewed in Nagaoka et al. (2012)]: for

example, 54% of MII oocytes from young donors with no known fertility issues, and

62% of oocytes from advanced maternal age in vitro fertilization donors show

aneuploidy (Garcia-Cruz et al. 2010; Ottolini et al. 2015). These levels of aneuploidy

are much higher than what is observed for oocytes in model organisms [despite

varying levels of aneuploidy between studies in the same model organism, Drosoph-
ila: Traut (1980; Traut and Schr€oder (1978) andmice: (Hodges et al. (2005)]. Another

feature of humanmeiosis is that aneuploidy rates increase as women age (Hassold and

Chiu 1985; Pellestor et al. 2003). Oocytes of model organisms also exhibit a mild

age-dependent increase in aneuploidy (Traut 1980; Traut and Schr€oder 1978). It was
shown that this age effect is stronger for a long-lived mousemodel (Lister et al. 2010).

These findings suggest that the exceptional increase in aneuploidy in humans as they

age is revealed as an outcome of the extension of reproductive age that follows the

increase in life span of humans in the last century.

Missegregation of chromosomes during meiotic divisions is a leading cause for

aneuploidy. It is conceivable that aneuploidy could originate from mitotic errors.
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However, studies of all three meiotic products of human oocyte meiosis establish

that aneuploidy is exclusively caused by meiotic errors (Ottolini et al. 2015).

Aneuploidy can arise from chromosome missegregation (nondisjunction) at MI or

MII. In the first meiotic division, homologous chromosomes segregate away from

each other. Since meiotic prophase establishes the crossovers connecting homolo-

gous chromosomes, aneuploidy arising from prophase I defects is more likely to

lead to chromosome missegregation in the first meiotic division. However,

missegregation of a whole chromosome is less common than predicted, and defects

leading to premature separation of sister chromatids are common (Angell 1991).

These events include reverse segregation and precocious separation of sister chro-

matids (PSSCs) and mostly occur in MI (Ottolini et al. 2015). In advanced maternal

age women, single chromatid nondisjunction, including MII errors, is more fre-

quently found (Pellestor et al. 2003) (Fragouli et al. 2011, 2013). MI versus MII

origins of aneuploidy are also dependent on the chromosome analyzed, for example,

chromosome 16 aneuploidy involves mainly MI events, while chromosome 18 aneu-

ploidy involves mainlyMII errors (Bugge et al. 1998). Analysis of chromosomal rates

of nondisjunction, prior to implantation, indicates that smaller chromosomes (15, 16,

19, 21, and 22) are more likely to missegregate (Fragouli et al. 2013). As found in

human oocytes, smaller chromosomes of mice are more likely to lack chiasma

(Hodges et al. 2005). Although aneuploidy is the most common form of meiotic

chromosomal aberration, partial losses of chromosome segments (large deletions)

were also observed in low frequency in human oocytes (Fragouli et al. 2011).

Unlike sperm cells, oocytes are arrested in meiotic prophase I during embryonic

development, when resumption of meiosis occurs following ovulation (MI at ovu-

lation and MII at fertilization). Thus, in humans, oocytes arrest at a stage following

crossover formation and prior to MI division for decade(s). Autosomal aneuploidy

is predominant in oogenesis, as compared to spermatogenesis (Martin et al. 1991;

Pacchierotti et al. 2007), suggesting that the causes of infertility may be connected

to the unique properties of female meiosis. The fact that aneuploidy is increased as

women age may suggest that the process that is delayed in female meiosis is the one

sensitive to perturbation. These observations suggest that an early meiotic event

that is maintained up until fertilization (pre-diplotene) is “time sensitive” and

perturbed as oocytes age. The fact that chromosomes that undergo nondisjunction

have altered recombination rates and patterns (see below) led to the proposal that

aneuploidy arises from a “two hit” model: one hit, originating at embryonic

development and a second hit that is the “age-dependent” component (Lamb

et al. 1996). There are likely many causes for aneuploidy, but here we will focus

on the connection between the proper execution of prophase events and aneuploidy.

5.5.2 Crossover Formation and Aneuploidy

Studies in model organisms establish that a lack of crossovers leads to

missegregation of chromosomes in MI. Some exceptions to this rule, however,

exist. For example, (a) backup mechanisms of achiasmatic chromosome
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segregation and (b) meiotic programs that do not rely on crossovers (Wolf 1994).

Current models hold that crossovers are a prerequisite for ensuring that homologous

chromosomes will segregate away from each other to opposing poles. It was

therefore suggested that oocyte nondisjunction might arise from an inability to

form crossovers on a particular chromosome.

Both the reduction and absence of recombination is found in trisomic chromo-

somes. However, the magnitude of the effect varies between chromosomes and

studies. Analysis of spontaneous abortions due to trisomy 16 or 21 showed 30%

and 16–40% reduction in map length on respective chromosomes (Hassold

et al. 1995; Lamb et al. 2005). Chromosomes 21 and 22, which are prone to

nondisjunction, also show reduced recombination rate by cytological analysis of

fetal oocytes [~5% and 6% of oocytes with no MLH1 foci, respectively (Cheng

et al. 2009)]. 25–47% of the trisomies involve achiasmate bivalents for the chro-

mosome effected [13: Bugge et al. (2007), Hall et al. (2007a); 15: Robinson

et al. (1998); 18: Bugge et al. (1998); 21: Lamb et al. (1997, 2005); 22: Hall

et al. (2007b); X: Thomas et al. (2001)]. However, despite the fact that the

frequency of trisomy 21 increases with maternal age (Penrose 2009), oocytes

isolated from advanced maternal age individuals are as likely to have achiasmatic

chromosomes as younger donors (Lamb et al. 1997). Moreover, trisomies for

chromosome 15 are less likely to show noncrossovers when originating in older

mothers (Robinson et al. 1998). These findings do not exclude the possibility that

achiasmatic chromosomes may contribute to the high baseline level of aneuploidy

found in humans.

Studies in oocytes from advanced maternal age donors indicate that recombina-

tion rate is a factor that accounts for 18% of the variation in the incidence of

aneuploidy (Ottolini et al. 2015). These aged oocytes have ~6 less crossovers

overall compared to euploid oocytes (Ottolini et al. 2015). It is intriguing that the

overall reduction of crossover rates over the whole genome, and not just on

chromosomes 21, predisposes trisomy 21 (Brown et al. 2000). Oocytes that enter

meiosis earlier in development will ovulate earlier as well (Polani and Crolla 1991),

which leads to the hypothesis that global rates of recombination are lower in

oocytes from late fetal stage, accounting for the age-dependent effect on aneu-

ploidy. This “production line” model is likely incorrect, as oocytes from early and

late fetal stage have similar recombination rates [MLH1 foci counts (Rowsey

et al. 2014)].

A single crossover may not be sufficient to promote proper chromosome segre-

gation. Analysis of fetal oocytes indicate that chromosomes 21 and 22 are less

likely to contain crossover markers on both p and q arms of the chromosome

[MLH1 foci (Cheng et al. 2009)], and chromosome 16 is less likely to have multiple

crossover events (Garcia-Cruz et al. 2010). It is possible that a single crossover will

be sufficient for proper segregation; however, analysis of all meiotic products has

indicated that two crossovers involving all sister chromatids are required for proper

segregation (Ottolini et al. 2015). According to this study, nonrecombinant chro-

matids are more likely to be subjected to precocious separation of sister chromatids

(at MI) or missegregation at MII, even if they were originally part of a bivalent

(Ottolini et al. 2015).
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5.5.3 Crossover Distribution and Aneuploidy

Crossover positioning plays an important role in chromosome missegregation.

Terminal crossovers on chromosome 21 are more likely to be found on chromo-

somes that have undergone MI nondisjunction, whereas pericentromeric crossovers

are more likely to be found on MII nondisjunction chromosomes (Lamb et al. 1997,

2005). Analysis of spontaneous abortions due to trisomy 16 showed that most of the

reduction in map length was within the pericentromeric regions (Hassold

et al. 1995). Oocytes from advanced maternal age donors (obtained from in vitro

fertilization) show variation in the positions of the crossover events, which in some

oocytes were pericentromeric, predisposing these oocytes for segregation defects

(Ottolini et al. 2015). Maternal age also affects the distribution of crossovers on

chromosomes with nondisjunction events (Ghosh et al. 2009; Oliver et al. 2008,

2012). Analysis of recombination maps of chromosomes 21 from Down syndrome

patients revealed an increase in telomeric-proximal recombination in all age groups

(Oliver et al. 2008, 2012). These events are found in a higher proportion in children

with chromosome 21 trisomies born to young mothers (Oliver et al. 2008). These

studies suggest that the distal crossovers may contribute to the basal high levels of

human nondisjunction, regardless of mother’s age. However, the effect on MII was

predominant in older mothers and mainly involve a centromeric exchange (Oliver

et al. 2008), indicating that centromeric-proximal crossovers are subjected to the

age-dependent effect on nondisjunction. Despite this correlation between altered

recombination patterns and nondisjunction of autosomes, the X chromosome did

not show this same association, which may indicate that the causes for nondisjunc-

tion vary between autosomes and the X chromosome (Thomas et al. 2001).

5.5.4 Cohesion Maintenance and Aneuploidy

Crossovers link homologous chromosomes only as long as sister chromatid cohe-

sion is maintained. The age-related component of oocyte aneuploidy acts upon

processes that take place after crossover formation, suggesting that compromised

sister chromatid cohesion leads to a loss of chiasmata and the breakdown of the

bivalent. Immunostainings for cohesins reveal a decreased association with chro-

mosomes in aged mice oocytes (Liu and Keefe 2008; Tsutsumi et al. 2014). In

humans, meiotic, but not mitotic, cohesion protein levels are reduced with age, as

measured by immunofluorescence staining, despite having no effect on mRNA

levels (Garcia-Cruz et al. 2010; Tsutsumi et al. 2014). Several studies, both in

Drosophila and mouse, addressed this model by examining whether loss of cohe-

sion predisposes chromosomes to nondisjunction in an age-dependent manner.

Drosophila females with reduced levels of Ord (a protein required for meiotic

cohesion) show an increase in nondisjunction which is notably augmented in aged

oocytes (Jeffreys et al. 2003). Mice with a point mutation in the meiotic-specific

cohesion complex subunit Smc1β show a severe age-dependent increase in the
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proportion of homologswith univalents, including a premature onset of these defects

(Hodges et al. 2005). Altogether, these studies suggest that a reduction in cohesion

levels contributes to the maternal-age effect on chromosome missegregation. This

effect may be chromosomal region-dependent [centromeric-proximal but not

telomeric-proximal crossovers are associated with age-dependent nondisjunction

(Oliver et al. 2008)], suggesting that cohesion erosion in pericentromeric regions

sensitizes the chromosome to age-dependent nondisjunction.

Cohesion proteins are loaded onto chromosomes prior and during meiotic

prophase I; however, it is plausible that they will be replenished later, during the

prolonged post-pachytene arrest. However, despite the expression of meiotic cohe-

sion complex proteins in oocytes during their arrest, they do not turn over and their

expression during the arrest is not required for maintenance of the chiasma

(Tachibana-Konwalski et al. 2010). These studies suggest that the cohesion com-

plexes loaded prior to oocyte arrest, during embryonic development, are the crucial

proteins required for chiasma maintenance. How cohesion function is impaired is

not yet clear. In addition to a direct effect on cohesion stability/structure, deregu-

lation of pathways that regulate cohesion removal may come into play (e.g., the

cohesion protector Sgo2).

5.5.5 Models Suggesting How Prophase I Defects Lead
to Aneuploidy

As discussed above, the synaptonemal complex is required for the formation of all

obligatory crossover events and may regulate their distribution. Therefore, it is

conceivable that defects in the formation of the synaptonemal complex may lead to

bivalents lacking a chiasma or having a non-favorable chiasma positioning. Defects

in synapsis of chromosomes activate checkpoints that lead to cell death. If defects

in synapsis are ignored, this may lead to the formation of oocytes predisposed to

aneuploidy. Oocytes were shown to be less sensitive to the activation of these

checkpoints compared to spermatocytes; similar synapsis defects will trigger apo-

ptosis in all sperm cells, while a significant proportion of oocytes will survive

(Morelli and Cohen 2005). Therefore, it is possible that a “weak checkpoint” may

contribute to aneuploidy.

There are several possible explanations as to how crossover positioning may

affect chromosome segregation. The crossover between homologous chromosomes

in the bivalent structure is maintained by sister chromatid cohesion. Sister chroma-

tid cohesion is established between the crossover site and each telomere, creating

two cohesion domains in the presence of a single crossover. Therefore, cohesion

loss on either of these domains is sufficient to break the bivalent structure into two

univalents (separated homologous chromosomes; Fig. 5.5). In a bivalent with a

terminal crossover, the segment between the crossover and the telomere region is

shorter than a bivalent with a more central crossover. Assuming the amount of
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cohesion lost with age is similar, a bivalent with a terminal crossover will be more

likely to lose all its cohesion between the crossover site and the telomere, increasing

the likelihood of MI nondisjunction. Another possibility for terminal crossovers to

cause MI nondisjunction is that the terminal crossover may compromise

bi-orientation of kinetochores at MI. The contribution of pre-centromeric region

crossovers to missegregation may also stem from interrupting centromere–spindle

attachments and may interfere with centromere separation (Fig. 5.6). This can lead

to sister chromatid nondisjunction at MI or MII. MI sister chromatid nondisjunction

Fig. 5.5 Crossover position relative to the telomere and cohesion are both critical to proper

meiotic segregation. A–C and E–G represent the bivalent prior to the meiotic divisions (chromo-

somes in orange and blue, cohesion in green, centromeres in black, and pulling forces in gray,
arrows), while D and H are the outcomes of both meiotic divisions (chromosomes in oocyte and

polar bodies). (A–C) In aged meiotic nuclei, sister chromatid synapsis can be lost prematurely

before MI segregation (green region is depleted over time, A–C are sequentially older oocytes). If

the crossover is far from the telomere region, even if cohesion deteriorates, some protein

complexes are likely to be left on both sides of the crossover holding the sisters together. This

reduction in cohesion will still permit proper segregation. (D) Four possible outcomes after MII:

big circle represents the oocyte and the two smaller circles represent the two polar bodies. The

circle on the top is polar body I (PBI) extruded after MI and the small one on the side is the second
polar body (PBII) extruded after fertilization. (E–G) Aged meiotic nuclei that have crossovers

closer to telomeres may lose all synapsis on one side of the crossover early, leading to

missegregation (gray arrows—direction of pulling forces at MI). Resulting oocytes can become

trisomic after fertilization. By chance, 50% of segregation events of that chromosome may be

“normal,” leading to segregation patterns as in D
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Fig. 5.6 Aneuploidy as a result of centromere–spindle attachment defects. A, C, and E represent

the bivalent prior to the meiotic divisions (chromosomes in orange and blue, cohesion in green,
centromeres in black, and pulling forces in gray, arrows), while B, D, and F are the outcomes of

both meiotic divisions (chromosomes in oocyte and polar bodies). (A) Normal segregation is

shown where centromere–spindle attachments correctly separate the homologs at the end of MI,

and then sister chromatids separate after MII. Gray arrows point in the direction to which

separating homologs are moving. (B) Four possible outcomes after MII: big circle represents the
oocyte and the two smaller circles represent the two polar bodies. The small circle on the top is
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may contribute to errors associated with reverse meiosis [separation of sisters at MI,

homologs at MII, Fig. 5.6B (Ottolini et al. 2015)].
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Chapter 6

Translational Control of Germ Cell Decisions

Kumari Pushpa, Ganga Anil Kumar, and Kuppuswamy Subramaniam

Abstract Germline poses unique challenges to gene expression control at the

transcriptional level. While the embryonic germline maintains a global hold on

new mRNA transcription, the female adult germline produces transcripts that are

not translated into proteins until embryogenesis of subsequent generation. As a

consequence, translational control plays a central role in governing various germ

cell decisions including the formation of primordial germ cells, self-renewal/

differentiation decisions in the adult germline, onset of gametogenesis and oocyte

maturation. Mechanistically, several common themes such as asymmetric locali-

zation of mRNAs, conserved RNA-binding proteins that control translation by 30

UTR binding, translational activation by the cytoplasmic elongation of the polyA

tail and the assembly of mRNA-protein complexes called mRNPs have emerged

from the studies on Caenorhabditis elegans, Xenopus andDrosophila. How mRNPs

assemble, what influences their dynamics, and how a particular 30 UTR-binding
protein turns on the translation of certain mRNAs while turning off other mRNAs at

the same time and space are key challenges for future work.

6.1 Introduction

Differential gene expression is at the core of development. Although most cells in

our body possess the same genome, gene expression differs among the different cell

types, which provides each cell type its unique identity. Gene expression can be

controlled at any of the different stages starting from chromatin status to the
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posttranslational modification of proteins. Regulation at the transcriptional stage is

energy efficient: when a gene product is not required, stopping transcription

eliminates the need to degrade or store the gene product(s) in an inactive form.

Consistent with this, most somatic development programs are controlled at the level

of transcription. However, the transcriptional control as a sole mechanism of gene

regulation is inadequate in certain important developmental and physiological

situations. For example, the highly condensed metaphase chromatin is not readily

accessible for transcription factors, yet specific proteins are required only at specific

steps during the cell division cycle. Similarly, neurons need to rapidly produce new

proteins at the synaptic ends of axons, which are often at considerable distance from

the nucleus, where transcription occurs. Posttranscriptional mechanisms, such as

translational control, play a key role in such circumstances. Several key decisions

during germ cell development demand gene expression controls beyond the tran-

scriptional step, and translational control plays a particularly crucial role at these

decision points.

In the first part of this chapter, we discuss the germline-specific developmental

contexts in which translational control of gene expression is preferred over the

transcriptional control. The second part reviews our current understanding of the

roles played by translational control during different stages of germ cell develop-

ment, namely, specification, self-renewal/differentiation decision, meiotic progres-

sion, and oocyte maturation.

6.2 The Germline Challenges to Transcriptional Control

of Gene Expression

6.2.1 Transcriptional Quiescence During Germline
Specification

Transcriptional quiescence is a hallmark of the early embryonic germline in many

organisms. In the early embryo, unlike the somatic blastomeres, which activate new

mRNA transcription as soon as they are born, their germline counterparts do not

initiate new mRNA transcription. These cells lack the actively transcribing form of

RNA polymerase II, which indicates a genome-wide shutdown of mRNA transcrip-

tion (Seydoux and Dunn 1997). Such a global suppression of transcription most

likely helps the embryonic germline maintain totipotency by evading the influence

of maternally inherited transcription factors, which would otherwise activate the

various somatic differentiation programs. This is particularly well supported by the

functioning of SKN-1 and PAL-1 transcription factors in the C. elegans embryo

(see below). While the maternal SKN-1 protein is distributed equally to the somatic

blastomere EMS and its germline sibling P2, it activates the transcription of genes

that specify somatic fates in EMS, but not in P2 in which the PIE-1 protein

maintains global transcriptional quiescence (Bowerman et al. 1993; Maduro et al.
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2001; Seydoux et al. 1996). Similarly, PAL-1 activates muscle fate in the D

blastomere but not in its germline sibling P4, where PIE-1 is present (Hunter and

Kenyon 1996).

6.2.2 Transcriptional Quiescence During Meiosis
and Gametogenesis

The highly condensed state of the meiotic chromatin is not readily accessible to

transcription factors. In Drosophila male germ cells completely shut down their

transcription as they enter meiosis (Olivieri and Olivieri 1965; Schafer et al. 1995).

In other organisms spermatocytes are transcriptionally silent during meiotic entry

(leptotene and zygotene) and again during spermatid elongation that involves

chromatin compaction along with histone exchange (Sassone-Corsi 2002). Simi-

larly, during oogenesis, de novo mRNA synthesis does not occur during early stages

of meiosis. It is briefly activated during pachytene and diplotene before being

globally silenced again through the final stages of maturation (Walker et al.

2007). This transcriptional quiescence of germ cells during gametogenesis and of

the mature gametes necessitates that the transcripts be premade, stored in a

translationally dormant state until their protein products are needed post fertiliza-

tion in the embryo.

6.2.3 Making mRNAs for the Next Generation

Early embryonic development proceeds in the absence of new mRNA transcription.

As a consequence, genes that control early embryogenesis are transcribed in the

maternal germline, and the mRNAs are deposited in the oocyte. Premature trans-

lation of these maternal mRNAs—many of their protein products direct somatic

differentiation—will be detrimental to the mother’s germline [e.g., see Ciosk et al.

(2006)]. Therefore, translational control of these mRNAs is vital for gametogenesis.

6.2.4 Germ Cells Share a Common Cytoplasm

In many species, germ cells are connected by cytoplasmic bridges, which allow the

sharing of cytoplasmic contents among germ cells during different developmental

stages until they form mature gametes. This concept is stretched in certain species

like C. elegans to an extent where all germ nuclei share a common cytoplasm—not

an ideal condition for transcriptional control to be effective. Not surprisingly,
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translational control is the predominant mode of gene regulation in the C. elegans
germline [(Merritt et al. 2008); see below].

6.3 Translational Control During Germ Cell Development

From the fate specification to gamete maturation, several key developmental events

occur during the process of germ cell development. Germ cell fate determination is

the first event in this long journey. In most species, germ cells are specified at a

different location from the future gonad; as a consequence the primordial germ cells

(PGCs) must migrate to, and get incorporated into, the somatic gonad. Since only a

small number of PGCs are born in the early embryo, they enter a proliferative phase

to establish a population of self-renewing germline stem cells (GSCs) in a micro-

environment of the gonad called the GSC niche. Some of these GSCs then switch

from the mitotic to the meiotic mode and finally differentiate into gametes. Trans-

lation regulation plays a central role in all these developmental stages.

6.3.1 Translational Control During Germ Cell Specification
and PGC Development

There are two modes of germ cell specification in metazoans. In invertebrates and

anuran amphibians, maternally inherited components specify germ cell fate. By

contrast, no specific cell in the early embryo possesses germ cell fate in urodele

amphibians and vertebrates; instead, inductive signals from neighboring cells

induce it in certain cells (Extavour and Akam 2003; McLaren 1999). In organisms

that follow the inheritance mode, maternally inherited germline components—

principally mRNAs and proteins—reside in the same cytoplasm as the somatic

factors at the zygotic stage. As a consequence, their asymmetric localization and

translational activation of the localized transcripts are particularly crucial to germ

cell fate specification in these organisms. The role of maternal mRNAs and their

translational control during germ cell formation have been extensively studied in

Drosophila and C. elegans.

6.3.1.1 Translational Activation of Localized mRNAs Determines

Germ Cell Fate in Drosophila

Germ cell formation in Drosophila begins in the oocyte with the assembly of a

special cytoplasm, called germplasm, at the posterior of the oocyte. Germplasm

contains the polar granules consisting of proteins including Oskar, Tudor, Vasa,

Valois, and Staufen and many mRNAs including oskar, which is required for PGC
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specification, and nanos, which is essential for PGC development (Forbes and

Lehmann 1998; Kim-Ha et al. 1991; Markussen et al. 1995; Rongo et al. 1995).

Although the mechanism of how the proteins get to the germplasm is not known,

many of the mRNAs are transported by passive diffusion and localized by entrap-

ment. One mechanism of entrapment involves partial base pairing between the

mRNAs and piRNAs bound to the Piwi protein Aubergine (Forrest and Gavis 2003;

Kugler and Lasko 2009; Vourekas et al. 2016). Oskar initiates germplasm forma-

tion; its expression alone is sufficient to induce germplasm formation at ectopic

locations and thus serves as a central component of germ cell fate determination

(Mahowald 2001). The oskar mRNA is transported in a translationally repressed

state via microtubules to the oocyte posterior. This localization of oskar mRNA at

the posterior end is essential for translational activation of Oskar (Jambor et al.

2014). Bruno, an RBP, inhibits oskar mRNA via both a cap-dependent and a

cap-independent mechanism. For the cap-dependent function, Bruno binds to the

30 UTR of oskar mRNA, resulting in the recruitment of Cup to the 50 cap, which
binds to eIF4E and prevents it from recruiting eIF4G, causing repression of oskar
mRNA (Nakamura et al. 2004). Bruno also inhibits oskar translation in a

cap-independent mechanism by packaging oskar mRNA into large particles that

are inaccessible to the translational machinery (Chekulaeva et al. 2006; Nakamura

et al. 2004). Further, Bicaudal-C, which generally regulates the polyA tail length of

target transcripts, also contributes to the inhibition of oskar translation, possibly by
inhibiting the association of cytoplasmic polyadenylation element binding protein

(CPEB) Orb with oskar mRNA (Castagnetti and Ephrussi 2003; Chicoine et al.

2007; Saffman et al. 1998). This repression is alleviated at the posterior pole by a

specific derepressing element in the 50 UTR of oskar mRNA (Gunkel et al. 1998).

Although the mechanism of derepression is not known, Vasa, Aubergine, Orb, and

Staufen are required for the oskar mRNA’s efficient translation (Castagnetti and

Ephrussi 2003; Chang et al. 1999; Harris and Macdonald 2001; Markussen et al.

1997; Micklem et al. 2000; Wilson et al. 1996).

Oskar recruits other germplasm components such as Vasa and Tudor and about

200 maternal mRNAs to the germ granules (Frise et al. 2010; Trcek et al. 2015).

Based on a few well-studied examples, such as nanos (nos), germ cell-less (gcl),
polar granule component (pgc), and cyclin B, it is assumed that the translation of

these mRNAs is specifically activated by the germ granule components and that

their protein products direct PGC development. While the Gcl and Pgc proteins

repress transcription in the Drosophila PGCs, Nos and its RNA-binding partner

Pumilio prevent premature proliferation of PGCs by repressing the translation of

cyclin B mRNA (Hanyu-Nakamura et al. 2008; Kadyrova et al. 2007; Leatherman

et al. 2002). In addition, Nos and Pumilio are essential for PGC development and

later GSC maintenance; they contribute to these processes possibly by suppressing

other mRNAs (Forbes and Lehmann 1998; Harris et al. 2011). Like oskmRNA, nos
mRNA is transported to the germplasm in a translationally silent state. The nos 30

UTR contains several stem-loop structures which bind different RBPs at different

stages of development. The RBPs Glorund and Smaug (Smg) suppress nos trans-
lation in the late-stage oocyte and embryo, respectively (Kalifa et al. 2006; Smibert
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et al. 1996). Smg recruits the deadenylase complex and targets nos mRNA for

degradation in the bulk cytoplasm (Semotok et al. 2005). In addition, Smg recruits

Cup and inhibits nos translation (Nelson et al. 2004). In the germplasm, Osk

activates nos translation by dislodging Smg from its 30 UTR (Dahanukar et al.

1999; Zaessinger et al. 2006). In summary, a complex interplay between various cis

elements and trans-activating factors ensures localization-dependent translation of

mRNAs that determine PGC formation and development in Drosophila in the

transcriptionally quiescent early embryo (Fig. 6.1).

6.3.1.2 Asymmetric Segregation, Transcriptional Quiescence,

and Sequential Translational Activation Lead to PGC

Formation in C. elegans

In C. elegans, germ granules are present in the syncytial maternal germline even

before oogenesis begins and are distributed initially throughout the zygotic cyto-

plasm (Strome and Wood 1982). Not surprisingly, an Oskar-like single factor that

initiates germplasm assembly in the oocyte has not been identified in C. elegans.
Although they are segregated to the germline during asymmetric cleavages (see

below) and some of their protein and mRNA components are essential for PGC

formation or development, the germ granules per se are not essential for the germ

Fig. 6.1 Translational control during germ cell specification in Drosophila. Germplasm is

assembled during oogenesis by Oskar. oskar mRNA is transported in an inactive form and

deposited at the posterior pole where its translation is activated. oskar translation is suppressed

by Bruno with the help of Cup. At the posterior, oskar translation is activated by ORB; ORB

recruits PABP and facilitates translational activation. Oskar further recruits other germplasm

components during late stages of oogenesis. The early Drosophila embryo is a syncytium; at the

start of cellularization, some of the posterior nuclei and the surrounding germplasm form the pole

cells (PGCs) by budding. nanos mRNA is translationally suppressed in the anterior region by

Smaug (Smg) which recruits Cup and prevents translation initiation. At the posterior end, nos
mRNA is bound by Oskar, which prevents Smg from binding to nos-2 30 UTR, which derepresses

nos mRNA. Smaller cells diagrammed in the top left two cartoons represent the nurse cells
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cell fate (Gallo et al. 2010). In sharp contrast to the syncytial beginning of the

Drosophila embryo, the C. elegans embryo undergoes complete cytokinesis during

embryonic cell divisions. The zygote undergoes an asymmetric cleavage generating

a large anterior cell called AB and a small posterior cell called P1. While the

Drosophila pole cells are committed to the germline as soon as they are formed,

the P1 blastomere is not fully committed to the germline. Instead P1 undergoes three

more rounds of asymmetric division generating one daughter cell at each of these

divisions that acquires somatic fate (Fig. 6.2a), while the other daughter retains the

germline (P) fate (Sulston et al. 1983). This process of asymmetry between the

generation of the germline and somatic lineage necessitates (a) asymmetric segre-

gation of maternally produced germline components at each of these divisions to

the P lineage, (b) protection of germline components from degradation in the

germline lineage, and (c) resistance of acquisition of somatic fate by the germline

blastomeres P1, P2, P3, and P4 (Fig. 6.2b). These remarkable feats are accomplished

Fig. 6.2 Translational control during germ cell specification in C. elegans. (a) Schematic repre-

sentation of asymmetric cleavage and asymmetric distribution of maternal components. Pink dots
and tilde-like structures represent the germ granules and the maternal mRNAs, respectively. (b)

Distribution patterns of RBPs and nos-2 mRNA during early embryonic cleavages; colors
representing the different components are indicated at the bottom. Translation of nos-2 mRNA

is suppressed sequentially by OMA-1 and OMA-2 in oocytes (not shown here), by MEX-3 in the

AB blastomere, and by SPN-4 in the P lineage until P3. The rapid decrease in the SPN-4 to POS-1

ratio in P4 enables POS-1 to compete out SPN-4 for binding to the nos-2 30 UTR, which depresses
nos-2 translation in P4
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by a combination of transcriptional quiescence and sequential translational activa-

tion of maternal mRNAs.

Transcriptional quiescence in the P lineage is maintained by the maternal protein

PIE-1, which is segregated to, and maintained in, the P lineage (Mello et al. 1996;

Seydoux et al. 1996). PIE-1 suppresses transcription by preventing phosphorylation

of the carboxy-terminal domain (CTD) of RNA polymerase II, analogous to

Drosophila Pgc (Batchelder et al. 1999; Seydoux and Dunn 1997; Zhang et al.

2003). Meanwhile, sequential translational activation of maternal mRNAs such as

pos-1, apx-1, and pal-1 helps the somatic blastomeres arising from the P lineage to

acquire their respective somatic fates; however, due to the presence of PIE-1, the

corresponding germline siblings are protected from somatic differentiation (Hunter

and Kenyon 1996; Mello et al. 1992; Tabara et al. 1999). The role of PIE-1 in the

protection of germline identity is further underscored by the acquisition of somatic

fate by P4 in the pos-1mutant embryos. pos-1mutant embryos exhibit a reduction in

PIE-1 accumulation in the P4 blastomere simultaneous to PAL-1 inducing the

muscle fate (Tabara et al. 1999).

Although the mechanisms remain unclear, the persistence of maternal mRNAs

in the P lineage appears to be a consequence of transcriptional quiescence. The pie-
1 mutant P blastomeres activate mRNA transcription but fail to maintain the

maternal mRNAs. However, the degradation of maternal mRNAs can be

suppressed by blocking RNA polymerase II activity (Tenenhaus et al. 2001).

RNA-binding proteins produced from maternal mRNAs such as OMA-1, OMA-2,

MEX-3, SPN-4, and POS-1 control the translation of other maternal mRNAs

(Guven-Ozkan et al. 2010; Jadhav et al. 2008; Kaymak and Ryder 2013; Ogura

et al. 2003; Pagano et al. 2009; Spike et al. 2014b; Tabara et al. 1999). A well-

studied example is the translational control of nanos-2 (nos-2) mRNA, which

encodes a C. elegans ortholog of the Drosophila Nanos (Subramaniam and

Seydoux 1999). Translation of nos-2 mRNA is restricted to the P4 blastomere by

the sequential actions of the repressors OMA-1/2, MEX-3, SPN-4, and the

derepressor POS-1 (Fig. 6.2b) (Jadhav et al. 2008). Each of these proteins mediate

their effect by binding to the respective recognition sequences in the nos-2 30 UTR.
In P4 the SPN-4/POS-1 ratio decreases enabling POS-1 to bind to nos-2 3

0 UTR and

derepressing nos-2 translation. The translationally competent nos-2 mRNA pro-

duces NOS-2 which promotes PGC development.

6.3.1.3 Role of Translational Control During PGC Development

in Vertebrates

Akin to Drosophila oskar, the zebrafish buckyball (buc), a gene conserved across

vertebrates, acts as the primary germplasm organizer in zebrafish oocytes. The buc
mRNA is distributed throughout all the four blastomeres at the 4-cell stage, but the

protein localizes to the germplasm at the cleavage furrows. However, it is not clear

if translational regulation is responsible for this difference between the buc mRNA

and protein distribution (Bontems et al. 2009). Similar to C. elegans nanos-2
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mRNA, zebrafish nanos mRNA is translationally repressed via its 30 UTR in early

embryos and expressed only in PGCs (Koprunner et al. 2001). The zebrafish nanos
mRNA is repressed in the somatic cells of early embryo by the mir-430 miRNA,

which binds to the 30 UTR and promotes deadenylation (Mishima et al. 2006). This

repression is relieved in PGCs by a vertebrate-specific RBP called Dead end, which

inhibits the miRNA binding to the nanos 30 UTR (Kedde et al. 2007). Dead end is

conserved in all vertebrates and has been shown to be a component of germplasm

and required for germ cell development (Weidinger et al. 2003; Youngren et al.

2005).

Germ cell specification in mouse is an example for the induction mode.

Although this mode of germ cell specification is primarily regulated at the tran-

scriptional level, recently it has been shown that Blimp1, a transcriptional repressor

crucial for PGC development, is negatively regulated by let-7 miRNA. The let-7-
mediated suppression is eventually relieved by its negative regulator let-28 during

PGC specification (West et al. 2009). Separate studies have shown that the Blimp1 30

UTR contains target sites for let-7 binding and that the let-7 miRNA can suppress

its translation (Nie et al. 2008).

6.3.2 Translational Control During Mitosis–Meiosis
Decision

Genes that drive differentiation are often transcribed in the progenitor or stem cells.

Once transcribed these mRNAs are stored in the stem cells until the onset of

differentiation in a translationally silent state. The preeminence of translational

control in mitosis–meiosis decision in C. elegans and Drosophila has been recog-

nized for quite some time; recent studies support a similar role for translational

regulation in the mouse testis as well (Zhou et al. 2015). Furthermore, translational

control plays vital roles even in somatic adult stem cell maintenance (Crist et al.

2012). In both invertebrates and vertebrates, niche-dependent transcriptional regu-

lation and germ cell-intrinsic translational regulatory networks control the mitosis–

meiosis decision (Kimble 2011; Lehmann 2012).

6.3.2.1 A Complex RNA Regulatory Network Guides

the Mitosis–Meiosis Decision in C. elegans

The C. elegans gonad exhibits distal-proximal polarity with GSCs at the distal end

and mature gametes in the proximal region. The somatic cell called distal tip cell

(DTC) signals GSCs via the LAG-2 Delta ligand localized on its cell membrane and

the GLP-1 Notch receptor expressed in GSCs (Austin and Kimble 1987; Crittenden

et al. 1994; Henderson et al. 1994; Yochem and Greenwald 1989). GLP-1, together

with an “RNA regulatory loop” that is initiated by GLP-1 signaling, promotes self-
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renewal of the GSCs by inhibiting premature meiotic differentiation (Fig. 6.3). The

RNA regulatory loop consists of the nearly identical PUF paralogs FBF-1 and

FBF-2 (collectively called FBF), the KH domain RBP GLD-1, and the glp-1
mRNA. In the distal region, GLP-1 activates the transcription of FBF-2 (Lamont

et al. 2004), which, along with FBF-1, represses the translation of gld-1 mRNA

(Crittenden et al. 2002). As a result, GLD-1 expression is restricted to more

proximal cells where it activates meiotic differentiation. In addition, GLD-1

represses glp-1 translation—thus completing the regulatory loop—and thereby

reinforcing the fate switch (Marin and Evans 2003). Besides GLD-1, FBF inhibits

differentiation by repressing the translation of meiotic entry promoters GLD-2 and

GLD-3 and some of the meiotic machinery components (Eckmann et al. 2002;

Merritt and Seydoux 2010; Millonigg et al. 2014). Further, FBF represses the

translation of CKI-2, an inhibitor of CYE-1 cyclin E; CYE-1 and its kinase partner

CDK-2, in turn, phosphorylate and inactivate GLD-1 (Jeong et al. 2011;

Kalchhauser et al. 2011).

The size of the proliferation zone is controlled by both positive and negative

regulation of glp-1 mRNA translation. While GLD-1 represses glp-1 translation

(Marin and Evans 2003), the cytoplasmic polyA polymerase GLD-4 promotes it, in

part, by extending the polyA tail length (Millonigg et al. 2014).

Preventing differentiation of the GSCs, however, is not sufficient for their self-

renewal. PUF-8, another PUF family member, and the KH domain protein MEX-3

promote intrinsic GSC proliferation directly (Ariz et al. 2009). Germ cells lacking

PUF-8 and MEX-3, although capable of meiotic entry in the absence of GLP-1

activity, do not enter meiosis; interestingly, they do not proliferate either. These

observations suggest that the mRNAs regulated by PUF-8 and MEX-3 in the distal

germline are likely to control mitotic proliferation independent of their effect on

differentiation. The identities of these mRNAs are currently unknown. Interest-

ingly, PUF-8 also represses the proliferative fate in the transition zone, where it

functions redundantly with the GTPase-activating protein GAP-3 to inhibit the

LET-60 RAS activity. While PUF-8 represses the translation of let-60 mRNA,

GAP-3 inactivates LET-60 protein by promoting GTP hydrolysis. In the puf-8, gap-
3 double-mutant adult germline, the active form of LET-60 RAS, increases, due to

the loss of both mRNA- and protein-level controls, and activates the downstream

MPK-1 ERK signaling. Consequently, cells continue to proliferate without entering

differentiation (Vaid et al. 2013). However, the reasons underlying the yin-yang

function of PUF-8 in promoting both proliferation and differentiation are currently

an active area of investigation. Perhaps PUF-8 accomplishes this feat by interacting

with different factor(s) in the different regions of the germline, which probably

allows it to switch targets, analogous to its ortholog in Drosophila (see below).

At least three pathways dependent on translational control act redundantly to

promote meiotic entry in C. elegans (Fig. 6.3). (1) The GLD-1 pathway, containing
of the gene products GLD-1 and Nanos-3 (NOS-3) (Hansen et al. 2004; Kadyk and

Kimble 1998). Here, NOS-3 promotes GLD-1 expression by an unknown mecha-

nism. GLD-1 is a translational repressor and represses the translation of several

mRNAs including cye-1, pal-1, mex-3, cep-1, tra-2, and rme-2 mRNAs; however,
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the targets that may be directly relevant for meiotic entry have not been identified

(Biedermann et al. 2009; Jan et al. 1999; Lee and Schedl 2001; Mootz et al. 2004;

Schumacher et al. 2005). Since GLD-1 is as a translational repressor, the most

consistent hypothesis is that GLD-1 probably promotes meiotic entry by repressing

mRNA(s) that inhibit meiotic entry. (2) The GLD-1 pathway is composed of the

polyA polymerase (PAP) GLD-2 and its RNA-binding partner GLD-3 function

(Eckmann et al. 2004; Kadyk and Kimble 1998; Wang et al. 2002). Unlike the

canonical PAPs, GLD-2 lacks RNA-binding domain. Instead, it depends on other

RBPs such as GLD-3 and RNP-8 to polyadenylate its target mRNAs. GLD-2 can

promote meiotic entry independently of GLD-1; however, it has also been known to

partner with GLD-3 and promote gld-1 mRNA translation, suggesting a complex

interplay of these factors in maintaining the tight balance between mitosis and

meiosis (Suh et al. 2006). In addition, another noncanonical PAP called GLD-4 and

its RNA-binding partner GLS-1 also promote gld-1mRNA translation and regulate

GLD-1 protein levels. Thus, GLD-2 and GLD-4 act redundantly to promote the

translation of gld-1 mRNA (Schmid et al. 2009). (3) The GLD-4–GLS-1 pathway

promotes meiotic entry independent of GLD-1 and GLD-2, constituting the third

meiotic entry pathway (Millonigg et al. 2014). Besides the gld-1 mRNA, GLD-2

promotes the stability and translation of many other mRNAs, including oma-2, egg-
1, pup-2, and tra-2 mRNAs, in meiotic germ cells (Kim et al. 2010). However, the

Fig. 6.3 Translational control of the mitosis–meiosis decision in C. elegans. The LAG-2 ligand

produced by the somatic cell called the distal tip cell (DTC) activates the GLP-1 receptor present

on germ cells. This results in the transcriptional activation of the RBP FBF-2, which along with

FBF-1 inhibits meiotic entry by suppressing the translation of gld-1, gld-3, gld-2, and cki-2
mRNAs. The RBPs PUF-8 and MEX-3 promote proliferation, possibly by regulating the transla-

tion of unknown mRNAs. Although a single proliferating cell is shown in this cartoon, the mitotic

region extends to about 20-cell diameters from DTC. The entire proliferative zone comprises of a

total of ~200 cells. The schematic on the right represents a cell from the transition zone. In the

transition zone, GLP-1 activity and the levels of FBFs decrease, resulting in the expression of FBF

targets such as GLD-1 and GLD-2. GLD-1 represses the translation of glp-1 and unknown mRNAs

to promote meiotic entry. GLD-2 and GLD-4 (PAPs) promote GLD-1 expression. In addition,

these two PAPs promote meiotic entry independently of GLD-1 by regulating the translation of

unknown mRNAs. Furthermore, PUF-8 facilitates meiotic entry by repressing the translation of

let-60, which encodes RAS, a well-known proliferation-promoting factor, in this zone
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targets relevant to meiotic entry remain unknown for both GLD-2 and GLD-4.

Since these cytoplasmic PAPs act as translational activators, one hypothesis could

be that they promote the translation of mRNA(s) that promote meiotic entry, rather

than repressing an interfering factor.

6.3.2.2 The GSC Niche Operates a Bistable Translational Switch

to Control Self-Renewal and Differentiation Decisions

in the Drosophila Ovary

Signaling from the GSC niche and an internal translational network is crucial to

GSC maintenance in Drosophila ovary. Interestingly, different signaling cascades

operate in the female and male germlines: BMP pathway in the ovary and

JAK-STAT pathway in the testis [for a review see Lehmann (2012)]. Both promote

the GSC fate by preventing precocious differentiation. In this chapter we will limit

our discussion to the intrinsic factors acting downstream of the niche signaling in

female GSCs as they are better understood. In the ovary, the BMP-type ligands

Decapentaplegic (Dpp) and Glass bottom boat (Gbb) secreted by the niche repress

the transcription of bag of marbles (bam), which is a differentiation-promoting

factor, in GSCs (Chen and McKearin 2003; Song et al. 2004; Wharton et al. 1991;

Xie and Spradling 1998). Separately, Nos and the PUF protein Pumilio (Pum)

repress the translation of brain tumor (brat), mei-P26, and possibly a few other

differentiation-promoting factors (Harris et al. 2011; Joly et al. 2013). The require-

ment of Nos and Pum is crucial for the maintenance of GSCs: in the absence of Nos

or Pum, all GSCs differentiate, which depletes the ovary of GSCs (Forbes and

Lehmann 1998; Gilboa and Lehmann 2004).

In the Drosophila ovary, GSCs divide such that one daughter cell (GSC) stays

closer, and attached, to the niche, while the second daughter cell (cystoblast) forms

away from the niche and receives less Dpp signal as a consequence, repression of

bam is relieved in the cystoblast. Bam forms a complex with Sex-lethal, MeiP26,

and BGCN and represses the translation of nos mRNA (Li et al. 2009, 2013).

Reduction in Nos levels depresses brat translation, resulting in the accumulation of

Brat in the cystoblast. Brat partners with Pum and represses the translation of Dpp

signal transducers dMyc, Mad, Medea, and Schnurri, which reinforces the self-

renewal-to-differentiation fate switch in the cystoblast (Harris et al. 2011; Newton

et al. 2015). Thus, by changing its partner, from Nos in GSCs to Brat in cystoblasts,

Pum is able to change its translational targets, frommei-P26 and bratmRNAs in the

GSC to dMyc and mad mRNAs in the cystoblast, and enable these two cell types to

maintain their respective fates (Fig. 6.4). However, identities of the other transla-

tional targets of Nos-Pum and Brat-Pum, which are likely to be directly involved in

the execution of self-renewal or differentiation programs, are currently unknown. In

addition, miRNAs and the general transcriptional machinery have also been

suggested to play a role in GSC maintenance in the Drosophila ovary [for a review,
see Slaidina and Lehmann (2014)]. The function of Brat-Pum pair appears to be

restricted to enacting the self-renewal-to-differentiation fate switch; the continued
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presence of Pum is detrimental to the differentiation process, and its translation is

repressed at later stages by Rbfox1 (Carreira-Rosario et al. 2016).

6.3.2.3 Assembly of Differentiation-Promoting mRNAs into

Translationally Dormant mRNPs Maintains GSCs in the Mouse

Testis

In mammalian females, germ cells enter meiosis soon after arriving at the gonad

thus much of our current knowledge on mammalian GSC maintenance comes from

studies on males. Spermatogonial stem cells (SSCs)—the GSCs in mouse testis—

self-renew as well as differentiate amidst somatic cells called Sertoli cells. Fibro-

blast growth factor 9 (FGF9) and glial cell line-derived neurotrophic factor (GDNF)

secreted by Sertoli cells are essential for the self-renewal of SSCs (Barrios et al.

2010; Bowles et al. 2010; Meng et al. 2000). Although these two signals induce the

expression of a battery of transcription factors, one of the crucial downstream

targets is Nanos2 (Fig. 6.5). Unlike in the Drosophila ovary, the mouse Nanos2

does not seem to associate with a PUF ortholog. Instead, Nanos2 interacts with

another RBP, Dead end1 (DND1), to recruit differentiation-promoting mRNAs,

such as Sohlh2, Dmrt1, Dazl, and Taf7l, into mRNP complexes, where it represses

translation by interacting with the CCR4-NOT deadenylase complex and promoting

the deadenylation of the target mRNAs (Suzuki et al. 2012, 2016; Zhou et al. 2015).

Interestingly, not all mRNAs associated with the Nanos2 mRNPs are repressed at

the posttranscriptional level. A few pre-mRNAs, such as Sohlh1 and Taf7l, increase

in the absence of Nanos2, indicating a potential transcriptional control as well.

Fig. 6.4 Translational control of the self-renewal/differentiation decision in the Drosophila
ovary. In the Drosophila ovary, signaling from the niche (cap cells) suppresses bam transcription

in the GSC. Apart from this, Nos-Pum pair represses the translation of brat, mei-P26, and other

unknown mRNAs to prevent premature differentiation. The GSC divides such that one daughter

cell is oriented away from the niche and does not receive sufficient niche signals to suppress bam.
Bam forms a multi-protein complex with Mei-P26, Sex-lethal, and BGCN and suppresses nos
translation. Absence of Nos derepresses the bratmRNA leading to Brat expression, which partners

with Pum and inhibits the translation of dMyc, Mad, Medea, and Schnurri to promote

differentiation
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Furthermore, mere recruitment by Nanos2 alone is not sufficient; proper assembly

of the mRNP, which requires the core mRNP component Rck, is also essential for

translational suppression (Zhou et al. 2015). Apart from mRNAs, Nanos2 seques-

ters the mTOR protein as well to mRNPs and inhibits mTORC1 signaling pathway,

which is known to negatively regulate SSC self-renewal (Zhou et al. 2015). In

summary, maintenance of differentiation-promoting mRNAs in a translationally

dormant state by assembling them into mRNPs appears to be the principal mech-

anism by which the SSCs are maintained in mice.

6.3.3 Translational Control of Meiotic Progression
and Oocyte Maturation

Germ cells that enter differentiation execute two different developmental programs

simultaneously: one, progression through the meiotic divisions and the other,

gametogenesis. Exquisite control of translation, with great spatial and temporal

precision, governs meiotic progression and oocyte maturation. In fact, much of our

current knowledge of translational control mechanisms comes from studies on

oocyte maturation. In most organisms, germ cells progress through meiotic pro-

phase I and arrest at some point—the exact stage varies among species—prior to

metaphase I (M-I). During this arrest period, oocytes grow enormously in size

accumulating mRNAs and proteins required for the rest of oogenesis and early

embryogenesis and the various factors required for translation. However, only a

small fraction of the storedmRNAs is translated; others are stored in a translationally

dormant state waiting for appropriate stimuli. Upon induction by hormonal (Xenopus
andmammals) or sperm-derived (C. elegans) signals, the oocyte completes meiosis I

and arrests at metaphase II (M-II) till fertilization. The progression through M-I to

M-II, termed as oocyte maturation, is regulated by the translational activation of

Fig. 6.5 Nanos mRNP is

crucial for spermatogonial

stem cell maintenance in

mice. In mouse, GDNF and

FGF9 secreted by Sertoli

cells activate Nanos2

expression in SSCs. Nanos2

sequesters differentiation-

promoting mRNAs into

mRNPs along with

other RBPs
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some of the stored mRNAs. Premature translation of mRNAs is detrimental to the

development of fertilization-competent oocyte; hence strict translational control is

crucial during bothmeiotic progression and oocytematuration. In organisms ranging

from C. elegans to mammals, regulation of the polyA tail by cytoplasmic

polyadenylation is the principal mechanism of translation regulation during oogen-

esis. Nevertheless, other mechanisms are likely employed as well. The role of

translational control during meiotic progression has been more thoroughly studied

and better understood in the case of oogenesis in Xenopus and C. elegans; therefore,
we will restrict ourselves to these two examples here.

6.3.3.1 Multiple RNA-Binding Proteins Act to Maintain Meiotic

Commitment in C. elegans

Intriguingly, germ cells maintain mitotic potential even after initiating the meiotic

program. In female germ cells, GLD-1 is the key factor that prevents mitotic reentry

(Francis et al. 1995). Mutations in other genes, such as gld-2 and gld-4, also cause

dedifferentiation (Kadyk and Kimble 1998; Schmid et al. 2009), but since these

genes are known to promote gld-1 mRNA translation, the actual cause is possibly

the reduction in GLD-1 expression (Fig. 6.6). GLD-1 inhibits the reentry, at least in

Fig. 6.6 Translational regulation during meiotic progression, oocyte growth, and maturation in

C. elegans. A cartoon of the adult hermaphrodite gonad is shown at the top. Orientation: distal to
the left and proximal to the right. C. elegans gonad with different regions marked. Horizontal bars
indicate expression patterns of the RBPs that regulate meiotic progression and/or oocyte matura-

tion. Intensity variations of the color reflect the concentrations of the corresponding proteins. The

RBPs and their corresponding target mRNAs in the different stages of meiotic development are

shown at the bottom. See text for a more detailed description
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part, by repressing the translation of cye-1 mRNA: while germ cells return to the

mitotic mode after meiotic entry when GLD-1 is absent, they do not reenter mitosis

if both GLD-1 and CYE-1 are absent (Biedermann et al. 2009). The translation of

cye-1 mRNA is inhibited by at least one other factor, because the depletion of

CYE-1 increases the number of meiotic cells in gld-1 gld-2 double-mutant

germlines (Fox et al. 2011). Besides cye-1, GLD-1 represses a number of mRNAs

whose protein products function at a later stage either during oocyte growth

(RME-2) or embryonic patterning (MEX-3 and PAL-1). Premature translation of

these mRNAs severely affects meiotic progression; for instance, when both GLD-1

and MEX-3 are absent, meiotic cells transdifferentiate into somatic lineages due to

the ectopic translation of mRNAs encoding transcription factors such as PAL-1

(Ciosk et al. 2006). GLD-1 functions in spermatocytes as well, where it acts

redundantly with PUF-8 to arrest dedifferentiation, but the downstream targets in

this case are not known (Priti and Subramaniam 2015).

6.3.3.2 mRNPs Control the Translation of Maternal mRNAs During

Oocyte Maturation in C. elegans

Meiosis in developing C. elegans oocytes arrests at diakinesis of meiosis I. Oocytes

grow rapidly in size by taking up cytoplasmic contents from the syncytial germline

before closing off the cytoplasmic bridge. During this phase, while GLD-1 expres-

sion ceases, the expression of other RBPs such as LIN-41, MEX-3, OMA-1,

OMA-2, PUF-5, and SPN-4 begins (Detwiler et al. 2001; Draper et al. 1996; Lublin

and Evans 2007; Ogura et al. 2003; Spike et al. 2014a). These proteins together

form mRNPs and potentially control the translation of a large number of stored

mRNAs (Spike et al. 2014b). Specifically, LIN-41 controls oocyte growth by

inhibiting premature cellularization and M-phase entry; it accomplishes this, at

least in part, by repressing the translational of the CDK-1 activator CDC-25.3

(Spike et al. 2014a, b). In contrast, the nearly identical paralogs OMA-1 and

OMA-2 promote cellularization and M-phase entry in the arrested diakinetic

oocytes. In the oma-1 oma-2 double mutants, nuclear events such as the chromatin

localization of the Aurora B kinase AIR-2 and nuclear envelope breakdown fail to

occur, and the cytoplasmic streaming from the syncytial germline, which is

required for oocyte growth, continues for longer than the wild type resulting in

the formation of large oocytes (Detwiler et al. 2001; Govindan et al. 2009; Harris

et al. 2006). The OMA proteins repress the translation of several mRNAs, including

nos-2, glp-1, mom-2, zif-1, cdc-25.3, rnf-5, and rnp-1 mRNAs, in the oocyte

(Guven-Ozkan et al. 2010; Jadhav et al. 2008; Kaymak and Ryder 2013;

Oldenbroek et al. 2013; Spike et al. 2014b). How the OMA-mediated translational

repression of these mRNAs contributes to regulating oocyte growth and maturation

is yet to be explored. The PUF family proteins also contribute to oocyte develop-

ment. PUF-5, PUF-6, and PUF-7 function redundantly to promote oocyte forma-

tion. Another set of PUF proteins, PUF-3 and PUF-11, limit oocyte growth.

Although these PUF proteins control the translation of several mRNAs, the ones
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involved in oocyte formation and growth are unknown (Hubstenberger et al. 2012;

Lublin and Evans 2007).

6.3.3.3 Precise Temporal Sequence of Translational Activation Directs

Oogenesis in Xenopus

Since Xenopus produces large number of relatively big oocytes and oogenesis

proceeds in the absence of transcription, the Xenopus oocyte has been an excellent

model to investigate the mechanisms of translational control. During the arrest at

diplotene, oocytes produce and accumulate large amounts of mRNAs and other

translational accessories. Most of these mRNAs are stored in a translationally silent

state until the oocyte resumes meiosis. Translational quiescence is maintained by

the binding of an RBP called the cytoplasmic polyadenylation element binding

protein (CPEB), which binds to a specific sequence element in the 30 UTR termed

the cytoplasmic polyadenylation element (CPE) (Lin et al. 2010). CPEB interacts

with other proteins such as Maskin, which interacts with the initiation factor eIF4E

and prevents translational initiation (Barnard et al. 2005). In addition, CPEB

interacts with the PAP Gld2, the Xenopus ortholog of GLD-2 discussed above,

and the polyA ribonuclease PARN. While Gld2 extends the polyA tail, PARN

promptly shortens it through its function as a deadenylase (Barnard et al. 2004;

Copeland and Wormington 2001; Kim and Richter 2006; Korner et al. 1998).

When the oocyte resumes meiosis, translation of the stored mRNAs is activated

in a precise temporal sequence, which is crucial for the meiotic progression and

oocyte maturation (Fig. 6.7). Based on the timing of activation, the mRNAs are

classified as “early,” which are translated prior to the nuclear envelope breakdown

[or the germinal vesicle breakdown (GBVD)] in Xenopus, and “late,” which are

translated after GBVD. Unlike most mRNAs that are controlled by CPEB, transla-

tion of Ringo mRNA, a cyclin B-type protein, is under the control of the PUF

protein Pum2 (Cao et al. 2010; Padmanabhan and Richter 2006). Upon stimulation

by progesterone secreted by the follicle cells, Pum2 dissociates from the Ringo

mRNA, resulting in its translation. Ringo then activates Cdc2/Cdk1, which phos-

phorylate several proteins including CPEB and Musashi, an RBP that binds to

another 30 UTR element called MPE (Fig. 6.7b) (Arumugam et al. 2012b; Kim and

Richter 2007; Mendez et al. 2002). Activated by phosphorylation, Musashi recruits

Gld2, which extends the polyA tail of the “early” mRNAs, such as the ones

encoding Mos and cyclin B5, leading to their translational activation (Cragle and

MacNicol 2014). Expression of Mos and cyclin B5 is thus crucial for the transla-

tional activation of the “late” mRNAs. Mos activates the mitogen-activated protein

kinase (MAPK) pathway, which phosphorylates CPEB at sites distinct from the

ones phosphorylated by Ringo-Cdc2 (Keady et al. 2007; Posada et al. 1993; Sagata

et al. 1988). Thus, CPEB is phosphorylated by both the MAPK pathway and Ringo/

Cdc2. Depending on the CPEB-containing repression complex assembled on a

particular mRNA, any of several possible mechanisms respond to the CPEB

phosphorylation and activate translation [for a review see Charlesworth et al.
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(2013)]. For instance, in immature stage VI oocytes, PARN is expelled from the

CPEB complex in response to CPEB phosphorylation; in the absence of a compet-

ing deadenylase activity, the polyadenylation activity of Gld2 results in polyA tail

elongation (Barnard et al. 2004; Kim and Richter 2006). In addition, phosphoryla-

tion of CPEB by Cdc2 leads to the dissociation of embryonic polyA binding protein

(ePAB) from the CPEB-containing mRNP complex, which competes out Maskin

for binding to eIF4E allowing the recruitment of eIF4G to the initiation complex,

which enables translational initiation by promoting the binding of the 40S ribo-

somal subunit to the 50 cap (Fig. 6.7c) (Barnard et al. 2005; Cao et al. 2006; Cao and
Richter 2002; Kim and Richter 2007).

Fig. 6.7 Sequential activation of polyadenylation during oocyte maturation in Xenopus. (a)
Outline of the transcriptional and translational status at the key stages of oocyte maturation. (b)

Summary of the signaling cascade activated by progesterone during oocyte maturation. Proges-

terone stimulation releases Ringo mRNA from Pum2-mediated repression. Ringo associates with

Cdc-2, phosphorylates CPEB, Cdc-2, and Musashi. Phosphorylated Musashi recruits the PAP

Gld2 and activates translation of early class mRNAs. One of them is Mos mRNA. Mos activates

the MAPK pathway by phosphorylating MEK. MAPK in turn phosphorylates CPEB at a site

distinct from the one phosphorylated by Ringo/cyclin B-Cdc-2. (c) Phosphorylation of CPEB

activates translation of masked mRNAs. Translationally inactive (masked) mRNAs are bound by

CPEB, ePAB, PARN, Gld-2, and Maskin. Maskin binds to CPEB and eIF4E, blocking association

of eIF4E with eIF4G. Polyadenylation–deadenylation cycles by GLD2 and PARN keep the polyA

tail short. Phosphorylation of CPEB expels PARN, leading to polyA tail extension. Another factor

released from the complex is ePAB, which now binds to the polyA tail and associates with eIF4E

by competing out Maskin and recruits eIF4G leading to translation activation
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An important aspect of the activation of early mRNAs is the operation of at least

two positive feedback loops. In one, the initial association of Ringo-Cdc2 sets up a

positive feedback loop leading to rapid increase in the levels of active cyclin

B-Cdc2 (MPF). In this loop, Ringo-Cdc2 activates the Cdc25 phosphatase and

inactivates the Myt1 kinase (Karaiskou et al. 1999). Since Cdc25 activates Cdc2 by

removing a phosphate added by the Myt1 kinase, this leads to an increase in the

active form of Cdc2. The second positive feedback loop consists of two compo-

nents: phosphorylated Musashi activates the translation of its own mRNA; in

addition, the MAPK pathway, activated by Musashi via Mos, also phosphorylates

Musashi (Arumugam et al. 2012a, b).

Phosphorylation and activation of Musashi are thus essential for oocyte matu-

ration, while activation of either the cyclin B-Cdc2 or the MAPK pathway is

sufficient for this process (Haccard and Jessus 2006). This leads to the interesting

conundrum: how is it possible for the upstream activator (Musashi) of pathway

1 (Mos-MAPK) to be essential for a given process, while that pathway itself is

redundant with a second pathway (Cdc2), which in turn activates the upstream

activator (Musashi) of the first pathway.

6.4 Concluding Remarks

Translational control clearly plays a predominant role in germ cell development,

all the way from specification to gametogenesis, in diverse organisms. Functions

of some of the factors involved, notably the Nanos and PUF family proteins, are

well conserved pointing to the ancient origin of the central role for translational

regulation in the germline. Recent work has identified several key factors that

regulate translation in the germline. Some new mechanisms have emerged as

well. For instance, the formation of mRNPs as a way to store mRNAs in

translationally inactive state has emerged as a common theme in several species.

These findings have opened up several new questions for the immediate future.

The mRNA targets directly responsible for some of the key processes are not

known for many of the newly identified RBPs. Although we did not discuss the

role of small RNA molecules extensively in this chapter, their role in the

germline is just emerging. The mechanistic details of how mRNPs assemble

and what influences their dynamics are other central questions that need further

investigation.
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Chapter 7

Role of Cdc6 During Oogenesis and Early

Embryo Development in Mouse and Xenopus
laevis

Ewa Borsuk, Joanna Jachowicz, Malgorzata Kloc, Jean-Pierre Tassan,

and Jacek Z. Kubiak

Abstract Cdc6 is an important player in cell cycle regulation. It is involved in the

regulation of both S-phase and M-phase. Its role during oogenesis is crucial for

repression of the S-phase between the first and the second meiotic M-phases, and it

also regulates, via CDK1 inhibition, the M-phase entry and exit. This is of special

importance for the reactivation of the major M-phase-regulating kinase CDK1

(Cyclin-Dependent Kinase 1) in oocytes entering metaphase II of meiosis and in

embryo cleavage divisions, in which precise timing allows coordination between

cell cycle events and developmental program of the embryo. In this chapter, we

discuss the role of Cdc6 protein in oocytes and early embryos.
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7.1 Introduction

During oogenesis, the last round of DNA replication takes place just before entry

into meiosis. The next S-phase will occur after fertilization in the pronuclei of the

one-cell embryo. Proper control of the origins of replication (ORI) and assuring that

oocytes are unable to restart replication are of the key importance for the control of

oogenesis and the formation of female gametes with the right ploidy. The initiation

of replication is possible only after chromatin licensing, i.e., after assembly of the

pre-replication complexes (pre-RCs) on the origins of replication. The pre-RC

forms by the sequential loading of ORI with the following proteins: ORC (Origin

Recognition Complex), Cdc6 (Cell Division Cycle 6), and Cdt1 (Cycle-dependent

transcript 1). The presence of Cdc6 is essential for loading of the last component of

pre-RC, the MCM (Minichromosome Maintenance Complex), which has the

helicase activity. Correct formation of pre-RCs is indispensable for S-phase initi-

ation, and the absence of any component on the ORI prevents DNA replication. The

maintenance of the chromatin in replication repressive state, after termination of

DNA synthesis, is of equal importance in mitotic cell cycles and between the first

and second meiotic division. This is achieved by gradual detachment of some of the

replication-related proteins from the chromatin and maintaining them in chromatin

unbound, phosphorylated state. Besides its role in controlling initiation of DNA

synthesis, Cdc6 was recently also shown to be involved in M-phase regulation both

during meiosis (oocyte maturation) and during the first embryonic mitosis in

Xenopus and in the mouse. Therefore, this protein plays an essential role in cell

cycle regulation in oocytes and embryos.

7.2 Homologs and Isoforms of Cdc6 in Eukaryotes

Cdc6 protein is ubiquitous in all eukaryotes and has a high similarity even in

evolutionarily distant organisms. A gene similar to eukaryotic Cdc6 is also present

in Archeae. The function of Cdc6 was first defined in yeasts Saccharomyces
cerevisiae (Cdc6p) and Schizosaccharomyces pombe (Cdc18 gene) (reviewed by

Borlado and Mendez 2008). The proteins similar in structure and function to yeast

Cdc6 were found in Xenopus laevis and mice (Berger et al. 1999) as well as in

humans (Williams et al. 1997). Sequence analysis of Cdc6 in the NCBI GenBank

database shows that Cdc6 exhibits very high sequence similarity between various

organisms. For example, Cdc6 ofMus musculus is 60% identical to Xenopus laevis
and 40% to Drosophila melanogaster protein. This similarity is even higher

between human and mouse, where the homology is 80%. The number of amino

acids is also comparable, ranging from about 500 to 600. In the majority of

organisms, only one isoform of Cdc6 is present; in Xenopus it consists of

554 amino acids and in Drosophila it has 662 amino acids. The only report

demonstrating the existence of two isoforms of Cdc6 present simultaneously
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comes from the studies on mice and murine cell lines. Two isoforms of murine

Cdc6 are different variants of transcripts resulting from alternative mRNA splicing.

Variant 1 of Cdc6 gene transcript (# NM 011799.2 GenBank) was identified for the

first time in the sequences of mouse ES cells originating from cDNA library in BAC

(Bacteria Artificial Chromosome) (Berger et al. 1999). The variant 2 transcript (#

NM 001025779.1 GenBank) was discovered by MGC Program (Mammalian Gene
Collection Program) and identified for the first time in the brain tissue of mouse

embryo at 12.5 E (Strausberg et al. 2002). Variant 1 encodes isoform a and variant

2 isoform b of Cdc6 protein. Both isoforms have high homology because the longer

one (isoform a) includes the shorter one (isoform b). The function of each of the two

isoforms is unknown. It is also not obvious why mouse is so far the only organism

with two isoforms of Cdc6.

7.3 Motifs and Domains in Cdc6

All Cdc6 isoforms originating from different organisms have similar motifs and

domains. The main domain of Cdc6 protein is localized in its C-terminus. Its presence

is typical for replication-related proteins. The main function of this domain is binding

to DNA and organization of three-dimensional (tertiary) structure of Cdc6 (Marchler-

Bauer et al. 2011). The presence of AAA+ domain in Cdc6 locates this protein within

the family of ATPase proteins with the chaperon activity. This activity allows Cdc6

to influence the formation of protein complexes (Borlado andMendez 2008). Domain

AAA+ is a part of PTZ000112 multidomain whose function is linked to the interac-

tions with ORC proteins in the pre-replication complex (Marchler-Bauer et al. 2011).

The N-terminal region of Cdc6 protein contains the binding sites for Cyclin-

Dependent Kinases (CDKs) and the amino acids preferentially phosphorylated by

CDKs (Mimura et al. 2004; Borlado and Mendez 2008).

7.4 The Presence and Function of Cdc6 Protein During

Meiosis

7.4.1 Role of Cdc6 in Preventing S-Phase Initiation During
Meiosis

During oogenesis, the meiotic division is highly extended in time, and its progres-

sion is physiologically blocked twice: for the first time at the diplotene of prophase

of the first division and for the second time at the metaphase of second division

(MII). Last round of DNA replication before meiosis takes place in oogonia. The

next one will occur after fertilization in one-cell embryo. During the period of time

separating these two rounds of replication, the oocyte grows in size, acquires
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competence to meiotic maturation, and represses DNA synthesis. It is known that in

proliferating somatic cells the repression of DNA synthesis (which takes place in

G2) occurs mainly through the maintenance of the pre-RC proteins in phosphory-

lated state (Kelly and Brown 2000). It is possible that similar mechanism control-

ling the repression of the S-phase between the first and second meiotic division also

operates during oogenesis. Research performed on Xenopus oocytes revealed that

the Cdc6 protein plays a key role in this mechanism. In fully grown Xenopus
oocytes, blocked in the 1st prophase, the repression of replication is most probably

controlled at the level of pre-RC formation. Because the proteins of ORC complex,

such as Orc1, Orc2, Cdt1, and MCM, are present in the primary oocytes (Whitmire

et al. 2002), Cdc6 was predicted to be a key to controlling the formation of pre-RCs.

Indeed, the incubation of sperm chromatin in total, immature oocyte extract

revealed that the complete pre-RCs assembly occurred only when the extract was

supplemented with recombinant Xenopus Cdc6 protein. This proved that in imma-

ture oocytes the Cdc6 is the only missing pre-RCs component. Low levels of this

protein are detected for the first time at GVBD (Whitmire et al. 2002) or soon after

(Lemaı̂tre et al. 2002), and it persists during meiosis I. A significant increase in its

expression occurs at meiosis II. At the same time, the level of other components of

pre-RCs remains constant (Whitmire et al. 2002). Northern blot analysis showed

that cdc6 mRNA is stored as a maternal RNA in the primary oocytes and that

accumulation of Cdc6 protein can be blocked by injection of antisense cdc6
oligonucleotides into GV oocytes (Lemaı̂tre et al. 2002). The Cdc6 synthesis is

regulated at the translational level by polyadenylation of maternal mRNA. A shift

in electrophoretic mobility of cdc6 mRNA observed soon after GVBD is consistent

with its polyadenylation occurring during maturation. The repression of Cdc6

synthesis during prophase arrest and its reinitiation after GVBD was further con-

firmed by analysis of the behavior of exogenous vs. endogenous Cdc6 (Daldello

et al. 2015). GV-intact oocytes were injected with mRNA encoding Xenopus
histidine- or GST-tagged wild-type Cdc6 (his-WT-Cdc6 or GST-WT-Cdc6) and

stimulated with progesterone to initiate maturation. Both types of proteins were

translated at prophase I, but they were unstable and proteolytically degraded shortly

before GVBD. The degradation mechanism relies on a proteolytic system depen-

dent on Skp1-Cullins-F-box complex, in which Cdc4 is the F-box protein (SCFCdc4

). This mechanism is controlled by initial activation of CDK1 provoking GVBD and

the meiotic M-phase entry. In contrast, the absence of endogenous Cdc6 during

prophase arrest does not depend on degradation but on the repression of its

synthesis. Western blot analysis confirmed the lack of Cdc6 protein at various

stages of oogenesis (from stage I to full-grown stage VI), and inhibition of CDK1

activation or inhibition of the proteasome proteolytic activity is not sufficient to

promote Cdc6 stabilization. The endogenous Cdc6 protein is detected from 30 min

after GVBD and is present at MII (Daldello et al. 2015).

These results confirm the role of Cdc6 as a key protein in maintaining the

primary oocytes in replication repressive state. On the other hand, the timing of

Cdc6 appearance and its slow accumulation in maturing oocytes suggests that the

competence to pre-RC formation and DNA synthesis is achieved much earlier than

in one-cell embryo. Although the DNA replication between meiosis I and meiosis II
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is repressed, oocytes that were artificially forced, by inhibition of protein synthesis

with cycloheximide (CHX) treatment for 30–60 min after GVBD, to transit to

interphase will initiate the S-phase (Furuno et al. 1994). Depletion of cdc6
mRNA, by injection of antisense oligonucleotides before initiation of maturation,

prevents this unscheduled replication. This effect can be rescued by injection of

recombinant Cdc6 protein soon after GVBD (Lemaı̂tre et al. 2002). Treatment of

oocytes with CHX at the moment of GVBD also results in their transition to

interphase; however, in this case, the DNA synthesis does not occur (Furuno

et al. 1994). This result mirrors the Cdc6 expression pattern. Addition of CHX at

GVBD inhibits the first wave of Cdc6 synthesis (Lemaı̂tre et al. 2002; Whitmire

et al. 2002), which prevents the formation of pre-RCs. This was further proven by

rescuing DNA replication in maturing oocytes (treated with CHX at GVBD) by

injection of Cdc6 protein. This experimental protocol induced DNA replication in a

Cdc6 concentration-dependent manner. Moreover, replication induced by Cdc6

injection was aphidicoline sensitive suggesting that DNA replication rather than

DNA repair was taking place (Whitmire et al. 2002). All these data indicate the

existence of a mechanism controlling DNA replication competence in which Cdc6

plays a key role. According to this mechanism, the lack of Cdc6 protein in primary

oocytes provides a way to prevent pre-RCs formation and initiation of S-phase

during long period of oocyte growth. Cdc6 synthesis is initiated soon after GVBD

and the protein accumulates gradually, leading to the increased competence for

DNA replication during maturation. Similar mechanism, with Cdc6 protein as a key

regulator, was described also in mouse oocytes and other Eukaryotes

(Schizosaccharomyces pombe and Drosophila melanogaster) (Lemaı̂tre

et al. 2004) suggesting that this mechanism is evolutionarily conserved from

unicellular eukaryotes up to mammals.

The acquisition of a competence to replicate at the end of meiosis I was

unexpected because the lack of DNA synthesis between the first and second meiotic

division is crucial for the production of the haploid gametes. This is achieved by a

precise regulation of Cdc6 turnover in maturing oocytes. As described for Xenopus
oocytes, two mechanisms are involved in this regulation. The one is responsible for

Cdc6 stabilization and the other for its degradation (Daldello et al. 2015). The

stabilizing mechanism is set up when CDK1 activity is established in MI. The

analysis of interaction of Cdc6 (both exogenous and endogenous) with CDK1–

Cyclin B complexes suggests that the presence of active complexes and

nondegradable Cyclin B accounts for Cdc6 stabilization in MI and during entry to

MII (Daldello et al. 2015). However, during the first hour after GVBD, the

accumulation of Cdc6 is slow due to the antagonistic effects of Cyclin B (which

acts as a positive regulator) and Mos-MAPK pathway (which exerts negative effect

on Cdc6 accumulation). Inhibition of Cyclin B by injection of antisense oligonu-

cleotides into prophase-arrested oocytes, which were stimulated to initiate matura-

tion by progesterone treatment, resulted in much delayed accumulation of Cdc6. In

contrast, inhibition of Mos synthesis and, in consequence, the lack of MAPK

phosphorylation/activation lead to earlier accumulation of Cdc6 (Daldello

et al. 2015). These two antagonistic activities control the Cdc6 level. At the end

of meiosis I, the levels of Cdc6 are not sufficient to inhibit CDK1 activation,
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although they are sufficient to promote pre-RC formation and DNA synthesis in

oocytes experimentally forced to enter interphase. When the oocyte proceeds

through meiosis and arrests at metaphase II the Cdc6 is stabilized by its interaction

with newly synthesized Cyclin B. The negative effect of Mos-MAPK is bypassed

and Cdc6 is able to accumulate. The competence to replicate DNA is already

established in MII but is repressed by stable and highly active CDK1. Such a

model, proposed by Daldello et al. (2015), puts Cdc6 in a position of a crucial

player in the control of correct progression of events during subsequent meiotic

divisions.

The fully grown GV oocytes of Xenopus and mouse lack Cdc6, which explains

their incompetence for DNA replication. However, the nuclei of growing mouse

oocytes are able to synthesize DNA when they are fused with parthenogenetic

one-cell embryos or with single blastomeres from two-cell embryos derived from

in vivo fertilized oocytes (Czołowska and Borsuk 2000). Immunofluorescent anal-

ysis of pre-RC proteins revealed that Cdc6 protein in its chromatin bound, insoluble

form is present in the nuclei of growing mouse oocytes (Borsuk and Czolowska

2010; Fig. 7.1). Some other components of pre-RC proteins such as Mcm2, -6, and

-7 (Swiech et al. 2007) and Orc2 (Czajkowska, personal information) were also

detected. All these proteins, except Cdc6, undergo pronounced rearrangement in

hybrid cells, which is probably the prerequisite for the formation of functional

pre-RCs and initiation of replication (Borsuk and Czolowska 2010). However, in

physiological conditions, the S-phase is efficiently repressed during the oocyte

growth period, despite the presence of above-mentioned proteins. It is likely that

(a) the accumulation of these proteins in insoluble granules, (b) the presence of
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Fig. 7.1 Changes in Cdc6 levels and localization of its chromatin-bound form during oogenesis

and at G1-phase of the first cell cycle of mouse embryo
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Cdc6 in regions of constitutive heterochromatin, and (c) the lack of insoluble form

of some other proteins (such as Mcm6) prevent the formation of pre-RCs (Swiech

et al. 2007; Borsuk and Czolowska 2010). The rearrangement of chromatin from

NSN (non-surrounded nucleolus) to SN (surrounded nucleolus) in fully grown

oocytes (Debey et al. 1993; Zuccotti et al. 1995) is accompanied by detachment

of replication-related proteins from chromatin (Fig. 7.1). After leaving the nucleus,

they remain in oocyte cytoplasm in soluble form until G1 of the first cell cycle when

they are transported into the pronuclei and attach to the chromatin (Swiech

et al. 2007; Fig. 7.1).

7.4.2 Role of Cdc6 in the Progression of Meiotic Division

The early expression of Cdc6 during oocyte maturation, at the time when its function

as a replication factor is not necessary, suggests that Cdc6 may play an additional role

in meiosis, such as involvement in chromosome segregation or spindle assembly and

function. Several pre-RC proteins exhibit such functions that are unrelated to DNA

replication. For instance, Orc1, Orc2, and Orc6 have been shown to be involved in

centrosome duplication and chromosome segregation in mitotic cells (Hemerly

et al. 2009; Prasanth et al. 2004; Prasanth et al. 2002). The immunofluorescent

staining of Cdc6 protein in maturing Xenopus oocytes revealed its concentration

around barrel-shaped microtubule arrays, which surround condensed chromosomes

15 min after GVBD (Narasimhachar et al. 2012). Along with the formation of

metaphase I spindle, the Cdc6 moves towards the spindle poles, forming, at first,

two cup-like structures and eventually concentrating at the spindle poles. The animal

pole of the spindle, which is attached to the animal cortex of the oocyte, shows higher

intensity of Cdc6 staining than the vegetal pole-oriented one. This may suggest a

potential involvement of Cdc6 protein in the attachment of spindle to the oocyte

cortex. It has been shown that during telophase I/cytokinesis I, the fraction of Cdc6

was extruded in the first polar body along with the group of chromosomes and one

spindle pole. During the second meiotic division, the distribution of Cdc6 within the

meiotic spindle was similar to its distribution during meiosis I (Narasimhachar

et al. 2012). Altogether, these data suggested that Cdc6 protein is also involved in

meiotic spindle assembly and its attachment to the animal pole of the oocyte. To

verify this hypothesis, both mRNA and Cdc6 protein were depleted from Xenopus
oocytes by injection of antisense oligonucleotides and an antibody against Cdc6 prior

the initiation of maturation. Depending on the concentration of antisense oligonucle-

otides, the formation of abnormal monopolar or multipolar meiotic spindles was

observed. Even when Cdc6 protein was not completely depleted, as judged by the

presence of weak protein staining at the spindle poles, the spindle assembly and its

attachment to the cortex were defective. Moreover, the extrusion of the first polar

body was never observed. Further increase of injected antisense oligonucleotides

concentration resulted in complete depletion of Cdc6 and the lack of any microtu-

bules associated with condensed chromosomes (Narasimhachar et al. 2012). Alto-

gether, these data support the idea that in maturing Xenopus oocytes, the Cdc6 is

7 Role of Cdc6 During Oogenesis and Early Embryo Development in Mouse and . . . 207



indispensable for meiotic spindle assembly and its attachment to the cortex and

therefore for chromosome segregation. Although it is not known how the Cdc6

functions in this capacity, the possible mechanism may be similar to the one involved

in the formation of MTOC-TMA (microtubule-organizing center-transient microtu-

bule array), the acentriolar centrosome that gathers and transports condensed chro-

mosomes to the animal cortex. The localization of Cdc6 is reminiscent of localization

of NuMa, one of the centrosomal proteins that accumulates at spindle poles both

during meiosis and mitosis (Sun and Schatten 2006) and whose presence is critical for

the establishment of functional spindle poles. It seems probable that Cdc6 may

interact with NuMa and participate in this process.

Surprisingly, in MII mouse oocytes, the Cdc6 is present on chromosomes instead

of the spindle poles (Anger et al. 2005; Fig. 7.1), with higher concentration at the

kinetochores (our unpublished data). Depletion of the Cdc6 mRNA from GV-intact

oocytes by injection of specific dsRNA resulted in the lack of maturation-associated

increase in Cdc6 protein in the oocytes, which were allowed to resume meiosis.

Although these oocytes underwent GVBD, they failed to reach metaphase I. The

morphological analysis revealed the lack of proper meiotic spindle or any micro-

tubules connected with chromosomes. The chromosomes were condensed, but they

formed a hollow sphere instead of distinguished bivalents organized in metaphase

plate. Because the MPF and MAPK were normally and fully activated in oocytes

injected with Cdc6 dsRNA, it is obvious that the failure to form bivalents and

spindle was a direct effect of lack of Cdc6.

Despite the differences in the localization of Cdc6 between maturing oocytes of

Xenopus and mouse, the role of this protein in organization of metaphase plate and

chromosome segregation is unquestionable. The molecular mechanism underlying

this function remains unknown and needs to be further investigated.

7.5 Inhibition of CDK1 by Cdc6 and Its Role in Regulation

of Timing of Mitotic Divisions in Embryos

It has been shown in HeLa cells that Cdc6 is actively involved in inhibition of the

major M-phase kinase CDK1 upon mitotic exit (Yim and Erikson 2010). The

involvement of Cdc6 in CDK1 inhibition before and during mitotic M-phase was

postulated by several studies (Calzada et al. 2001; Clay-Farrace et al. 2003; Green-

wood et al. 1998). Using cell-free extract of Xenopus laevis embryos obtained just

before the first embryonic mitosis, we have shown that Cdc6 indeed inhibits CDK1

and determines both the timing of M-phase entry and the level of CDK1 activation

during mitosis (El Dika et al. 2014). Recombinant Cdc6 added to the extract before

the entry into M-phase delayed or abolished CDK1 activation in a dose-dependent

manner. Alternatively, the reduction in Cdc6 level via (a) degradation of Cdc6

through addition of norcantharidin (Li et al. 2006), (b) addition of blocking

antibodies against Xenopus Cdc6 thus neutralizing its function, or

(c) immunodepletion using the same antibody results in accelerated M-phase
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entry and an increase in the level of CDK1 above normal physiological levels. Also

the profile of CDK1 activation was altered: the slow phase of activation of CDK1

was highly reduced or abolished. In consequence, CDK1 activation proceeded

immediately from the minimum to the non-physiologically high maximum (see

Fig. 7.2).

Importantly, the addition of recombinant Cdc6 completely rescued the pheno-

type: the timing of M-phase entry came back to normal, CDK1 activation changed

profile, the slow phase of activation was reestablished, and the final maximal level

was also rescued. These results show that Cdc6 behaves like CDK1 inhibitor, and

the experimental modifications of the timing and the mode of this kinase activation

were solely due to the modifications of Cdc6 levels before and during the M-phase.

To verify whether Cdc6 plays the same role in intact embryos, the timing of

M-phase entry in mouse zygotes was studied (El Dika et al. 2014). Norcantharidin

treatment as well as anti-MmCdc6 injection clearly accelerated mitotic initiation

showing that interfering with Cdc6 level or activity speeds up mitosis. This shows

that Cdc6 plays its mitotic role by controlling CDK1 activity and the dynamics of

its activation not only in Xenopus embryo cell-free extract but also in intact

mammalian cells.

Most probably, Cdc6 does not inhibit CDK1 directly because it has very

different structure from all known bona fide CDK inhibitor proteins. It is therefore

plausible that Cdc6 allows association of CDK1 with its inhibitor protein. It has

been shown that during S-phase, the Cdc6 has an opposite activity to another CDK

enzyme, the CDK2 (Kan et al. 2008; Uranbileg et al. 2012). In this case, Cdc6
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promotes separation of p21WAF1/CIP1 and p27KIP1 inhibitors from CDK2

allowing its activation. It is therefore tempting to speculate that Cdc6 may act as

an intermediary between CDK enzymes and their inhibitors and activates some of

them (e.g., CDK2) and inactivates others (CDK1). Because the CDK2-activating

process is regulated by phosphorylation (ibid.), one can speculate that during

M-phase the specific phosphorylation events may regulate the opposite action of

Cdc6, i.e., association of p21WAF1/CIP1 or p27KIP1 with CDK1. If this hypoth-

esis is true, then Cdc6 could act as a platform regulating association of CDK

enzymes with their inhibitors.

7.6 Conclusions

Recent studies have shown that Cdc6 plays essential roles in oocytes and embryos.

By controlling both the S-phase and M-phase, the Cdc6 is an important regulator of

the cell cycle during oogenesis and early embryo development. Specific modifica-

tions of Cdc6 metabolism/accumulation regulate the ability of oocytes to replicate

DNA during meiotic divisions. Cdc6 is also indispensable for DNA replication in

embryos and somatic cells. The involvement of Cdc6 in M-phase regulation in

zygotes suggests that it also controls the timing of embryonic mitoses.
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Chapter 8

Oocyte Activation and Fertilisation: Crucial

Contributors from the Sperm and Oocyte

Marc Yeste, Celine Jones, Siti Nornadhirah Amdani, and Kevin Coward

Abstract This chapter intends to summarise the importance of sperm- and oocyte-

derived factors in the processes of sperm–oocyte binding and oocyte activation.

First, we describe the initial interaction between sperm and the zona pellucida, with

particular regard to acrosome exocytosis. We then describe how sperm and oocyte

membranes fuse, with special reference to the discovery of the sperm protein

IZUMO1 and its interaction with the oocyte membrane receptor JUNO. We then

focus specifically upon oocyte activation, the fundamental process by which the

oocyte is alleviated from metaphase II arrest by a sperm-soluble factor. The identity

of this sperm factor has been the source of much debate recently, although mounting

evidence, from several different laboratories, provides strong support for phospho-

lipase C ζ (PLCζ), a sperm-specific phospholipase. Herein, we discuss the evidence

in support of PLCζ and evaluate the potential role of other candidate proteins, such
as post-acrosomal WW-binding domain protein (PAWP/WBP2NL). Since the cas-

cade of downstream events triggered by the sperm-borne oocyte activation factor

heavily relies upon specialised cellular machinery within the oocyte, we also discuss

the critical role of oocyte-borne factors, such as the inositol trisphosphate receptor

(IP3R), protein kinase C (PKC), store-operated calcium entry (SOCE) and calcium/

calmodulin-dependent protein kinase II (CaMKII), during the process of oocyte

activation. In order to place the implications of these various factors and processes

into a clinical context, we proceed to describe their potential association with oocyte

activation failure and discuss how clinical techniques such as the in vitro maturation

of oocytes may affect oocyte activation ability. Finally, we contemplate the role of

artificial oocyte activating agents in the clinical rescue of oocyte activation defi-

ciency and discuss options for more endogenous alternatives.
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8.1 Introduction: A Global View of Fertilisation

In mammals, fertilisation is defined by the process in which a capacitated sperma-

tozoon binds to the zona pellucida (ZP), fuses with the oocyte membrane and

activates the oocyte, a series of events which subsequently results in the start of

embryogenesis (Yeste 2013a). In mammals, this process occurs internally, within

the fallopian tube (Suarez and Pacey 2006) which provides the optimal environ-

ment for sperm–oocyte interaction (Yeste 2013b).

In order for a spermatozoon to interact with the oocyte, it must have previously

been capacitated (Yeste 2013b). Sperm capacitation consists of a wide array of

changes, including Ca2+ influx, phosphorylation of crucial sperm proteins, changes

in sperm motility patterns and an increase in membrane lipid disorder (Aitken and

Nixon 2013). As a result of these changes, both sperm plasma and the outer

acrosome membranes become more fusogenic, which ultimately provides the

sperm with the ability to trigger the acrosome reaction (Yeste 2013b). While recent

data indicate that acrosomal exocytosis arises before the sperm interact with the ZP

(La Spina et al. 2016), the actual binding of the sperm head with ZP is known to be

mediated by glycoproteins (T€opfer-Petersen et al. 2008), a feature which has been

demonstrated in several mammalian species.

Following the successful passage of sperm through the ZP, the equatorial region

of the acrosome-reacted spermatozoon is exposed, allowing for the sperm protein

IZUMO1 to interact with its oocyte receptor JUNO (Bianchi et al. 2014). As a result

of this interaction, membrane fusion occurs in a process that is yet to be fully

understood and the spermatozoon is engulfed by the cytoplasm. Upon membrane

fusion, the oocyte is activated, triggering a series of Ca2+ oscillations which will

result in the cortical reaction, release of the oocyte from meiosis II (MII) arrest and

eventually the induction of embryogenesis (Williams 2002; Kashir et al. 2010). The

following sections will describe each of these distinct steps in detail.

8.2 Interactions Between Sperm and the Zona Pellucida

Precise interaction between sperm and the zona pellucida (ZP) involves glyco-

proteins from the sperm head which recognise specific oligosaccharide ligands on

ZP-glycoproteins.

8.2.1 ZP-glycoproteins

In mammals, the ZP is made up of more than one glycoprotein, and the exact

number of different glycoproteins that together constitute the ZP varies across

species (Harris et al. 1994). While the ZP is composed of four glycoproteins in
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humans (Lefièvre et al. 2004; Conner et al. 2005), non-human primates (Goudet

et al. 2008), cats (Stetson et al. 2015), rats (Hoodbhoy et al. 2005) and hamsters

(Izquierdo-Rico et al. 2009), only three glycoproteins are required to constitute the

ZP in mice, cattle and pigs (Noguchi et al. 1994; Goudet et al. 2008; Mugnier et al.

2009).

The function of these different ZP-glycoproteins differs. ZPB/ZP4 and ZPC/ZP3

are involved in sperm recognition and primary binding (Kudo et al. 1998; Yurewicz

et al. 1998), whereas ZPA/ZP2 is involved in secondary binding with the inner

acrosomal sperm membrane. Binding of ZP with sperm is mediated by N- and

O-glycans attached to ZP-glycoproteins. Particularly, sialyl-Lewisx sequence

[NeuAcα2-3Galβ1-4(Fucα1-3)GlcNAc] is the dominant antenna sequence of

these N- and O-glycans in humans (Pang et al. 2011). Moreover, following sec-

ondary binding, the cortical reaction is triggered and the released proteases cleave

ZPA/ZP2 causing the ZP to harden and thus prevent polyspermia (Gupta et al.

2012).

8.2.2 Do ZP-glycoproteins Induce the Acrosome Reaction?

Acrosome-reacted sperm are able to penetrate the ZP. This takes place by alternate

cycles of sperm–ZP binding and limited proteolytic digestion through the ZP

matrix. The force exerted by the forward motility of capacitated sperm also

contributes to ZP penetration (O’Rand et al. 1986; Green 1987). During the

acrosome reaction, proacrosin (the inactive form) is converted into acrosin, an

active serine protease. Across mammalian species, proacrosin shows high affinity

for sulphated oligosaccharide chains on ZP-glycoproteins, which also appear to be

involved in the process of converting proacrosin to acrosin (T€opfer-Petersen et al.

2008). These activation properties and the regulation of acrosin activity rely heavily

upon spatial proximity between polysulphate-binding sites and the localisation of

proacrosin/acrosin (Tranter et al. 2000).

The acrosome reaction involves phospholipases, such as phospholipase A2

(PLA2), although the exact role of PLA2 isoforms has yet to be completely

addressed. While it has been reported that an intracellular PLA2 isoform, known

as iPLA2β, is involved in spontaneous acrosome reaction, it appears that both

iPLA2β and a secreted PLA2 (mGX sPLA2) are involved in the acrosome reaction

and are induced by progesterone, at least when this hormone is at low concen-

trations. Indeed, when progesterone is at a concentration similar to that found in

cumulus cells, the involvement of these two isoforms relies upon the moment at

which the acrosome reaction is triggered. Therefore, the iPLA2β isoform appears to

be involved in early progesterone-induced acrosome reaction (0–5 min), while

mGX sPLA2 participates in late acrosome exocytosis (20–30 min; Abi Nahed

et al. 2016). In contrast, when progesterone is at high concentrations (10 μM),

either other phospholipases are involved (PLA1, PLB, PLD1) or another pathway is

triggered by progesterone.
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Currently, it is not fully understood how, and at what point, the acrosome

reaction is triggered, although it is clear that only capacitated sperm may undergo

acrosome exocytosis. As reviewed by Buffone et al. (2014), three different scenar-

ios have been proposed in order to explain how the acrosome reaction occurs in the

fallopian tube.

The classical view is that the acrosome reaction takes place upon the ZP surface

and involves specific interactions between key molecules. Following primary

binding, proacrosin is activated to acrosin, which initiates the acrosome reaction

and permits secondary binding. In this instance, acrosome-intact sperm would

interact with specific ZP proteins such as ZPC/ZP3 in the mouse and ZP1,

ZPC/ZP3 and ZPB/ZP4 in the human. This view was based upon the observation

that samples of solubilised ZP triggers the acrosome reaction in sperm from humans

and other mammalian species (Cross et al. 1988). Although this classical view was

predominant over many decades, other factors in the fallopian tube, such as the

presence of progesterone in the follicular fluid, were reported to exert a priming role

in the ZP-mediated induction of the acrosome reaction (Schuffner et al. 2002;

Munuce et al. 2006), and this led to researchers to put forward alternative models.

Therefore, a second model emerged which stated that the acrosome reaction occurs

at the level of the cumulus cells and is triggered by factors released by these cells. A

third model, however, hypothesises that the acrosome reaction arises in the

fallopian tube before reaching the cumulus cells, and it is triggered by factors

present in the oviduct or released by the cumulus cells (Buffone et al. 2014).

While there is a significant consensus of opinion in support of the acrosome

reaction being triggered when sperm interact with ZP-glycoproteins, the current

view indicates that sperm binding to the ZP is not sufficient to induce this reaction.

Indeed, in vitro fertilisation (IVF) experiments have shown that acrosome exo-

cytosis occurs prior to sperm interaction with the ZP, indicating that proteins within

the ZP are not the main inducers of the acrosome reaction (reviewed by Buffone

et al. 2014). In addition, although some authors suggested that contact of sperm

with cumulus cells could trigger the acrosome reaction, recent studies in mice

indicate that acrosome exocytosis takes place in the upper isthmus of the fallopian

tube, so that only few sperm are still acrosome intact when they reach the ampulla

(La Spina et al. 2016). This recent view suggests that, at least in murine species, the

acrosome reaction is not triggered when sperm bind to, or is in the vicinity of, the

ZP, but rather that progesterone released from the cumulus cells, and flowing

downstream of the oviduct, is able to initiate the acrosome reaction earlier on.

Another interesting issue is how sperm degrade the ZP matrix. Although, as

aforementioned, sperm serine proteases (mainly acrosin) have been thought to play

a major role in such degradation; recent data indicate that metalloproteases and the

sperm proteasome also participate in the degradation of ZP proteins (Saldı́var-

Hernández et al. 2015).
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8.2.3 Sperm Receptors for ZP-proteins in Mammals

The interaction between sperm and the ZP takes place in two steps: primary and

secondary binding. However, whether one or more than one sperm protein acts as a

receptor for ZP-glycoproteins is still being investigated (Barroso et al. 2009). Thus

far, separate studies, conducted in different species, have suggested the following

primary sperm receptors for ZP: a 95 KDa protein kinase, the sperm receptor for

ZPC/ZP3 (also known as sp56), zonadhesin, β1,4-galactosyltransferase, SED1 and

ADAM3 (Bookbinder et al. 1995; Gao and Garbers 1998; Bi et al. 2003; Tardif and

Cormier 2011; Gupta 2014). With regard to secondary binding, proacrosin is known

to play a crucial role (Honda et al. 2002).

A recent study by Tanphaichitr et al. (2015) attempted to shed light on these

points and has reported that proteins in the sperm head form high molecular weight

complexes which bind to the ZP. These complexes contain acrosomal proteins,

such as zonadhesin, proacrosin and acrosin binding protein (ACRBP). On the other

hand, evidence exists to indicate that other proteins are also involved in sperm–ZP

interaction. For example, sperm devoid of Heat Shock Protein A2 (HSPA2) are

unable to interact with the ZP. In this context, it is important to note that BCL2-

associated athanogene 6 protein (BAG6) has recently been identified as an inter-

acting protein involved in the regulation of HSPA2 function in human sperm

(Bromfield et al. 2015). Furthermore, it has recently been reported that the epi-

didymal protein Cysteine-Rich Secretory Protein 1 (CRISP1), which associates

with the sperm membrane during epididymal maturation and is involved in the

sperm–oocyte fusion (Cohen et al. 2001), also interacts with ZPC/ZP3 (Maldera

et al. 2014). These results concur with previous studies conducted in rodent species

(Busso et al. 2007). Other research has shown that glutathione S-transferase M3

interacts with ZBP/ZP4 and that voltage-dependent anion channel 2 (VDAC2)

interacts with ZPA/ZP2 and ZPC/ZP3 (Petit et al. 2013).

At present, no molecule has been unequivocally established as a primary sperm

receptor for ZP-glycoproteins. We know that different sperm proteins interact with

the ZP, although we have yet to address whether such proteins act synergistically.

Another relevant issue that warrants further research relates to acrosomal proteins

which exhibit affinity for the ZP; it remains to be elucidated whether these proteins

bind to the ZP before or after the acrosome reaction.

Finally, one should note that many of the existing studies of interaction between

ZP-glycoproteins and sperm have been conducted in mice, and care must be taken

when extrapolating these data to the human because of the reasons illustrated

below. Firstly, because the mouse ZP is composed of three glycoproteins, while

the human ZP is made up of four. Secondly, the ZPC/ZP3 and ZPA/ZP2 have been

identified as primary and secondary receptors, respectively, in mouse sperm, but in

humans, primary binding is mediated by ZP1, ZPC/ZP3 and ZBP/ZP4 (reviewed by

Gupta 2015). In addition, since some studies have used recombinant ZPs, more

research is required in order to confirm whether interactions between recombinant

ZPs and sperm proteins also occur in native forms.
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8.2.4 Sperm Passing Through the ZP and ZP Hardening

The precise way in which proacrosin acts during fertilisation has also become the

source of much debate over the last decade or so. Indeed, it is generally accepted

that binding first occurs to the acrosome, and then secondary binding occurs to the

ZP after which the ZP digests (Honda et al. 2002). However, a knockout mouse null

for acrosin showed delayed fertilisation but normal fecundity and viable offspring

(Adham et al. 1997). For this reason, the model has now been refined and has

indicated that the crucial role of acrosin is related to ZP binding, rather than ZP

hydrolysis. Mao and Yang (2013) suggested that sperm only require a smooth

pathway and not the complete hydrolysis of ZP in order to reach the oolemma. In

addition, since acrosin quickly disappears following the acrosome reaction, it has

been suggested that its direct role in ZP hydrolysis is not as crucial as previously

thought. However, it is possible that acrosin is involved in the activation of other

acrosomal proteins rather than in the digestion of ZP itself. This hypothesis

deserves further research but requires the identification of other acrosin substrates

(reviewed by Mao and Yang 2013).

Furthermore, Dietzel et al. (2013) found that Fetuin-B (FETUB) is involved in

the regulation of ZP hardening via the inhibition of ovastacin (ASTL1), an oocyte-

specific member of the astacin family of metalloendoproteases in cortical granules,

which cleaves ZPA/ZP2 (Burkart et al. 2012). This indicates that beyond the direct

binding of ZP and sperm proteins, there are other factors that also intervene in the

precise regulation of this interaction.

8.3 Fusion of Sperm and Oocyte Membranes

It has been established that the equatorial/post-acrosomal region of an acrosome-

reacted spermatozoon adheres to and fuses with the oolemma because the plasma

membrane of this region remains intact following acrosome exocytosis (Stein et al.

2004). A range of different candidate proteins have been suggested to be involved

in the specific binding/fusion of sperm and oocyte membranes, although the specific

role of some of these molecules remains to be validated (Vjugina and Evans 2008).

Two cysteine-rich secretory proteins (CRISP) isolated from sperm have been

found to play a role in key interactions: the epididymal protein CRISP1 is suggested

to interact with the ZP (mainly with ZP3) and the oolemma, while the testicular

protein TPX1 (CRISP2) also interacts with the oocyte membrane (Busso et al.

2005; Vadnais et al. 2008; Cohen et al. 2011; Maldera et al. 2014). Other sperm

proteins involved in the binding of sperm and oocyte membranes include equatorin,

a protein localised to the inner acrosome membrane, SPACA6, ADAM-1, ADAM-2

and IZUMO1 (Toshimori et al. 1998; Inoue et al. 2005, 2008). Given the pivotal

role of IZUMO1, its role will be discussed later in this chapter.
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With regard to oocyte proteins, previous studies in mammals have clearly

emphasised the role of integrins (αvβ1 and β1), and integrinβ1 was suggested to

recognise sperm protein ADAM-2 (Blobel 2000; Linfor and Berger 2000). How-

ever, the involvement of integrins in sperm and oocyte fusion has been dismissed in

humans (Sengoku et al. 2004). Another oocyte protein suggested to be involved in

the binding of sperm and oocyte membranes is P-selectin (Fusi et al. 1996).

Moreover, bioinformatic tools have further suggested that the oocyte proteins

CD151 and CD9 interact with the sperm protein CD49 and also led to hypothesise

that oocyte protein CD81 interacts with sperm protein ITGA4 (Sabetian et al.

2014). Notwithstanding, this approach strongly indicated that the oocyte protein

CD9, known to complex with integrins on the oocyte membrane (Kaji et al. 2000;

Miyado et al. 2000), interacts with ADAM2 (Sabetian et al. 2014). However, there

are some inconsistencies with regard to the role of integrins in gamete fusion and

further research is warranted.

The most important contribution to gamete fusion involves IZUMO1 and JUNO

proteins. IZUMO1 is a family member of immunoglobulin sperm proteins, whose

function does not seem to rely on glycosylation (Inoue et al. 2005, 2008). In 2014,

Bianchi et al. (2014) made a crucial discovery when they found that folate receptor

4 (FOLR4), renamed as JUNO, was the oocyte interactor for IZUMO1. Binding

between IZUMO1 and JUNO is conserved across animal species and not only plays

a crucial role for oocyte–sperm membrane adhesion but also for blocking

polyspermy (Bianchi et al. 2014; Gupta 2014). It appears that a fragment of the

N-terminus (Asp5 to Leu113) of IZUMO1, known as ‘IZUMO1 putative functional

fragment’, is the specific region that interacts with the surface of the oocyte (Inoue

et al. 2013). Following binding of monomeric IZUMO1 with JUNO, there is

IZUMO1 dimerisation (Inoue et al. 2015).

The ability of Juno protein extracts from hamster oocytes to bind to human

IZUMO1 may explain why zona-free hamster oocytes are able to interact and fuse

with human sperm and why this has been used as a heterologous penetration assay

in assisted reproductive technology (ART; Bianchi and Wright 2015). Finally, a

question that remains to be elucidated is whether JUNO interacts with other pro-

teins, such as α6β1 and CD9 (Gupta 2014).

8.4 Oocyte Activation (I): Sperm Factors

Upon the fusion of sperm and oocyte membranes, the whole spermatozoon, except

the plasma membrane, is engulfed by the oocyte cytoplasm (reviewed in

Yanagimachi 1998). Then, a process known as ‘oocyte activation’ occurs and

allows the oocyte, arrested at metaphase II, to complete the second meiotic division

(Jones 2007; Horner and Wolfner 2008; Dale et al. 2010). Under normal circum-

stances, the presence of a sperm in the oocyte cytoplasm evokes a characteristic

pattern of intracellular calcium (Ca2+) oscillations (Swann 1990; Kline and Kline

1992) which orchestrates a series of key events, such as the resumption of meiosis,
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polar body extrusion, exocytosis of cortical granules, cytoskeletal rearrangements,

recruitment of maternal mRNA and the formation of pronuclei (Swann et al. 2004;

Ajduk et al. 2006; Swann and Yu 2008; Swann and Lai 2016; Fig. 8.1). These

periodic Ca2+ oscillations, which occur over a specific temporal window, are

critical for both oocyte activation and the onset of embryogenesis (Amdani et al.

2016).

The specific identity of the sperm protein responsible for activating the oocyte

has been the source of much debate over recent years. Three theories were proposed

to explain how Ca2+ is released upon game fusion: (1) the ‘sperm factor theory’
which hypothesised that a catalytic substance in the sperm head triggered Ca2+

release in the oocyte following gamete fusion (Dale et al. 1985); (2) the ‘receptor
theory’ which proposed that a signal transduction pathway was initiated upon the

interaction of an oocyte membrane receptor and a sperm protein (Kline et al. 1988)

and (3) the ‘calcium bomb’ theory which suggested that Ca2+ entered the oocyte

upon sperm–oocyte fusion, either from stores in the sperm or via channels on the

Fig. 8.1 Oocyte activation triggered by PLCζ, a sperm-specific protein factor. Reproduced with

permission from Yeste et al. (2016)
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sperm plasma membrane (Jaffe 1983). The ‘receptor’ and ‘calcium bomb’ theories
have both now been dismissed, despite the receptor theory having gained some

credence initially (Williams et al. 1998). In this latter case, the main reason to reject

this theory was that no oocyte membrane protein is involved in oocyte activation

following intracytoplasmic sperm injection (ICSI) (Neri et al. 2014), a technique

clinically proven to cause fertilisation. The ‘sperm factor theory’ became

established when sperm-soluble extracts injected into the ooplasm were found to

induce Ca2+ oscillations (Jones et al. 1998). Oscillin was the first protein proposed

as the sperm-borne oocyte activation factor (SOAF; Parrington et al. 1996), but this

hypothesis was later discounted when injections of recombinant oscillin into mouse

oocytes failed to induce Ca2+ release. Subsequent studies successfully identified

another sperm-specific cytosolic protein, known as phospholipase c zeta (PLCζ), as
being a strong candidate for the SOAF (Saunders et al. 2002, 2007; Kashir et al.

2010; Amdani et al. 2016).

Apart from PLCζ, several other proteins have been suggested to be involved in

oocyte activation in mammalian and non-mammalian species, including citrate

synthase, truncated c-Kit tyrosine kinase and post-acrosomal WW-domain binding

protein (PAWP/WBP2NL) (Sette et al. 2002; Harada et al. 2007;Wu et al. 2007a, b;

Aarabi et al. 2014a, b). However, while mounting evidence supports the role of

PLCζ, the relevance of some of the other proteins remains unclear, particularly with

regard to inconsistencies in the literature relating to PAWP/WBP2NL (Amdani

et al. 2015, 2016), with studies from separate laboratories reporting conflicting

results (Wu et al. 2007a, b: Aarabi et al. 2014a, b; Nomikos et al. 2014, 2015;

Satouh et al. 2015; Escoffier et al. 2016).

8.4.1 Phospholipase Cζ

As with all phospholipases C (PLC), PLCζ hydrolyses phosphatidylinositol

4,5-bisphosphate (PIP2) into inositol 1,4,5-trisphosphate (IP3) and diacylglycerol

(DAG) (Yang et al. 2013). While IP3 leads to the release of Ca2+ from the

endoplasmic reticulum via interaction with its receptor (IP3R), DAG acts together

with Ca2+ and activates protein kinase C (PKC; Taylor et al. 2014). In spite of this,

PLCζ, which is the smallest PLC isoform, is very different from the other PLCs in

that it is not localised to the plasma membrane linked to G protein-coupled

receptors (GPCRs) and does not possess a PH domain. Thus, rather than

hydrolysing PIP2 present in the plasma membrane, PLCζ targets PIP2-containing

vesicles distributed across the ooplasm via its X–Y linker region (Fig. 8.1; Yu et al.

2012; Theodoridou et al. 2013; Swann and Lai 2013). In this context, it is worth

mentioning that the X–Y linker is composed of positively charged residues which

interact electrostatically with PIP2, which is negatively charged (Nomikos et al.

2011a). However, it appears that not only does the X–Y linker play a role for PIP2
hydrolysis (Nomikos et al. 2011b) but also the EF-hand domain Nomikos

et al. (2015).
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Thus far, PLCζ has been found in the sperm of several non-mammalian

(reviewed in Kashir et al. 2013) and mammalian species, including humans,

rodents, pigs and monkeys (Cox et al. 2002; Saunders et al. 2002; Yoneda et al.

2006; Cooney et al. 2010), thus indicating that the role of PLCζ is conserved

throughout the animal kingdom. Although PLCζ has been suggested to be involved
in events other than oocyte activation (Young et al. 2009), data from patients with

certain types of infertility clearly indicate that abnormal localisation, genetic

mutations or the absence of PLCζ can result in oocyte activation deficiency and

total fertilisation failure (Yoon et al. 2008; Heytens et al. 2009, 2010; Kashir et al.

2011, 2012a, b; Yelumalai et al. 2015). In some cases, the presence of sperm devoid

of PLCζ occurs together with other major sperm deficiencies, such as

globozoospermia (Taylor et al. 2010; Yassine et al. 2015).

In spite of all these lines of evidence, the precise mechanism through which

PLCζ activates the oocyte has yet to be fully elucidated. Related to this, Swann and
Lai (2013) hypothesised the existence of a specific receptor on the surface of the

PIP2-containing vesicles distributed within the oocyte cytoplasm. Since only

oocytes have been reported to present such vesicles, this could explain why PLCζ
is able to trigger Ca2+ in oocytes but not in other somatic cells.

8.4.2 PAWP/WBP2NL

Over the last few years, PAWP/WBP2NL has been considered to be the main

competitor of PLCζ as the SOAF. The name of this protein is derived from its

localisation, as it is found in the post-acrosomal sheath of the sperm perinuclear

theca (Wu et al. 2007a, b). The perinuclear theca is a compartment in sperm thought

to be involved in oocyte activation (Sutovsky et al. 2003). With regard to the

function of this protein, there are some reports relating to its ability to trigger Ca2+

oscillations in both mammalian and non-mammalian oocytes (Wu et al. 2007a;

Aarabi et al. 2014a), the mechanism of action of this protein. However, other

research groups have not observed the same results (Nomikos et al. 2014, 2015).

While the proportions of sperm exhibiting PAWP/WBP2NL have been related to

reproductive outcomes in humans and cattle (Aarabi et al. 2014b; Kennedy et al.

2014), recent data using a knockout mice model do not support the role of PAWP/

WBP2NL as a SOAF candidate, since sperm from such null mice are able to trigger

normal Ca2+ oscillations and give normal embryo development (Satouh et al. 2015).

Therefore, further research is warranted to address these inconsistencies and to

clarify whether there is an unknown role for this sperm protein.
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8.5 Oocyte Activation (II): Oocyte Factors

Aside from sperm contributions, the process of oocyte activation relies heavily

upon cellular machinery involved in the signal transduction pathway initiated by

the SOAF. Therefore, in order to discuss this process further, it is imperative to also

refer to the oocyte factors involved in the process. While the quality of the oocyte is

one major reason for total failure in fertilisation following ICSI (Miyara et al. 2003;

Kilani and Chapman 2014), there are other reports that suggest that there may be a

relationship between total fertilisation failure and the expression of different genes

during oocyte maturation, including growth differentiation factor 9 (GDF9), bone

morphogenetic protein 15 (BMP15), BCL2-associated transcription factor

1 (BCLAF1), Leiomodin 3 (LMOD3) and F-box protein 5 (FBXO5) (Gasca et al.

2008; Grøndahl et al. 2013; Li et al. 2014).

8.5.1 PIP2

Phospholipase C ζ initiates a PLC pathway in which PIP2, DAG and IP3R are

involved (Fig. 8.1). Previous studies have indicated that oocytes present a signifi-

cant number of PIP2-containing vesicles distributed across the cytoplasm, which are

specifically targeted by PLCζ (Yu et al. 2008, 2012). For this reason, it was also

suggested that if such vesicles contain reduced amounts of PIP2 or are low in

number, it may hamper the transduction pathway cascade triggered by sperm

(Yeste et al. 2016).

8.5.2 IP3 Receptor (IP3R)

Following PIP2 hydrolysis, IP3 binds to IP3R, causing the channel to open and Ca
2+

to be released from the endoplasmic reticulum (Bhanumathy et al. 2012). The

activity of IP3R in somatic cells is regulated by other kinase PKA and phosphatase

proteins PP1 and PP2A (DeSouza et al. 2002), cAMP (Taylor et al. 2014) and

calmodulin (CaM) (Kasri et al. 2006). While it remains to be established how this

receptor is regulated in mammalian oocytes, our current knowledge of other cells

suggests that this mechanism is highly complex with precise regulation. In addition

to this, one should note that the amounts of IP3R are known to be correlated with Ca
2+ levels and that, upon fertilisation, there is a downregulation of IP3Rs resulting

from the increase and sustained levels of IP3 (Ross et al. 2008; Cooney et al. 2010;

Lee et al. 2010). Despite the crucial role of IP3R in triggering Ca2+ oscillations, it

appears that Ca2+ in mammalian oocytes could also be mediated either by other

mechanisms or that other calcium stores could also be involved (Malcuit et al.

2005).
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Besides its vital function during oocyte activation, IP3R is also important during

oocyte maturation (Pesty et al. 1998; Vanderheyden et al. 2009; Verbert et al.

2008). Indeed, while IP3R1, one of the IP3R isoforms, presents a diffuse, irregular

and granular distribution in germinal vesicle (GV) human oocytes, its localisation

changes to a reticular and peripheral distribution when the MII stage is reached.

Upon fertilisation, IP3R1 is present in the centre and periphery at the two- to four-

cell stage embryos, but redistributes to a pattern across the entire cytosol in six- to

eight-cell embryos. These localisation changes occur concomitant with an increase

in the levels of this receptor (Goud et al. 1999). Therefore, these data collectively

show the relevance of this receptor in the signalling processes underlying oocyte

maturation, activation and embryo development.

8.5.3 Protein Kinase C

Protein kinase Cs (PKCs) are involved in the downstream cascade triggered by Ca2+

oscillations, and different PKC isoforms (conventional, non-classic and atypical)

have been identified in both GV and MII oocytes (Baluch et al. 2004). The

distribution of conventional PKC isoform changes following oocyte maturation

and upon sperm–oocyte fusion (Chen et al. 2014), as PKCα translocates from the

ooplasm to the oocyte cortex (Luria et al. 2000; Halet et al. 2004). This trans-

location is related to the exocytosis of cortical granules, as it allows phosphorylation

of myristoylated alanine-rich C-kinase substrate (MARCKS) proteins, which lead the

actin network to disassemble and allow cortical granules to exocytose (Gallicano et al.

1997; Eliyahu and Shalgi 2002; Eliyahu et al. 2005, 2006; Tsaadon et al. 2008;

Fig. 8.1).

8.5.4 The Vital Role of Ca2+

Considering that Ca2+ oscillations have a major role during oocyte maturation and

activation (Machaca 2007), the mechanisms involved in maintaining its homeo-

stasis in oocytes are crucial. Although this mechanism is not completely understood,

the present section intends to summarise our current state of knowledge (Fig. 8.2).

Firstly, the store-operated calcium entry system is crucial for maintaining Ca2+

homeostasis, especially in cells that are non-electrochemically excitable. This

system consists of a series of channel proteins that provide regulation across

internal Ca2+ stores, cytosol and the extracellular zone (Putney 2011; Smyth et al.

2010). The main components of this system include stromal interaction molecule

1 (STIM1), Ca2+ release-activated Ca2+ channel protein 1 (ORAI1) and sarco/

endoplasmic reticulum Ca2+ ATPase (SERCA; Fig. 8.2).

STIM1 and ORAI1 are important for oocyte maturation, when there is an

increasing influx of Ca2+ to the oocyte, which mainly accumulates in the
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endoplasmic reticulum (Cheon et al. 2013) and is likely to be related to its role

during oocyte activation. As shown in Fig. 8.2, STIM1 is a transmembrane protein

present in the endoplasmic reticulum and plasma membranes that acts as a sensor of

low Ca2+ levels (Zhang et al. 2005; Roos et al. 2005). For this reason, alterations/

deficiencies of STIM1 could underlie oocyte activation deficiency, as its role is

crucial for the generation of Ca2+ oscillations triggered by the SOAF (Yeste et al.

2016).

STIM1 is strongly associated with ORAI1. Upon hydrolysis of PIP2 into IP3 and

DAG, IP3 interacts with its receptor in the membrane of the endoplasmic reticulum

(Fig. 8.1). This leads the pore to open, so that Ca2+ may flow out from the lumen of

the reticulum. Specific domains of STIM1, located in the lumen of the endoplasmic

reticulum, act as a sensor of Ca2+ levels, and this causes the relocation of STIM1

from the plasma membrane where it interacts directly with ORAI1 channel

(Fig. 8.2). This channel subsequently opens and allows Ca2+ to enter the cell

(Feske et al. 2006; Putney 2009; Gudlur et al. 2014). It has been suggested that

Fig. 8.2 Oocyte mechanisms involved in the regulation of Ca2+. It is important to note the

relevance of SOCE (SERCA, ORAI1) for Ca2+ homeostasis, as well as the role of mitochondria.

Reproduced with permission from Yeste et al. (2016)
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deficiencies in ORAI1 could render the oocyte unable to influx Ca2+ properly,

which could in turn affect its ability to be activated (Wang et al. 2012; Yeste

et al. 2016).

In addition to STIM1 and ORAI1, SERCA and plasma membrane Ca2+ ATPases

(PMCAs) are also involved in Ca2+ homeostasis. SERCA is an ion pump located in

the membrane of endoplasmic reticulum and pump cytosolic Ca2+ to the lumen of

the reticulum (Ullah et al. 2007). As proposed in the Fig. 8.2, Ca2+ passing through

ORAI1 and other membrane channels from the extracellular space to the cytosol is

pumped into the endoplasmic reticulum by SERCA (Wakai et al. 2013). This allows

the endoplasmic reticulum to refill, thereby generating another Ca2+ oscillation

upon interaction of IP3 with its receptor (Wang and Machaty 2013). The relevance

of SERCA for oocyte maturation and activation is apparent from the organisation of

one particular isoform (SERCA2b) into clusters in MII oocytes. These clusters

disappear upon reaching the pronuclear stage (Wakai et al. 2013).

PMCAs are also Ca2+ pumps located in the plasma membrane rather than in the

endoplasmic reticulum. Therefore, instead of pumping Ca2+ from the cytosol to the

lumen of the endoplasmic reticulum, Ca2+ is pumped from the extracellular space to

the cytosol. At present, it is not clear whether alterations in the role of SERCAs and

PMCAs may compromise the ability of the oocyte to activate. However, because

the precise regulation of Ca2+ homeostasis is an absolute necessity for appropriate

oocyte maturation and activation, much research is warranted in this realm.

8.5.5 Ca2+/Calmodulin-dependent Protein Kinase II

The cascade of downstream events triggered by Ca2+ oscillations involves multiple

proteins, some of which have yet to be identified. One of these proteins is Ca2+/

calmodulin-dependent protein kinase II (CaMKII) which effectively contributes to

MII resumption (Von Stetina and Orr-Weaver 2011). One of the phosphorylation

substrates of CaMKII is F-box only protein 43 (FBXO43, also known as EMI2 and

ERP1). FBXO43 prevents the degradation of CCNB1, which together with CDK1

forms the M phase/maturation-promoting factor (MPF) heterodimer (Jones 2007).

Phosphorylation of FBXO43 by CaMKII leads to its degradation, so that it is no

longer able to prevent CCNB1 degradation. MPF is thus also degraded, and this

allows the oocyte to resume meiosis II (Madgwick et al. 2005; Ducibella et al. 2006;

Knott et al. 2006; Fig. 8.1).

8.6 Infertility and Oocyte Activation Deficiency

To conclude this chapter, it is necessary to refer to the clinical link between oocyte

activation deficiency and infertility. Infertility affects around 15% of couples

worldwide (Ombelet et al. 2008; Louis et al. 2013; Thoma et al. 2013). Between
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20 and 30% of cases are due to a male factor, 20–35% of cases to a female factor

and 25–40% of cases relate to problems associated with both male and female

factors. The remaining 10–25% of cases is unexplained (Yeste et al. 2016). Since

the birth of the first in vitro baby in 1978, ART has emerged as a powerful tool for

those couples seeking treatment for infertility (Johnson 2011). In spite of this,

normal IVF cycles fail in some cases (Bhattacharya et al. 2013) and

intracytoplasmic sperm injection (ICSI) may be advised. Despite ICSI proving to

be very successful, complete fertilisation failure still occurs in 1–5% of ICSI cycles

(reviewed in Yeste et al. 2016). Although ICSI failure can occur for a variety of

reasons, oocyte activation deficiency (OAD) is considered to be one of the main

factors for ICSI failure and occurs in 40% of cases (Mahutte and Arici 2003;

Vanden Meerschaut et al. 2013, 2014a; Beck-Fruchter et al. 2014). In most cases,

this appears to be related to the inability of sperm to activate the oocyte. However,

the involvement of oocyte factors should not be dismissed, as oocyte quality is

crucial for successful fertilisation (Kashir et al. 2010; Neri et al. 2014). Thus far,

this chapter has provided a global picture of fertilisation and oocyte activation and

has focused upon the pivotal role of sperm protein PLCζ. In the next section, we

discuss how two different ART techniques, in vitro maturation and oocyte activa-

tion deficiency, relate to OAD and contemplate our current options for rescuing

fertility in patient with OAD.

8.7 Links Between Oocyte Activation Deficiency and In

Vitro Maturation and the Use of Artificial Oocyte

Activation as a Therapeutic Option

8.7.1 In Vitro Maturation (IVM)

As previously discussed, some oocyte proteins are crucial for both oocyte matura-

tion and activation. The in vitro maturation (IVM) of human oocytes is a powerful

clinical technique that may be advised in cases when women require fertility

preservation, such as young women suffering from cancer that cannot delay

chemo- or radiotherapy or women who cannot receive treatment by ovarian

hyperstimulation (Chian et al. 2013). While there have been recent advances in

the clinical application of this technique in humans, fertilisation and implantation

rates for IVM oocytes are lower than those observed when in vivo oocytes are used

(Son et al. 2008). Furthermore, there are clear differences in terms of the pattern of

Ca2+ released at fertilisation when in vivo and in vitro matured oocytes are

compared (Nikiforaki et al. 2014). This emphasises the idea that cytoplasmic

changes taking place during oocyte maturation are crucial for the proteins involved

in Ca2+ homeostasis and that this may underlie the observed differences between

oocytes matured in vitro and in vivo. In addition to this, non-synchronisation

between cytoplasmic and nuclear maturation during IVM has been highlighted as
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one of the main reasons for poor developmental competence in IVM oocytes

(Combelles et al. 2002; Moor et al. 1998; De Vincentiis et al. 2013). All of these

findings deserve further attention and may contribute to a better understanding of

the links between IVM and OAD.

8.7.2 Artificial Oocyte Activation (AOA)

Artificial oocyte activation (AOA) is one of the more recent ART therapies and is

used to rescue fertility in couples presenting with a fertilisation rate below 30%

following ICSI (Heindryckx et al. 2005, 2008; Montag et al. 2012). In this tech-

nique, mechanical, electric or chemical stimuli are used to help alleviate oocytes

from MII arrest (Nasr-Esfahani et al. 2010; Ebner et al. 2012, 2015; Vanden

Meerschaut et al. 2014a). Of all these stimuli, chemical activation is the most

commonly used procedure and consists of exposing oocytes to chemical agents

which increase permeability of the oocyte’s plasma membrane to Ca2+ contained in

the surrounding media. The most commonly used chemical agents are calcium

ionophores (calcimycin and ionomycin).

With regard to the safety of AOA, one should note that this technique appears to

be safe, with no chromosomal abnormalities or concerns over child health

(Heindryckx et al. 2005; Ebner et al. 2012, 2015; Montag et al. 2012; Vanden

Meerschaut et al. 2014b; Deemeh et al. 2014; Kim et al. 2015). However, safety

concerns still exist, and as Van Blerkom et al. (2015) have recently pointed out,

there are basic questions that are yet to be answered. For example, whether,

following AOA, miscarriage rates are higher or incidence of minor and major

congenital malformations falls within the acceptable limits still remains to be

addressed. Because of all these concerns, AOA has been authorised in the UK

only recently by the British Human Fertilisation and Embryo Authority (HFEA),

the potential risks for embryo viability having been highlighted (Van Blerkom et al.

2015; Thompson 2015). In addition, this authority has emphasised that AOA should

only be restricted to selected patients, such as those with PLCζ deficiency (Thomp-

son 2015).

Regarding the aforementioned concerns, one should note that patterns of Ca2+

transients differ between normal fertilisation and AOA, which could have an impact

upon downstream events (Yanagida et al. 2008). Indeed, while Ca2+ oscillations are

evoked in normal fertilisation, there is a single Ca2+ transient when artificial oocyte

activators are used. Furthermore, there is a single transient increase if mouse

oocytes are injected with a non-mammalian PLCζ, which negatively affects

embryogenesis (Yu et al. 2008). Studies in rabbits revealed that alterations in the

pattern of Ca2+ oscillations during oocyte activation may be detrimental for organo-

genesis (Ozil and Huneau 2001). In this scenario, replacing artificial activators with

a recombinant PLCζ protein would lead the oocytes to show a Ca2+ pattern more

similar to that observed in normal fertilisation. This strategy could benefit those

cases of OAD related to PLCζ deficiency and represents a far more endogenous and

safer alternative (Kashir et al. 2010). In this regard, it is worth noting that such
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strategy has already been proven to be successful, as Kashir et al. (2011) were able

to produce the first recombinant human PLCζ protein, and recombinant PLCζ forms

have been found to be able to evoke Ca2+ oscillations and start embryogenesis

(Kashir et al. 2011; Yoon et al. 2012).

8.8 Conclusions

This chapter intends to summarise the main steps involving sperm and oocyte

proteins during the fertilisation and activation of mammalian oocytes. In this

aspect, one should note the recent advances being made with regard to the moment

at which the acrosome reaction is triggered in the fallopian tube and the precise role

of ZP-glycoproteins in this process. In this context, we have also emphasised the

relevance of the recent discovery concerning the interaction between the sperm

protein IZUMO1 and its interactor JUNO upon the oocyte membrane. In addition to

this, we have discussed the sperm proteins involved in the activation of the oocyte,

especially PLCζ, although we have included the debate surrounding other putative

sperm factors, such as PAWP/WBP2NL. Because the cascade triggered by the

SOAF depends heavily upon cellular machinery inside the oocyte, this chapter has

also focused upon store-operated Ca2+ mechanisms and proteins involved in the

regulation of Ca2+ homeostasis. To conclude, we contemplate the relevance of

OAD in the context of infertility and discuss the potential relationship between

IVM and OAD. Finally, we provide a brief description of AOA, the only method

available at present which can be used to rescue fertility in OAD and proceed to

describe the limitations of this technique and the need to provide a safer and more

endogenous alternative.
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ME, Verstegen J, Oko R, Sutovsky P (2014) Protein expression pattern of PAWP in bull

spermatozoa is associated with sperm quality and fertility following artificial insemination.

Mol Reprod Dev 81:436–449

Kilani S, Chapman MG (2014) Meiotic spindle normality predicts live birth in patients with

recurrent in vitro fertilization failure. Fertil Steril 101:403–406

Kim JW, Yang SH, Yoon SH, Kim SD, Jung JH, Lim JH (2015) Successful pregnancy and

delivery after ICSI with artificial oocyte activation by calcium ionophore in in-vitro matured

oocytes: a case report. Reprod Biomed Online 30:373–377

Kline D, Kline JT (1992) Repetitive calcium transients and the role of calcium in exocytosis and

cell cycle activation in the mouse egg. Dev Biol 149:80–89

Kline D, Simoncini L, Mandel G, Maue RA, Kado RT, Jaffe LA (1988) Fertilization events

induced by neurotransmitters after injection of mRNA in xenopus eggs. Science 241:464–467

Knott JG, Gardner AJ, Madgwick S, Jones KT, Williams CJ, Schultz RM (2006) Calmodulin-

dependent protein kinase II triggers mouse egg activation and embryo development in the

absence of Ca2+ oscillations. Dev Biol 296:388–395

Kudo K, Yonezawy N, Katsumata T, Aoki H, Nakano M (1998) Localization of carbohydrate

chains of pig sperm ligand in the glycoprotein ZPB of egg zona pellucida. Eur J Biol 252:

492–499

La Spina FA, Puga Molina LC, Romarowski A, Vitale AM, Falzone TL, Krapf D, Hirohashi N,

Buffone MG (2016) Mouse sperm begin to undergo acrosomal exocytosis in the upper isthmus

of the oviduct. Dev Biol 411:172–182

Lee B, Yoon SY, Malcuit C, Parys JB, Fissore RA (2010) Inositol 1,4,5-trisphosphate receptor

1 degradation in mouse eggs and impact on [Ca2þ]i oscillations. J Cell Physiol 222:238–247
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Chapter 9

Sperm Navigation Mechanisms in the Female

Reproductive Tract

Hieu D. Hoang and Michael A. Miller

Abstract Fertilization, the union of an oocyte and a sperm, is a fundamental

process that restores the diploid genome and initiates embryonic development.

For the sperm, fertilization is the end of a long journey, one that starts in the

male testis before transitioning to the female reproductive tract’s convoluted tubule
architecture. Historically, motile sperm were thought to complete this journey using

luck and numbers. A different picture of sperm has emerged recently as cells that

integrate complex sensory information for navigation. Chemical, physical, and

thermal cues have been proposed to help guide sperm to the waiting oocyte.

Molecular mechanisms are being delineated in animal models and humans, reveal-

ing common features, as well as important differences. Exposure to pheromones

and nutritional signals can modulate guidance mechanisms, indirectly impacting

sperm motility performance and fertility. These studies highlight the importance of

sensory information and signal transduction in fertilization.

9.1 Introduction

Sexual reproduction is essential for the survival and evolution of animal species

(Hoekstra 1987; Czaran and Hoekstra 2004). A key process is meiosis, which

generates haploid (1N) gametes that fuse during fertilization to restore the diploid

(2N) chromosomal content (Hunt and LeMaire-Adkins 1998; Hillers et al. 2015).

Females generate nutrient-rich, immotile gametes called oocytes, whereas males

generate compact, motile spermatozoa (hereinafter referred to as sperm) (Matova

and Cooley 2001). Sperm complete the meiotic divisions during spermatogenesis.

Oocytes, on the other hand, are arrested in the meiotic prophase while growth

occurs by synthesis and provision of nutrients, RNAs, lipids, and proteins. Meiosis

resumes during oocyte maturation, a process that prepares the oocyte for
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fertilization and embryogenesis (Masui 1985; Dekel 2005). Oocyte maturation is

coupled to ovulation, which expulses the oocyte from the ovary into the oviduct.

After ovulation, oocytes are arrested again in meiosis, most frequently in metaphase

I or metaphase II, depending on the species (Marcello et al. 2013; Runft et al. 2002).

Sperm must fertilize the oocyte during this second meiotic arrest. The fertilization

window is short, ranging from a few minutes in species like the nematode

C. elegans to a few days in some mammals. The sperm and oocyte must meet at

the right place and time to generate a viable embryo. Sexually reproducing animals

are left with a choice: either rely on chance or control the meeting.

Animal reproduction falls into two general classes, those species where fertili-

zation occurs in the external environment and those where fertilization occurs in the

female reproductive tract. External fertilizers include aquatic species, such as

hydrozoans, sea urchins, and frogs (Miller et al. 2000; Kaupp et al. 2008; Olson

et al. 2001). In these animals, males and females (or hermaphrodites) spawn their

gametes into the aquatic environment, often in response to environmental triggers

and other signals. Oocytes secrete positional cues called chemoattractants designed

to attract sperm from conspecific males. Internal fertilizers include many terrestrial

species, such as nematodes, fruit flies, and mammals (Han et al. 2010; Marcello

et al. 2013; Loppin et al. 2015; Evans and Florman 2002). During mating, males

provide an ejaculate containing sperm and other molecules into the female’s uterus.
Sperm then swim, or crawl in the case of nematodes, to the fertilization site, which

can be a long distance away. In some species, females have sperm storage sites that

protect sperm and house sperm battles from competing males (Neubaum and

Wolfner 1999; Holt and Fazeli 2016). Fertilization and storage sites can be the

same or different tissues. A confounding issue in internally fertilizing animals is

that mating can occur when oocytes are in the wrong stage of meiosis. For instance,

mammalian females undergo estrus, a hormone-driven cycle that coordinates

oocyte maturation with other processes and behaviors important for reproduction

(Boden et al. 2013). The length of estrus varies from days to weeks. To fertilize an

oocyte, sperm have a formidable task: find a maturing oocyte within the female

reproductive tract’s convoluted architecture. The tract is a hostile environment,

equipped to keep out pathogens, support early embryonic development, and expel

embryos.

Several mechanisms have been proposed to control the sperm and oocyte

encounter in the oviduct, the tube through which ovulated oocytes pass (Fig. 9.1).

The first is the competitive race model (Eisenbach and Giojalas 2006; Eisenbach

and Tur-Kaspa 1999). In this model, males inseminate large numbers of sperm that

race to the fertilization site but are blind to its whereabouts. It is inherently

inefficient, as most sperm fail to find a maturing oocyte and are instead expelled

from the uterus or killed internally. As methods to evaluate sperm motility improve,

there is little support for the competitive race model. Other proposed mechanisms

include chemotaxis, rheotaxis, contractile forces, and thermotaxis (Fig. 9.1) (Perez-

Cerezales et al. 2015b; Miki and Clapham 2013; Avila et al. 2011; Avila and

Wolfner 2009). Chemotaxis is best understood in externally fertilizing species.

Oocytes secrete chemical signals that diffuse away, forming a concentration
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gradient. Sperm interpret this gradient, altering their flagellar beating pattern to

direct swimming toward the source (Kaupp et al. 2008). The most detailed molec-

ular mechanisms have been delineated in the sea urchin Arbacia punctulata. The
chemoattractant peptide resact binds to a receptor-type guanylyl cyclase, triggering

a series of events that open Ca2+ channels in the flagellar membrane (Ward et al.

1985; Kaupp et al. 2008). Ca2+ influx changes the flagellar beat. By analogy,

oocytes or surrounding cells have been proposed to secrete chemoattractants into

the oviduct, thereby directing sperm to their location (Fig. 9.1). There is evidence

for a chemotaxis-like mechanism in the C. elegans hermaphrodite uterus (Han et al.

2010; Hoang et al. 2013).

Fig. 9.1 Proposed in vivo sperm guidance mechanisms. Anatomical landmarks are based on the

mammalian oviduct, but the principles apply to most animal species. Muscle contractions and cilia

lining the oviduct generate fluid flow important for rheotaxis
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The ability of sperm to orient and swim against fluid flow is called positive

rheotaxis (Fig. 9.1). Fluid flows in the oviduct are produced from cell secretions,

muscle contraction, and ciliary beating (Miki and Clapham 2013; Kantsler et al.

2014; Tung et al. 2015). These flows help propel the oocyte or embryo through the

oviduct and uterus. Rheotaxis against oviductal flow might help sperm and oocyte

cross paths. Mouse sperm exhibit positive rheotaxis in vitro (Miki and Clapham

2013; Kantsler et al. 2014). Contractions or conformational changes within the

reproductive tract can also help move sperm by physical displacement. Uterine

conformational changes are thought to help sperm target the sperm storage site in

Drosophila females (Avila and Wolfner 2009). Finally, thermotaxis is directed

movement of cells up a temperature gradient (Perez-Cerezales et al. 2015a).

Small temperature differences have been documented in regions of the mammalian

oviduct. A low percentage of mammalian sperm appear capable of thermotaxis

in vitro. The emerging picture is that sperm integrate complex information from

their surrounding environment, translating this information into motility behavior

to enhance the chance for fertilization.

In this chapter, we discuss sperm navigation mechanisms in the female repro-

ductive tract, focusing on those delineated in genetically tractable animal models.

Abnormal sperm navigation or guidance is likely to play a major role in infertility.

It is also a model for understanding how motile cells find their target destinations, a

fundamental question in developmental biology. Mammals are considered together

because there is not a consensus model species. We also describe mechanisms in

two invertebrate species, Drosophila melanogaster and Caenorhabditis elegans.
Each chapter section starts with a description of relevant reproductive anatomy,

followed by summaries of the experimental data. The focus is on molecular

mechanisms that control sperm movement prior to fertilization. Excellent reviews

on gametogenesis, fertilization, and other processes important for reproduction are

described elsewhere (Marcello et al. 2013; Han et al. 2010; Matova and Cooley

2001; Hunt and LeMaire-Adkins 1998; Loppin et al. 2015; Evans and Florman

2002; Griswold 2016).

9.2 Mammals

The mammalian female reproductive tract is among the most complex of all

animals. Although there are important differences between species, here we con-

sider general features of the most well-studied tracts, including mouse, rabbit,

bovine, and human (Eisenbach and Giojalas 2006). During mating, sperm and

seminal fluid are ejaculated into the vagina or uterus (Fig. 9.2). The typical

mammalian ejaculate contains millions of sperm, yet only several hundred make

it to the sperm storage site just beyond the uterotubule junction (Chang and Suarez

2012; Suarez and Pacey 2006; Williams et al. 1993). Sperm must swim against fluid

flows within the cervix and oviduct, generated in part by ciliary beating from

epithelial cells (Tung et al. 2015; Miki and Clapham 2013; Kantsler et al. 2014).
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Moreover, the cervix and oviduct are not simply empty tubes. Their lumens have

convoluted architectures composed of mucosal folds and microgrooves (Fig. 9.2)

(Suarez 2008). Sperm are often found within these microgrooves (Suarez 2016). In

vitro studies suggest that sperm swim within grooves, against gentle fluid flow, and

in contrast to pathogens that are swept away in fluid (Tung et al. 2015; Denissenko

et al. 2012; Kantsler et al. 2014; Miki and Clapham 2013). The uterotubule junction

is thought to restrict entry of infectious organisms and leukocytes from the uterus

while permitting entry of sperm. How this occurs is not well understood but may

involve sperm surface proteins such as ADAM3 (Yamaguchi et al. 2009).

After passing through the uterotubule junction, sperm bind the epithelial surface

within mucosal folds, forming a storage reservoir (Suarez 2008). Sperm are stored

until ovulation approaches, when small numbers are gradually released. The storage

reservoir is thought to help preserve sperm over time and prevent polyspermy

(Suarez 2016). The sperm number near the egg is low at any given time, presumably

due to controlled release from the reservoir (Chung et al. 2014; Miki and Clapham

2013; Chang and Suarez 2012). Using fluorescently labeled transgenic mouse

sperm in dissected oviducts, Chang and Suarez observed that sperm attach and

reattach to the oviductal epithelium after capacitation (Chang and Suarez 2012), a

critical process that modulates sperm motility and adherence behaviors. Capacita-

tion involves a suite of membrane changes and signaling events that enable sperm

to fertilize oocytes (Aitken and Nixon 2013; Chang 1951; Austin 1952; Navarrete

et al. 2015). In rabbits and mice, capacitation occurs in the sperm storage reservoir

before ovulation, aiding in sperm release from the reservoir (Aitken and Nixon

2013; Suarez and Pacey 2006).

Fig. 9.2 Mammalian female reproductive tract. The illustration is adapted from Eisenbach and

Giojalas (2006) and Suarez (2008). U. J. uterotubal junction, Fert fertilization. (a) Cross-sectional
illustration of the U. J. showing a convoluted lumen. (b) Cross-sectional illustration of the ampulla
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Capacitation triggers changes in sperm motility called hyperactivation, which is

characterized by high amplitude, asymmetrical patterns in flagellar beating

(Yanagimachi 2009). Hyperactivation provides sperm greater thrusting force to

swim through oviductal mucus and to penetrate the cumulus matrix surrounding the

oocyte (Suarez 2008, 2016). Capacitation involves a sperm ion channel called

CatSper, encoded by at least seven genes (Carlson et al. 2003; Qi et al. 2007).

CatSper is a pH-sensitive and weakly voltage-dependent Ca2+ channel that pre-

dominantly localizes to the flagellar principal piece (Chung et al. 2014). In mice and

humans, loss of function mutations in CatSper subunits causes infertility (Qi et al.

2007; Avenarius et al. 2009). CatSper null sperm can swim but fail to hyperactivate

(Carlson et al. 2003). A primary cause of infertility in CatSper-deficient mouse

sperm is inefficient migration past the uterotubule junction to the fertilization site in

the ampulla (Chung et al. 2014). Thus, CatSper is critical for sperm guidance to the

oocyte–cumulus mass.

Chemotaxis, rheotaxis, and thermotaxis are proposed to help guide mammalian

sperm through the oviduct (Eisenbach and Giojalas 2006; Perez-Cerezales et al.

2015b; Miki and Clapham 2013). Much of what is understood about these mech-

anisms comes from in vitro studies. A fraction of mouse, rabbit, and human

spermatozoa (~1/10) exhibit chemotactic behavior in chemotaxis chambers

(Perez-Cerezales et al. 2015b). Video microscopy and computer image analysis is

consistent with increasing chemoattractant concentration suppressing turning

(Publicover et al. 2008; Teves et al. 2006). Conditioned media application to

chemotaxis chambers suggests that oocytes and cumulus cells secrete sperm

chemoattractants (Eisenbach and Giojalas 2006; Oren-Benaroya et al. 2008; Sun

et al. 2005). Several chemoattractant molecules have been proposed, including

lipids, such as progesterone (Oren-Benaroya et al. 2008), as well as proteins, such

as natriuretic peptide precursor A and CRISP1 (Ernesto et al. 2015; Bian et al.

2012).

The most compelling data is on progesterone, which is secreted by oocytes and

cumulus cells. Sperm bias their swimming direction in response to picomolar

concentration progesterone gradients (Guidobaldi et al. 2008; Teves et al. 2006;

Publicover et al. 2008). Nanomolar to micromolar concentrations increase the

number of hyperactivated sperm but do not affect directional motility. Progesterone

has been shown to activate CatSper, promoting Ca2+ influx into the sperm flagellum

(Lishko et al. 2011; Strunker et al. 2011). Ca2+ is implicated in sperm chemotaxis in

diverse animals, including externally fertilizing species (Publicover et al. 2008;

Kaupp et al. 2008). In sea urchin sperm, CatSper promotes Ca2+ influx and

chemotactic steering (Seifert et al. 2015). Molecules like progesterone that activate

CatSper are attractive chemoattractants for mammalian sperm. There are several

outstanding questions for future investigations. How are progesterone gradients

established in the oviduct? How do these gradients control sperm motility behav-

ior? What is the effect of progesterone depletion in oocyte–cumulus complexes on

fertilization? Answers to these questions may resolve apparent inconsistencies. For

instance, the concentrations over which progesterone promotes sperm chemotactic

behavior are too low to activate CatSper (Teves et al. 2006; Lishko et al. 2011;
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Strunker et al. 2011). Furthermore, progesterone promotes mouse sperm chemo-

taxis (Perez-Cerezales et al. 2016), but it does not activate mouse CatSper, at least

under the experimental conditions tested (Lishko et al. 2011). Current data on

progesterone are provocative, but further studies are needed to conclude that it

has chemoattractant function in the mammalian oviduct.

Several other molecules implicated as sperm chemoattractants also activate

CatSper (Ernesto et al. 2015; Brenker et al. 2012). Only progesterone and prosta-

glandins promote Ca2+ influx in the low nanomolar concentration range (Brenker

et al. 2012; Lishko et al. 2011). Other molecules, such as bourgeonal and CRISP1

activate CatSper at much higher concentrations. Such high concentrations are

unlikely to be found in the oviduct. It is possible that multiple molecules act

synergistically to regulate CatSper, either through direct binding to the channel or

through an accessory protein(s). In this context, progesterone and prostaglandins

appear to bind different sites (Lishko et al. 2011). Another possibility is that the

endogenous chemoattractant(s) is yet to be identified. To date, it has not been

possible to knockout potential chemoattractants genetically and examine sperm

motility behavior within the oviduct. Developing this technology in a mammalian

system should help test models of sperm guidance.

Fluid viscosity and flow affect sperm motility, assessed in vitro (Miki and

Clapham 2013; Denissenko et al. 2012; Kantsler et al. 2014). Fluid viscosity in the

oviduct varies during the estrus cycle (Miki and Clapham 2013; Jansen 1978).

Ciliated epithelial cells in the isthmus are covered by a dense mucous layer that

disappears after ovulation, when secretions of oviductal fluids increase. In mice,

mating increases fluid flow from the oviduct to the uterus, a response requiring the

hormone prolactin (Miki and Clapham 2013). Ciliary beating and muscle contrac-

tion in the isthmus are thought to push oviductal fluid to the uterus, washing away

mucus. Mammalian sperm are proposed to exhibit positive rheotaxis against this

flow. Roughly half of sperm, irrespective of capacitation status, swim against gentle

fluid flow in vitro (Kantsler et al. 2014; Miki and Clapham 2013). Altering the

viscosity of the medium reveals differences in motility behavior between capaci-

tated and noncapacitated spermatozoa (Miki and Clapham 2013). In a current, sperm

encounter tangential forces that reorient them against the flow. Sperm tail rotation

and CatSper are required for rheotaxis (Miki and Clapham 2013). Ca2+ influx is

proposed to trigger increased amplitude of the tail, thereby increasing tangential

force. Increasing angular speed stabilizes swimming orientation. Although these

behaviors are studied in vitro, there is evidence that rheotaxis is important in vivo.

Using dissected mouse oviducts and transgenic fluorescent sperm, Miki and

Clapham found that sperm reach the ampulla less efficiently when oviducts were

ligated near the uterotubule junction to block fluid flow (Miki and Clapham 2013).

These studies suggest that rheotaxis plays a key role in guiding sperm to the ampulla,

where chemoattractants may provide further positional information.

Another potential mechanism for sperm guidance is thermotaxis (Bahat et al.

2003; Perez-Cerezales et al. 2015b). In rabbits and pigs, a temperature drop at

ovulation creates a slight gradient in the oviduct with the ampulla 1–2 �C warmer

than the sperm storage site (Hunter and Nichol 1986; Bahat et al. 2005). Human,
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rabbit, and mouse sperm respond in vitro to temperature changes by swimming up

the gradient (Perez-Cerezales et al. 2015b). The percent of responsive sperm is low,

between 1 and 10% depending on the species. Recent studies implicate opsins and

downstream phospholipase C and cyclic nucleotide pathways in thermotaxis

(Perez-Cerezales et al. 2015a). In Drosophila larvae, rhodopsin is involved in

temperature discrimination, independent of light (Shen et al. 2011). Rhodopsin-

knockout mouse sperm have impaired themotaxis in vitro, although fertility in vivo

is unaffected (Perez-Cerezales et al. 2015a). One possibility is that the thermotactic

mechanism is redundant with other sperm guidance pathways. Alternatively,

in vitro sperm behavior in response to temperature gradients has been proposed to

reflect rheotaxis due to convection currents (Miki and Clapham 2013). The extent to

which chemotaxis, rheotaxis, and thermotaxis contribute to sperm guidance is not

clear. These studies highlight strengths and limitations of mammalian model

systems, which have largely inaccessible and opaque reproductive tracts, for

studying sperm navigation mechanisms.

9.3 Drosophila melanogaster

The Drosophila female reproductive tract consists of a uterine tube at the posterior

end and a pair of ovaries at the anterior end (Schnakenberg et al. 2012; Heifetz and

Rivlin 2010) (Fig. 9.3). In the middle lie two types of sperm storage organs, a single

seminal receptacle and two mushroom-shaped spermathecae. The seminal recepta-

cle is a long, narrow tube that attaches to the uterus at one end with the other end

encircling it (Pattarini et al. 2006; Heifetz and Rivlin 2010; Schnakenberg et al.

2012). Each spermatheca consists of a duct connecting the uterus to a lumen lined

by secretory cells. A thin layer of muscle and epithelial cells surround the

spermathecal ducts, which are adjacent to two accessory glands of largely unknown

function. Mature eggs descend from the ovaries through the oviduct to the uterus.

Eggs are activated in the oviduct before entering the uterus, where fertilization

occurs (Fig. 9.3). Sperm penetrate the egg’s micropyle, a specialized opening that

passes adjacent to the seminal receptacle and spermathecae ducts (Loppin et al.

2015). Mature spermatozoa are released from the sperm storage organs as the eggs

pass (Heifetz and Rivlin 2010; Lefevre and Jonsson 1962).

Drosophila males deposit sperm and seminal fluid into the female’s posterior
uterus during mating (Avila et al. 2011). Secretions from the female tract are

thought to mix with the ejaculate to form a sperm sac and facilitate hyperactivation

(Alonso-Pimentel et al. 1994; Kottgen et al. 2011; Yang and Lu 2011). Sperm swim

predominantly tail first in the uterus (Yang and Lu 2011; Kottgen et al. 2011). A

series of uterine conformational changes help move sperm from the posterior to the

anterior uterus, adjacent to the sperm storage organ ducts (Avila and Wolfner

2009). Females store roughly 600 sperm; the remainder are expelled from the

uterus during egg laying (Lefevre and Jonsson 1962; Ohsako and Yamamoto

2011). Stored sperm are highly efficient at fertilizing eggs.
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How sperm target the storage organs is not well understood. The female nervous

system is important for sperm storage (Arthur et al. 1998). Additionally, the

neuromodulators octopamine and tyramine are required for sperm release (Avila

et al. 2012). Males provide proteins in seminal fluid that are important for sperm

storage, sperm retention in storage organs, increased ovulation rates, and

postmating behaviors (Avila et al. 2011; Schnakenberg et al. 2012). The seminal

fluid protein Acp36DE mediates uterine conformational changes or contractions

that are critical for sperm storage (Avila and Wolfner 2009). During these changes,

Fig. 9.3 Drosophila melanogaster female reproductive tract. The illustration is adapted from

Schnakenberg et al. (2012). Drosophila sperm have long tails and swim tail first
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the uterus transitions from an S-shaped structure with a closed lumen to a more

distended conformation, exposing the sperm storage organ ducts. As conforma-

tional changes occur, a sperm mass appears near the entryways of the sperm storage

organs. Acp36DE knockdown prevents formation of sperm masses adjacent to

sperm storage organ ducts (Avila and Wolfner 2009). At present, it is not known

whether uterine conformational changes alone are sufficient to target sperm to the

storage organs or whether guidance cues are also involved.

Amo, the Drosophila homolog of the human transient receptor potential Ca2+

channel TRPP2 (also known as PKD2), is essential for sperm storage. Drosophila
males with amo mutations are sterile (Watnick et al. 2003; Gao et al. 2003). The

mutant males produce motile sperm that are transferred to the uterus but fail to

reach the storage organs. In mature sperm, Amo is expressed in the flagellum

(Kottgen et al. 2011). Wild-type sperm exhibit hyperactive motility upon transfer

to the uterus and swim backwards (i.e., tail first) into the sperm storage organs

(Kottgen et al. 2011; Yang and Lu 2011). Amo mutant sperm are capable of

swimming backwards but fail to exhibit hyperactivation and increased swimming

speed. In some cases, the mutant sperm enter the seminal receptacle in the wrong

orientation with abnormal flagellar movements that impede further progress (Yang

and Lu 2011). These results indicate that swimming per se is not sufficient to

localize sperm to the storage organs. What, if anything, triggers Amo activation and

presumably Ca2+ influx into the flagellum is not known.

Female proteins influence sperm targeting to the storage organs. Upon mating,

glucose dehydrogenase (Gld) expression increases in the spermathecal ducts (Iida

and Cavener 2004; McGraw et al. 2004). Gld is not expressed in the seminal

receptacle, however. Gld mutant females store normal numbers of sperm in the

seminal receptacle but fewer sperm in the spermathecae. Often the mutant females

have highly asymmetrical sperm distributions in the two spermathecae (Iida and

Cavener 2004). Gld is thought to be a secreted protein, but its biochemical role in

the female tract is uncertain. Other genes expressed in the spermathecae secretory

cells are also likely to be important for sperm recruitment. Secretory cell ablation

causes decreased sperm accumulation in the spermathecae but not in the seminal

receptacle (Schnakenberg et al. 2011).

There are interesting differences between sperm recruitment to the seminal

receptacle versus the two spermathecae. These organs have different tissue orga-

nizations, compositions, and evolutionary histories. Sperm stored in the seminal

receptacle are the primary source used for fertilization (Manier et al. 2010). After

mating, most sperm target the seminal receptacle first, as sperm accumulate in the

spermathecae more slowly (Gilbert and Richmond 1981; Manier et al. 2010).

Masculinizing the female fly nervous system, and consequently disrupting signal-

ing from the nervous system to sperm storage organs, results in reduced sperm

accumulation (Arthur et al. 1998). However, the spermathecae are more affected

than the seminal receptacle. These data suggest that there may be different mech-

anisms important for targeting the seminal receptacle and spermathecae. Besides

the physical role of uterine conformational changes, other mechanisms that con-

tribute to sperm guidance have yet to be identified.
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9.4 Caenorhabditis elegans

C. elegans is a free-living nematode species that reproduces as facultative her-

maphrodites (Frezal and Felix 2015). In nature and laboratory conditions, wild-type

C. elegans propagate primarily as hermaphrodites (Chasnov 2013). The natural

male frequency varies from less than 0.1% to 3.2% (Hodgkin and Doniach 1997).

Both hermaphrodites and males have five autosomal chromosomes but differ in sex

chromosome content. Hermaphrodites have two X chromosomes, whereas males

have only one X (Zarkower 2006; Meyer 2005). Males are generated from selfing

hermaphrodites by a rare X chromosome nondisjunction event (Zarkower 2006;

Hodgkin et al. 1979). Hermaphrodites also produce males following mating to a

male. Male sperm are competitively superior to hermaphrodite sperm and have an

equal chance of bearing an X, resulting in broods containing approximately 50%

males (Singson 2001; L’Hernault 2009).
C. elegans adult hermaphrodites are nearly indistinguishable anatomically from

mated females in gonochoristic (female/male) Caenorhabditis species. The her-

maphrodite gonad consists of two U-shaped arms connected to a common uterus

(Fig. 9.4a) (Hirsh et al. 1976; Klass et al. 1976). At the distal end of each gonad arm

lies a germline stem cell population, which is surrounded by the somatic distal tip

cell (DTC) (Byrd and Kimble 2009; Hubbard and Greenstein 2000). The DTC

controls stem cell proliferation and meiotic entry (Kimble and Crittenden 2005).

Fig. 9.4 Caenorhabditis elegans hermaphrodite reproductive tract. (a) Adult hermaphrodite

anatomy, focusing on the gonad. Sperm fluoresce red due to vital dye labelling and the sperma-

theca is outlined in yellow. (b) Sperm illustration showing key organelles and structures. Sperma-

tids extend a pseudopod during spermiogenesis, which occurs upon spermathecal entry (self

sperm) or insemination (male sperm). (c) Representative images of sperm (red) distributions in
wild-type and mutant hermaphrodite uteri one hour after mating. The uterus is divided into three

zones (z1–z3) for quantification
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Germ cells differentiate as they are displaced proximally toward the spermatheca, a

sac-like structure that separates the ovary from the uterus. The spermatheca is the

site of sperm storage and fertilization (Marcello et al. 2013) (Fig. 9.4a). During the

L4 stage, germ cells differentiate as spermatids before they switch to oogenesis in

adults (Klass et al. 1976; Hirsh et al. 1976; Ellis and Schedl 2007).

Hermaphrodite spermatids enter the spermatheca together with the first

ovulating oocyte. Spermatids then activate for motility by extending a single

pseudopod largely composed of major sperm protein (MSP) filaments (Fig. 9.4b)

(Roberts and Stewart 2000, 2012; Ward et al. 1983). Hermaphrodite, but not male

spermiogenesis, requires the spe-8 group of genes (L’Hernault 2006; Nance et al.

1999; Shakes and Ward 1989). A single sperm rapidly fertilizes the oocyte, while

the remaining sperm compete for position within the spermatheca (L’Hernault
2006; Han et al. 2010). In addition to sperm cytoskeletal elements, MSPs also

function as secreted ligands that stimulate oogenesis, oocyte maturation, and

ovulation (Han et al. 2010; Miller et al. 2001, 2003; Govindan et al. 2009). Thus,

sperm signal a slow current of oocytes (one every ~25 min) that flows from the

ovary, through the spermatheca, and into the uterus. Sperm must fight against this

flow to maintain spermathecal positioning or risk expulsion through the vulva along

with passing eggs (Kubagawa et al. 2006). Electron micrographs of the spermatheca

often show numerous sperm with pseudopods facing the incoming oocyte, eagerly

waiting to be the first to contact it (Kosinski et al. 2005). Hermaphrodite sperm are

highly efficient at fertilizing oocytes. Very few sperm, if any, are lost from the

reproductive tract (Singson 2001). Ovulated oocytes fail to form polar bodies and

assemble meiosis II spindles when sperm are absent from the spermatheca

(McNally and McNally 2005).

Male sperm face a tougher challenge than hermaphrodite sperm. In contrast to

hermaphrodite gonads, male gonads produce sperm continuously throughout adult-

hood (Klass et al. 1976; L’Hernault 1997). Germline stem cells give rise to primary

spermatocytes that divide during meiosis I into two secondary spermatocytes

(L’Hernault 2009; Ward et al. 1981; Ellis and Stanfield 2014). Completion of

meiosis II produces four spermatids connected to a shared anucleate residual

body. Sessile spermatids, which lack actin, tubulin, and ribosomes, are stored in

the seminal vesicle until ejaculation. Mitochondria and fibrous body membranous

organelles, lysosome-like structures important for trafficking during spermatogen-

esis, surround densely packed chromatin. During mating, male spermatids are

ejaculated from the vas deferens through the hermaphrodite vulva into the uterus

(Fig. 9.4) (Ward and Carrel 1979; Singson 2001). Mixing of spermatids with

seminal fluid triggers spermiogenesis (Shakes and Ward 1989; Ellis and Stanfield

2014). The SWM-1 protease inhibitor and TRY-5 serine protease coordinate this

process in males (Stanfield and Villeneuve 2006; Smith and Stanfield 2011).

Seminal fluid from many wild isolates contains material for copulatory plug

deposition at the vulva (Hodgkin and Doniach 1997; Palopoli et al. 2008). Potential

roles for this plug include preventing mating by other males and sperm loss from the

uterus during egg laying. Motile sperm crawl around fertilized eggs, across their

eggshells and the uterine walls, to the spermatheca (Kubagawa et al. 2006;
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Edmonds et al. 2010; Ward and Carrel 1979). The distance from the vulva to the

spermatheca can be up to 250 microns in well-fed adult hermaphrodites. Larger

male sperm outcompete hermaphrodite sperm for spermathecal position, almost

exclusively resulting in outcross progeny (Ward and Carrel 1979; LaMunyon and

Ward 1998).

Nematode sperm provide a striking example of evolutionary novelty. Instead of

an acrosome and flagellum, they have a single pseudopod that translocates in a

treadmilling fashion, dragging the cell body behind (Fig. 9.4b) (Roberts and

Stewart 1995, 2000; Ellis and Stanfield 2014). The pseudopod is thought to contact

the oocyte plasma membrane first, fusing with it (Singson et al. 1998; Marcello

et al. 2013). Despite morphological differences, C. elegans sperm express evolu-

tionarily conserved proteins critical for fertilization, such as Izumo and the transient

receptor potential Ca2+ channel SPE-41 (Xu and Sternberg 2003; Singaravelu et al.

2015; Nishimura et al. 2015). On the other hand, sperm lack an actin cytoskeleton

and motor proteins (Smith 2006; Roberts and Stewart 2000). The pseudopod

primarily contains MSP filaments that form during spermiogenesis. pH controls

filament assembly at the pseudopod’s leading edge and disassembly at its trailing

edge, propelling the sperm forward (Italiano et al. 1999; Roberts and Stewart 2012).

The regulatory mechanisms that control pH in the pseudopod are not well under-

stood. Excellent reviews on nematode sperm motility provide additional insight and

details (Roberts and Stewart 2012; Smith 2006).

MSPs are central to nematode sperm form and function. msp genes derive from

an ancestral gene called vap (Vamp-synaptobrevin-associated protein), which con-

tains an N-terminal MSP domain (Miller et al. 2001; Tsuda et al. 2008). VAPs are

broadly expressed, type II membrane proteins with roles in lipid metabolism and

cell signaling (Tsuda et al. 2008; Lev et al. 2008; Stefan et al. 2011; Han et al.

2010). A vap gene duplication event is likely to have precipitated the evolution of

nematode sperm-specific functions. The most parsimonious explanation is that this

initial function was a signaling function, such as triggering oocyte maturation.

Sperm cannot synthesize proteins de novo, and filament assembly might enhance

MSP storage over longer time periods. Its role in motility could be linked to storage.

The take-home message is that nematode sperm have peculiar features that derive

in part from their dependence on MSPs.

9.4.1 Male Sperm Motility Behavior In Vivo

The C. elegans epidermis is transparent, making it possible to view sperm motility

in live hermaphrodite uteri. However, tracking single sperm movements in the

uterus is too difficult without high-resolution, fluorescence time-lapse imaging.

Whether or not sperm move with directional motility toward the spermatheca was

not clear until technological improvements were made. Fluorescent male sperm can

be generated through integrated transgenic reporters or fluorescent vital dyes, such

as Mitotracker (Fig. 9.4c) (Hill and L’Hernault 2001; Kubagawa et al. 2006; Ting
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et al. 2014). Dyes have the advantage that they tend to be brighter than transgenes,

which must evade germline-silencing mechanisms. Dyes can also be applied to

different genotypes without the need for crosses. When wild-type males with

fluorescent sperm are mated to hermaphrodites, more than 90% of sperm accumu-

late at the two spermathecae within an hour after mating (Fig. 9.4c) (Edmonds et al.

2010, 2011; Hoang et al. 2013). Time-lapse videos from freshly mated, anesthe-

tized hermaphrodites enable tracking individual sperm after insemination

(Kubagawa et al. 2006; Edmonds et al. 2010; McKnight et al. 2014).

Males inject varying numbers of spermatids during individual mates. These

spermatids are deposited in a large mass within the uterus near the vulva, where

they undergo spermiogenesis. Nearly all sperm are motile at the time of imaging,

which occurs several minutes after insemination. Sperm have the choice of moving

toward the anterior or posterior spermatheca (Fig. 9.4). Time-lapse imaging shows

that aggregated sperm near the vulva move slower and with higher reversal

frequency than sperm closer to the spermatheca. Once sperm exit the vulval region,

their motility behavior changes as they exhibit strong directional velocity toward

the closest spermatheca. Sperm crawl around fertilized eggs and across uterine

epithelial cells, rarely reversing their direction. Analyzing time-lapse videos indi-

cates that sperm move in vivo with an average velocity of about 8–10 microns per

minute (Kubagawa et al. 2006; Edmonds et al. 2010; McKnight et al. 2014; Hoang

et al. 2013). Sperm directional velocity is about half the total velocity due to rare

reversals and obstructing eggs. Sperm accumulate in a bottleneck at the

spermathecal–uterine junction, where individual sperm pass through a small

valve into the spermatheca. Motility in these masses changes again, this time to

short motility bursts with frequent reversals, presumably reflecting a valve-

searching behavior. Sperm rarely leave the mass and move back toward the

vulva. These sperm motility behaviors are consistent with an active guidance

mechanism toward the spermatheca or adjacent ovary.

Sperm also compete with each other for spermathecal positioning. Male sperm

are larger than hermaphrodite sperm and displace them from the spermatheca

(Ward and Carrel 1979). Comparisons among Caenorhabditis species and experi-

mental studies suggest that competition increases sperm size (LaMunyon and Ward

1998, 2002). Size isn’t the whole story, however. Males with comp-1 mutations

produce normal-sized sperm that are competitively inferior to wild-type sperm

(Hansen et al. 2015). Additionally, studies of interspecies matings show that

sperm can sterilize hermaphrodites and females, revealing sperm-mediated sexual

conflict (Ting et al. 2014). Increased sperm competition is predicted to favor more

aggressive sperm that win access to oocytes. A tradeoff is that aggressive sperm can

invade the proximal gonad, disrupting oogenesis and other processes. It is not

enough for C. elegans sperm to locate the spermatheca. They must also fight with

other sperm for positioning to fertilize an incoming oocyte.
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9.4.2 A Lipid Guidance Mechanism

The ability to track sperm movement led to methods to identify genes critical for

targeting (Fig. 9.4c) (Kubagawa et al. 2006; Edmonds et al. 2010; Hoang et al.

2013; McKnight et al. 2014). Hermaphrodite gene products were disrupted via

genetic mutation or RNA-mediated interference, while males were left alone. This

strategy permitted the identification of genes that function outside of sperm (i.e.,

cell nonautonomously) to control their migratory behavior. These genes are likely

to influence production of signaling molecules. Sperm density within the sperma-

theca is greatest at the distal valve, an observation consistent with oocytes secreting

a sperm attractant (Kubagawa et al. 2006). In this model, sperm migrate toward

oocytes in the proximal gonad, not the spermatheca per se. Their path to the oocyte

is blocked by the distal valve or other mechanisms promoting retention in the

spermatheca. When ovulation occurs, the distal valve opens and the oocyte enters

the spermatheca, contacting the waiting sperm. This model was tested by eliminat-

ing the oogonia and examining effects on sperm motility (Kubagawa et al. 2006).

Sperm from wild-type males accumulate in the uterus and rarely reach the sperma-

theca in animals that lack oocytes, such as glp-4(bn2). Time-lapse videos indicate

that sperm move with reduced velocity, no directional velocity, and increased

reversal frequency.

Mutations in two genes proved critical to discovering the mechanism by which

oocytes govern sperm motility (Kubagawa et al. 2006). The first gene encodes the

RME-2 low-density lipoprotein receptor. RME-2 is expressed specifically in devel-

oping oocytes, where it promotes yolk lipoprotein complex uptake (Grant and Hirsh

1999). Yolk forms in the intestine and flows to the gonad through the

pseudocoelom. The second gene encodes the FAT-2 Δ12 fatty acyl desaturase,

which is required for formation of 18-carbon (C18) and C20 polyunsaturated fatty

acids (PUFAs) (Watts and Browse 2002). Yolk contains significant quantities of

C20 PUFAs, including dihomo-gamma-linolenic acid (DGLA), arachidonic acid

(AA), and eicosapentaenoic acid (EPA) (Kubagawa et al. 2006). Mutations in rme-
2 or fat-2 strongly affect spermmotility performance (Kubagawa et al. 2006; Hoang

et al. 2013). Wild-type sperm motility behavior in these mutant hermaphrodites

resembles that of mutant hermaphrodites lacking oocytes. Microinjection experi-

ments demonstrated that oocyte C20 PUFAs are necessary and sufficient to promote

sperm guidance in fat-2 mutants (Kubagawa et al. 2006). These and other experi-

ments led to the idea that C20 PUFAs are precursors of a sperm attractant produced

by oocytes.

In mammals, C20 PUFAs are converted into signaling molecules called prosta-

glandins, leukotrienes, lipoxins, and other eicosanoids (Funk 2001; Simmons et al.

2004). A series of microinjection experiments and genetic results pointed to

prostaglandins as the guidance cues (Edmonds et al. 2010, 2011). Importantly,

microinjecting F-series prostaglandins induces a robust increase in sperm velocity

in PUFA-deficient hermaphrodites (Edmonds et al. 2010). F-series prostaglandins

contain a saturated cyclopentane ring with two hydroxyl groups (Funk 2001). This
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ring structure is critical for activity (Edmonds et al. 2010). Injected lipids rapidly

diffuse throughout the uterus and in many cases extrude back through the vulva,

causing dilution. Commercial PGF2α injected at 25 nM is sufficient to stimulate

sperm motility, suggesting F-series prostaglandins function at physiological con-

centrations (Edmonds et al. 2010). A caveat of microinjection experiments is that

directional motility is not affected, likely due to rapid diffusion and a short delay

between microinjection and imaging. On the other hand, the data imply that

prostaglandins are not simply permissive signals. Otherwise, sperm should acquire

wild-type motility behavior.

Liquid chromatography coupled to electrospray ionization tandem mass spec-

trometry (LC-MS/MS) has identified F-series prostaglandin isomers in C. elegans
extracts (Edmonds et al. 2010; Hoang et al. 2013; McKnight et al. 2014). Oocytes or

their precursors synthesize more than ten structurally related F-series prostaglan-

dins, which function collectively and largely redundantly to promote sperm guid-

ance (Hoang et al. 2013). DGLA, AA, omega-3 AA, and EPA are converted into

discrete sets of isomers. Although the PGF3 series derived from EPA is the most

abundant, the PGF2 series derived from AA is better characterized because indi-

vidual PGF2α stereoisomers are commercially available. Reverse-phase LC-MS/

MS, normal-phase chiral LC-MS/MS, and nanoLC QTOF analyses indicate that

C. elegans produces very little PGF2α. Instead, major products derived from AA

appear to be 8-epi-PGF2α, ent-PGF2α, and an unidentified PGF2α stereoisomer

(Hoang et al. 2013; McKnight et al. 2014). There is currently no LC-MS/MS

evidence thus far for D- and E-series prostaglandins, thromboxanes, leukotrienes,

or lipoxins. C. elegans does synthesize an array of epoxy- and hydroxy-C20 PUFA

metabolites (Zhou et al. 2015; Ma et al. 2013; Deline et al. 2015). Mutant strains

deficient in synthesis of all F-series prostaglandin isomers have nonautonomous

defects in sperm motility, including reduced velocity, little to no directional veloc-

ity, and increased reversal frequency. Self-derived and male sperm are likely

similarly affected. Self-derived sperm are more difficult to monitor, but

prostaglandin-deficient strains have a strongly reduced brood size (Kubagawa

et al. 2006; Edmonds et al. 2010; Hoang et al. 2013). Self-derived sperm are

found throughout the uterus in still images, suggesting these sperm retarget the

spermatheca poorly after being swept out of it.

A fascinating aspect of C. elegans prostaglandin synthesis is that it occurs

without prostaglandin G/H synthase enzymes (a.k.a. Cox). In mammals, Cox

enzymes convert AA into the bicyclic endoperoxide PGG2, which is then reduced

to PGH2 (Simmons et al. 2004; Chandrasekharan and Simmons 2004). PGD, PGE,

and PGF synthases convert PGH2 into respective bioactive forms. Nonsteroidal

anti-inflammatory drugs (NSAIDs) target Cox to inhibit prostaglandin synthesis

(van der Donk et al. 2002; Vane 1971). The C. elegans genome does not encode

Cox homologs and other key enzymes in Cox-metabolic pathways. Accordingly,

prostaglandin synthesis is refractory to NSAIDs (Edmonds et al. 2010). The

biochemical pathway that converts C20 PUFA precursors into specific PGF isomers

is not understood at present. Genetic and mass spectrometry approaches are under-

way to help shed light on the pathway (Prasain et al. 2015). In mice, over 50% of
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PGF2α isomers are formed independent of Cox enzymes (McKnight et al. 2014).

Mouse and worm PGF2α isomers co-elute under conditions that separate most

PGF2α stereoisomers. Cox-independent PGF2α isomers are also found in zebrafish

and human tissues. These and other data raise the possibility that a second,

evolutionarily conserved pathway for prostaglandin synthesis exists. As the Cox

enzyme and prostaglandins are found in basal animals like cnidarians (Valmsen

et al. 2001; Chandrasekharan and Simmons 2004), the most parsimonious expla-

nation is that C. elegans lost the Cox pathway during evolution.

In addition to questions related to prostaglandin synthesis, these studies bring up

other important questions. Among them are how prostaglandins are spatially

restricted and how sperm transduce prostaglandin signals. Although little is

known about prostaglandin signal transduction, several genes have been implicated

in restricting prostaglandin metabolism or secretion to unfertilized oocytes

(Edmonds et al. 2011; Hoang et al. 2013). Sperm ignore fertilized eggs in the

uterus, migrating over them in the direction of maturing, unfertilized oocytes in the

ovary. Two class 4 cytochrome P450 paralogs called CYP-31A2 and CYP-31A3

may play a role in this process. In cyp-31A2(tm2711) hermaphrodites, wild-type

sperm move with reduced directional velocity, but total velocity is unaffected

(Hoang et al. 2013). LC-MS/MS analysis of cyp-31A2(tm2711) extracts shows

increased prostaglandin levels, suggesting that CYP-31A2 restricts prostaglandin

metabolism (Hoang et al. 2013). CYP-31A2 promotes permeability barrier forma-

tion in fertilized eggs (Benenati et al. 2009). This barrier prevents the entry and exit

of small molecules (<3000 Da) and is thought to consist of C20 PUFAs and other

long-chain fatty acids conjugated to sugars (Stein and Golden 2015; Olson et al.

2012). CYP-31A2 might act after fertilization to divert PUFAs away from prosta-

glandin synthesis to permeability barrier formation. The permeability barrier could

also prevent prostaglandins from being secreted into the extracellular environment.

Another cell structure implicated in regulating prostaglandins is oocyte and sheath

cell gap junctions (Edmonds et al. 2011), which form in developing oocytes and are

lost during ovulation (Starich et al. 2014; Hall et al. 1999). The mechanism by

which CYP-31A2 and gap junctions modulate prostaglandin metabolism is not well

understood. Nevertheless, it is likely that prostaglandins are spatially regulated. In

the next section, we describe evidence for temporal regulation.

9.4.3 Temporal Regulation of Sperm Guidance

Adult hermaphrodites temporally modulate prostaglandin metabolism and, accord-

ingly, sperm guidance in response to nutritional cues and pheromones (Edmonds

et al. 2010; McKnight et al. 2014). These regulatory mechanisms are thought to

coordinate fertility rates with environmental conditions. When food levels are high

and population density is low, hermaphrodites optimize sperm usage through

increased oocyte prostaglandin synthesis (McKnight et al. 2014). Male sperm in
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hermaphrodites starved for as little as 16 h start to exhibit poor motility perfor-

mance even when males are well fed (Kubagawa et al. 2006; Edmonds et al. 2010).

Nutritional signals act via the conserved insulin-signaling pathway (Edmonds et al.

2010). The C. elegans genome encodes for more than forty insulin-like peptides but

only one receptor (Murphy and Hu 2013; Mukhopadhyay et al. 2006). Upon ligand

binding, the DAF-2 insulin receptor activates the phosphoinositide-3 kinase

AGE-1, stimulating a phosphorylation cascade mediated by phosphoinositide-3-

phosphate (PIP3). PIP3 activates the PDK-1 kinase, which then activates AKT-1,

AKT-2, and SGK-2 kinases. These kinases phosphorylate the forkhead box O

transcription factor DAF-16, inhibiting its entry into the nucleus and, therefore,

its transcriptional activity (Ogg et al. 1997; Lin et al. 2001). daf-16 loss suppresses

many of the defects in daf-2mutants, indicating that much of the insulin pathway in

worms is mediated through DAF-16 transcriptional activity.

Mutations in daf-2, age-1, and akt-1 cause strong sperm guidance defects

(Edmonds et al. 2010). Wild-type sperm in daf-2 mutant uteri move with reduced

velocity, little directional velocity, and high reversal frequency, similar to sperm in

prostaglandin-deficient uteri. These motility defects are suppressed by daf-16 loss.

Using a temperature-sensitive mutation in daf-2, it was demonstrated that insulin

signaling is required continuously in adults for sperm guidance. DAF-16 appears to

function in the intestine and germline to inhibit oocyte prostaglandin synthesis. In

the intestine, DAF-16 represses vitellogenin expression (i.e., ApoB-100 homologs)

(Edmonds et al. 2010; DePina et al. 2011), downregulating yolk synthesis important

for transporting PUFAs to the oocytes. Overexpressing the DAF-16B isoform in the

germline is sufficient to induce sperm guidance defects (Edmonds et al. 2010). Yolk

endocytosis is severely compromised in these transgenic hermaphrodites. Thus, one

mechanism by which insulin promotes prostaglandin synthesis is through increased

flux of PUFA precursors into the oocytes. LC-MS/MS analysis of daf-2 mutants

shows reduced prostaglandin levels. However, daf-2; daf-16 double mutants have

complex patterns of lipid alterations, consistent with tissue-specific regulation

(Edmonds et al. 2010).

Exposure to pheromones called ascarosides also impacts prostaglandin synthesis

and sperm guidance (McKnight et al. 2014). Hermaphrodites monitor levels of

asc-C6-MK, asc�ΔC9, and other ascarosides to interpret population density

(Ludewig and Schroeder 2013). As the ascaroside to food ratio increases, amphid

sensory neurons called ASI downregulate expression of the DAF-7 TGF-β ligand

(Ren et al. 1996), which transduces signals through DAF-1 type I and DAF-4 type II

receptors (Gumienny and Savage-Dunn 2013). Mutations in daf-7, the daf-1 and

daf-4 receptors, or downstream daf-8 and daf-14 R-Smads impair sperm targeting

to the spermatheca (McKnight et al. 2014). Loss of the antagonistic co-Smad daf-3
suppresses the sperm motility defects. Sperm motility behavior and LC-MS/MS in

daf-1mutants indicate prostaglandin deficiency. Therefore, DAF-7 TGF-β connects
ascaroside exposure to ovarian prostaglandin metabolism. High ascaroside levels

are sufficient to trigger sperm guidance defects in adult hermaphrodites (McKnight

et al. 2014).
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ASI neurons extend ciliated dendrites through the tip of the nose. Their cell

bodies sit near the nerve ring, adjacent to the second pharyngeal bulb. Although

DAF-7 expression is limited to ASI and nearby ASJ neuron pairs (Meisel et al.

2014; Ren et al. 1996), the DAF-1 and DAF-4 receptors are broadly expressed

(Gumienny and Savage-Dunn 2013; Gunther et al. 2000). Mosaic and cell type-

specific transgenic studies indicate that TGF-β signals are transduced in the

germline and RIM/RIC interneurons (McKnight et al. 2014), which coordinate

feeding and fat metabolism (Greer et al. 2008). RIM/RIC interneurons lie close to

ASI sensory neurons in the head and both neuron types extend projections to the

nerve ring. ASI and RIM/RIC neurons are hypothesized to transduce signals to the

gonad in a neuroendocrine fashion (McKnight et al. 2014). A closed circulatory

cavity called the pseudocoelom mixes secretions from most tissues, including head

neurons and the germline (Gottschalk and Schafer 2006). DAF-7 secreted from ASI

could flow directly to the gonad, binding DAF-1 and DAF-4 receptors expressed in

the germline. Genetic data suggest that DAF-7 also transduces signals to the gonad

indirectly, using secondary insulin and steroid ligands (McKnight et al. 2014).

RIM/RIC interneurons might propagate this signaling pathway. In any event, both

pathways converge in the oogonia to promote prostaglandin synthesis.

These results bring up a suite of new questions regarding the relationship of

environment to fertility. Among those questions is why C. elegans reduces sperm
performance when resources or the perception of resources is limited. One possi-

bility is that hermaphrodites aim to invest available nutrients into smaller numbers

of progeny. High ascaroside levels and low food inhibit egg laying, causing internal

embryo hatching within the uterus. Larvae then eat their mom from the inside out,

using her as a food source. Larvae that enter the dauer stage can survive without

food for several months and exhibit dispersal behaviors (Fielenbach and Antebi

2008; Hu 2007). However, dauer entry requires nutrients; embryos that hatch

without food do not form dauers (Cassada and Russell 1975). It has been proposed

that internal hatching provides a mechanism to increase dauer entry under starva-

tion conditions (Chen and Caswell-Chen 2004). An alternative possibility is that

C. elegans may want to limit outcrossing when resources are scarce. In any event,

hermaphrodites possess multiple mechanisms that couple environmental conditions

to sperm performance. These endocrine mechanisms are mediated by evolutionarily

conserved signaling circuits that modulate ovarian prostaglandin synthesis.

9.5 Perspectives

Despite differences in reproductive anatomy among C. elegans, D. melanogaster,
and mammalian species, their sperm face similar challenges to fertilize an oocyte.

Our knowledge of the molecular mechanisms is rudimentary, yet these mechanisms

are critically important to reproduction and evolution. Studies in mammals are

starting to illuminate the difficulty of the sperm’s journey through the female
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reproductive tract. Out of the millions of sperm inseminated, only a small number

make it near the oocyte’s vicinity. Chemotaxis, rheotaxis, and thermotaxis have all

been proposed to aid the sperm. The extent to which these mechanisms mediate

sperm guidance in vivo remains to be determined. It is clear that the female

reproductive tract plays an instrumental role in controlling sperm adherence and

motility behaviors. Accordingly, the mammalian sperm is capable of directional

movement in response to multiple sensory modalities.

Drosophila studies highlight the importance of seminal fluid proteins and the

female nervous system in regulating sperm storage and release. Similarly, seminal

fluid proteins in male C. elegans promote spermiogenesis, which is essential for

motility. Sperm then interpret prostaglandin positional cues secreted by oocytes.

Pheromone exposures and nutritional status influence prostaglandin metabolism.

Both the nervous system and the reproductive tract play key roles in controlling the

sperm and oocyte encounter. Drosophila and C. elegans models are helping dis-

cover fundamental principles, molecular mechanisms, and evolutionary forces that

govern fertilization. Delineating the extent to which ancestral mechanisms change

among different animal lineages is critical for understanding our own reproductive

biology and developing strategies to manipulate animal fertility rates.

In summary, sperm from diverse animal species process sensory information. It

should not be surprising that sperm rely on this information to complete their

mission. This chapter describes examples whereby sperm movement within the

female reproductive tract is controlled by male proteins, female lipids, and physical

forces (i.e., fluid flow). In addition to reproductive biology, these studies are

providing insight into how migrating cells, in general, interpret their positions.

Basic discoveries, such as novel mechanisms of prostaglandin synthesis and pro-

gesterone signaling, are illuminating other fields as well. The future impinges on

technological advances, creative minds, and curiosity. As imaging technologies

improve, so will our ability to monitor sperm movement in a wide range of female

animals. This may be particularly important if animals optimize sperm navigation

performance to specific environments. Humans are changing the Earth’s environ-
ment in unprecedented ways. To limit accumulating damage to animal species, we

must understand how these changes are impacting fertility. Human infertility is also

a growing problem, and poor sperm navigation might be a major contributing

factor.
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Chapter 10

Cell Fate Maintenance and Reprogramming

During the Oocyte-to-Embryo Transition

Christina Fassnacht and Rafal Ciosk

Abstract This chapter reviews our current understanding of the mechanisms that

regulate reprogramming during the oocyte-to-embryo transition (OET). There are

two major events reshaping the transcriptome during OET. One is the clearance of

maternal transcripts in the early embryo, extensively reviewed by others. The other

event, which is the focus of this chapter, is the embryonic (or zygotic) genome

activation (EGA). The mechanisms controlling EGA can be broadly divided into

transcriptional and posttranscriptional. The former includes the regulation of the

basal transcription machinery, the regulation by specific transcription factors and

chromatin modifications. The latter is performed mostly via specific RNA-binding

proteins (RBPs). Different animal models have been used to decipher the regulation

of EGA. These models are often biased for the specific type of regulation, which is

why we discuss the models ranging from invertebrates to mammals. Whether these

biases stem from incomplete understanding of EGA in these models, or reflect

evolutionarily distinct solutions to EGA regulation, is a key unresolved problem in

developmental biology. As the mechanisms controlling developmental

reprogramming can, and in some cases have been shown to, function in differen-

tiated cells subjected to induced reprogramming, our understanding of EGA regu-

lation may have implications for the efficiency of induced reprogramming and,

thus, for regenerative medicine.

10.1 Introduction

Cellular differentiation leads to the formation of highly specialized cells, such as

neurons and muscles, which fulfill complex functions. Cellular reprogramming is

the opposite process, where a specialized cell, with a restricted developmental

potential, is turned into a pluripotent cell that can give rise to different types of

cells. During development, a complete reprogramming into pluripotency is rare,
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being restricted to the OET. During this transition, a fertilized oocyte develops into

a pluripotent embryo, which has the potential to give rise to an entire new individ-

ual. The main cellular processes occurring during the OET (oocyte maturation,

ovulation, and fertilization) are discussed in the chapter “Oocyte activation and

fertilization: crucial sperm and oocyte factors.” Here, we focus on changes in the

transcriptome, underlying the transition from maternal to embryonic control of

development. In addition, we concentrate on mechanisms operating in the oocytes

because unfertilized oocytes display a broad developmental potential, which is

evident by their ability to give rise to developmentally plastic parthenogenetic

cell lines (Brevini et al. 2012), or even offspring when paternal imprinting is

mimicked (Kono et al. 2004). The initial stages of the OET, from oocyte maturation

to early embryogenesis, occur in the absence of de novo Pol II-mediated transcrip-

tion and are controlled, posttranscriptionally, until the embryo begins producing its

own transcripts during EGA (LaMarca et al. 1975; Moore et al. 1974). Our current

understanding of the mechanisms controlling developmental reprogramming dur-

ing the OET remains very limited. Experiments with pluripotent embryonic stem

(ES) cells have shown that pluripotency can be regulated at each step of gene

expression. However, which of the mechanisms described in ES cells are employed

during development remains to be, to a large extent, determined. During develop-

ment, a successful OET depends on the ability to maintain the germ cell fate in a

developing oocyte, which includes the maintenance of germ line-specific gene

expression and the inhibition of soma/embryo-specific expression. Failures in this

process can result in a precocious acquisition of pluripotency and somatic-like,

teratomatous differentiation. In an early embryo, the regulation of gene expression

is reversed, resulting in the activation of somatic/embryonic genes and the inhibi-

tion of germ-line genes. In this chapter, we discuss critical factors and emerging

mechanisms controlling this dramatic reprogramming of gene expression.

10.2 Developmental Potential of Germ Cells

Germ cells are typically the only cells giving rise to the offspring. This striking

property of germ cells led to the formulation of the germplasm theory of heredity,

also known as the Weismann theory of heredity, which states that only germ cells

transmit genetic information to the next generation (Weismann 1893). Indeed, the

development and maintenance of germ cells are crucial for the survival of species

with sexual reproduction, and germ cell-specific genome surveillance mechanisms

have evolved to ensure genome integrity. Germ cells originate from primordial

germ cells (PGCs) that are usually specified during embryonic development (for a

recent review on the specification of germ cell fate in different organisms, see

Strome and Updike 2015). PGCs and also adult germ cells have the potential to give

rise to other types of cells, as evident by the different types of pluripotent cell lines

derived from germ cells at different stages of development (Kerr et al. 2006). For

example, embryonic germ (EG) cells can be derived from mouse PGCs between the
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embryonic days E8.5 and E13.5 (Cantone and Fisher 2013). The EG cells are in

many aspects like blastocyst-derived embryonic stem (ES) cells in that they can

generate chimeras and display germ line transmission (Smith 2001). The

pluripotency of germ cells is also manifested by the properties of a specific germ

cell tumor (GCT) called teratoma. In human teratomas, germ cells abnormally

differentiate into somatic cell types, such as neurons, muscles, hair, or teeth

(Ulbright 2005). They can arise in ovary and testis, with testicular GCTs accounting

for the most common solid malignancy found in males between the ages of 15 and

40 years (Hussain et al. 2008). Origins of GCT development during human and

mouse gametogenesis have been recently reviewed in Dolci et al. (2015). They

include epigenetic remodeling, as well as defects in proliferation, apoptosis, and the

mitotic to meiotic switch. Undifferentiated cells from teratomas can also be grown

ex vivo as embryonic carcinoma (EC) cells and can be differentiated into cells of all

three germ layers in culture (Smith 2001). The formation of teratomas shows that to

ensure normal development, there need to be repressive mechanisms operating in

adult germ cells to control pluripotency. It is mostly the work from the nematode

C. elegans that contributed to the identification of pluripotency repressors, which

will be discussed later. A final evidence for the underlying pluripotency of germ

cells is the ability of the oocyte cytoplasm to reprogram somatic nuclei. This was

experimentally demonstrated by using the cytoplasm of an enucleated Xenopus
oocyte to reprogram an intestine nucleus (Gurdon and Uehlinger 1966). Since then,

reprogramming has been mostly studied using cell culture. This revealed some

important regulators, most notably the pluripotency transcription factors Oct4,

Sox2, Klf4, and c-Myc (Takahashi and Yamanaka 2006). However, the

reprogramming remains a very inefficient process, indicating that repressive mech-

anisms stabilizing the differentiated state may exist (Pasque et al. 2011). Arguably,

understanding the mechanisms controlling the natural reprogramming during OET

may be useful for improving the in vitro reprogramming techniques.

10.3 Developmental Reprogramming to Pluripotency

During the OET

Two major processes occur during the OET to reprogram the transcriptome. One is

the maternal clearance, the degradation of many maternal mRNAs and proteins

deposited into the oocyte. The mechanisms behind the maternal clearance have

been recently reviewed (Barckmann and Simonelig 2013; Walser and Lipshitz

2011). The other process is the embryonic genome activation (EGA), the onset of

transcription in the early embryo. Here, we concentrate on the advances that have

been made in understanding the timing, dynamics, and regulation of EGA using

different model organisms. Embryonic transcription initiates at a species-specific

time, which ranges in vertebrates from 1 to 2 cell cycles in mouse to cell cycles 6–9

in Xenopus and zebrafish embryos (Lee et al. 2014). Though, from an absolute time
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perspective, EGA occurs rather later in the mouse, as the first cell division occurs a

long time after fertilization. Among invertebrates, embryonic transcription starts at

cell cycle 2 in the nematode C. elegans and at cell cycle 6 in the fruit fly

D. melanogaster (Lee et al. 2014). A common sequence in EGA across model

organisms is the activation of transcription in two waves. In the first wave, only a

few embryonic mRNAs are transcribed, whereas in the second, later wave, the bulk

of transcription occurs. The dynamics of these two waves vary between organisms.

In mouse and in C. elegans, the second wave of transcription rapidly proceeds the

first, whereas in the fruit fly there is a long pause between the waves, with the first at

cell cycle 6 and the major wave only at cell cycle 13, where the embryo consists

already of roughly 6000 cells (Lee et al. 2014).

Different models have been proposed to explain the regulation of EGA, includ-

ing the nucleocytoplasmic (N/C) ratio model, the maternal clock model, and the

transcript abortion model. The N/C ratio model postulates that for EGA to begin, an

EGA repressor in the cytoplasmmust be titrated away, as the nuclear to cytoplasmic

ratio increases during cell divisions (Newport and Kirschner 1982). One candidate

repressor to be regulated by titration is xDnmt1 in Xenopus early embryos, whose

molecular function will be discussed later. The maternal clock model, in contrast, is

cell-cycle independent and hypothesizes that the accumulation or increase in

activity of an EGA activator to a certain threshold is needed to start EGA, rather

than the titration of a repressor (Lee et al. 2014). One example for the regulation by

a maternal clock is TAF-4, a C. elegans TFIID subunit, whose activity is controlled

by a fertilization-dependent mechanism. The transcript abortion model proposes

that the properties of the cell cycle control early gene expression. In many organ-

isms, the first embryonic divisions occur very fast, cycling only between S and M

phases and lacking the gap phases of the cell cycle. The transcript abortion model

postulates that during such fast cell cycles, zygotic transcripts are aborted and can

only be fully transcribed when the cell cycles lengthen (Tadros and Lipshitz 2009).

The abortion of a nascent long transcript was, indeed, observed during early

divisions in Drosophila (Shermoen and O’Farrell 1991). Further experimental

evidence comes from studies, where a block of the cell cycle leads to premature

EGA in Xenopus (Kimelman et al. 1987) and Drosophila embryos (Edgar and

Schubiger 1986). It is tempting to speculate that EGA regulation by the cell cycle is

more important in organisms with fast embryonic divisions, like Drosophila with

early mitotic cycles of 8 min only, whereas could be less relevant in organisms with

slow embryonic divisions, like mice, where the first two cell cycles take 2 days.

However, the short length of early transcribed genes is conserved among species

(Heyn et al. 2014), including mice, leaving the questions open if gene length is also

restricting gene expression in early mouse embryos. In summary, the three general

EGA models are not mutually exclusive, and it is possible that a combination of

them allows the tight regulation of EGA. The recent identification of critical EGA

repressors and activators has shed some light into the molecular mechanisms

controlling EGA. When considering the major changes that have to occur from a

transcriptionally silent oocyte, with tightly packed DNA, to an early embryo

undergoing rapid DNA replication and transcription, it is perhaps not surprising
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that mechanisms, which globally regulate DNA packaging and transcription, have

been identified to be crucial for the reprogramming during OET. In addition,

although little is known about posttranscriptional regulation of reprogramming,

recent examples highlight the contribution of RNA regulation to a successful OET.

For the sake of clarity, examples of the transcriptional and posttranscriptional

regulation of reprogramming will be presented in two separate chapters.

10.3.1 Transcriptional Regulation of Reprogramming

10.3.1.1 Histone Variants

Changes in the chromatin regulate the accessibility of transcription factors to DNA

and, thus, transcription. Heterochromatin contains tightly packed DNA with a

limited access by the transcription machinery. In contrast, euchromatin is loosely

packed, allowing a relatively easy access to DNA. Chromatin is established by the

packing of DNA into nucleosomes and is influenced by nucleosome composition

and epigenetic modifications on histone tails of the nucleosomes. Nucleosomes

consist of four histone core proteins (H2A, H2B, H3, H4), which can be exchanged

by variant histones with unique regulatory properties. Histone exchange, from

repressive gamete-specific histones to somatic histones, is likely contributing to

the establishment of a permissive chromatin state in embryos. It was shown in

mouse that the repressive macroH2A variant in the female pronucleus is progres-

sively lost after fertilization and during EGA onset (Chang et al. 2005). Similarly,

studies from Drosophila showed that an early embryonic and germ line-specific H1

variant, named dBigH1, is exchanged for a somatic version during embryonic

development, coinciding with the transcriptional activation (Perez-Montero et al.

2013). Consequently, the loss of dBigH1 leads to a precocious activation of Pol

II-dependent transcription in the early embryo (Perez-Montero et al. 2013).

10.3.1.2 Chromatin Remodelers

Another type of chromatin regulation that influences gene expression is the nucle-

osome positioning, which is mediated by chromatin remodeling complexes. The

finding that the remodelers contribute to EGA came from the mouse, as the loss of

maternal Brg1 protein, a catalytic subunit of the SWI/SNF chromatin remodeler

complex, leads to a reduced transcription of 30% of embryonic genes and embry-

onic arrest (Bultman et al. 2006). However, the question remains whether Brg1

contributes to a general opening of chromatin or whether Brg1 might be specifically

targeted to the promoters of embryonic genes, making them accessible for the

transcription machinery.
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10.3.1.3 Epigenetic Modifications: Histone Marks

As indicated earlier, chromatin can be also influenced by specific modifications of

histone tails in the nucleosomes, either promoting or repressing transcription. An

enrichment of the activating histone H3K4me3 mark was found on embryonic gene

promoters, preferentially on those with housekeeping roles that are expressed in

Xenopus and zebrafish embryos after EGA onset (Akkers et al. 2009; Vastenhouw

et al. 2010; Lindeman et al. 2011). In contrast, the repressive histone H3K27me3

mark was present on the promoters of later expressed genes with developmental

roles. This suggests a role for these histone modifications in distinguishing earlier

vs. later expressed embryonic genes. Another interesting finding is the appearance

of these histone marks only at the time of active transcription in the early embryos

(Li et al. 2014; Vastenhouw et al. 2010; Akkers et al. 2009), indicating the presence

of a relatively unmodified, naı̈ve chromatin state of the embryo before EGA in

several species. Therefore, histone marks likely do not contribute to the transcrip-

tional regulation of the first embryonic genes, but rather direct gene expression later

during embryonic development.

10.3.1.4 Epigenetic Modifications: DNA Methylation

In mammals, also DNA methylation is thought to contribute to EGA regulation.

DNA methylation is the addition of a methyl group to cytosines in CpG dinucle-

otides, and methylation of promoter sequences is thought to have a repressive effect

on transcription. Consistent with a repressive function, studies in mouse have

reported a global DNA demethylation shortly after fertilization and during EGA,

which might contribute to an open pluripotent chromatin state (Paranjpe and

Veenstra 2015). However, in other vertebrate species, the opposite trend was

reported: zebrafish and Xenopus embryonic genomes appear to be globally

hypermethylated during EGA (Paranjpe and Veenstra 2015). In addition, no obvi-

ous correlation between DNA methylation and transcriptional repression of genes

seems to exist in Xenopus embryos (Bogdanovic et al. 2011). The DNA

methyltransferase xDnmt1 was identified in Xenopus as an EGA repressor

(Stancheva and Meehan 2000), though its silencing function appears to be inde-

pendent of its catalytic activity, and it is suggested that Dnmt1 acts as a direct

transcriptional repressor before the onset of EGA (Dunican et al. 2008). In sum, the

contribution of DNA methylation dynamics to EGA regulation may vary from

species to species.

10.3.1.5 Alternative Promoters

An important contribution towards understanding the link between chromatin

modifications and transcription comes from studies using cap analysis of gene
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expression (CAGE) in early zebrafish development to map transcription start sites

(TSSs) (Nepal et al. 2013; Haberle et al. 2014). CAGE data showed differences in

the TSS usage between maternal and embryonic transcripts and identified an A/T-

rich (W-box) motif upstream the maternal TTSs and G/C-rich regions downstream

of zygotic TSSs, with the two motifs often co-existing in promoters of constitu-

tively expressed genes. This suggests that specific sequences, presumably via

recruitment of specific transcription factors, direct the dynamic use of maternal

and embryonic TSSs during the OET. Interestingly, H3K4me3-marked nucleo-

somes are positioned specifically at G/C-rich embryonic sequences, which provide

a link between chromatin remodeling and sequence information. It remains to be

determined which transcription factors bind these motifs. The use of alternative

promoters during the OET has also been reported from a study in mouse, where

retrotransposons that are highly expressed in mature oocytes and early embryos can

serve as alternative promoters and first exons for embryonic genes (Peaston et al.

2004). This results in the production of early embryo-specific chimeric transcripts.

The production of such chimeric transcripts has been reported for a number of host

genes, and it remains to be shown how widespread this type of regulation is.

10.3.1.6 Transcription Factors

The availability of both general (pioneering) and more specific transcription factors

has been found to contribute to the regulation of embryonic gene expression. In

addition, work from different model organisms has shown that the regulation of Pol

II initiation and elongation, as well as of components of the pre-initiation complex

(PIC), contributes to EGA control (Zurita et al. 2008). The activity of Pol II can be

regulated via phosphorylation of serine residues of tandem repeats on the C-terminal

domain (CTD). Particularly, the phosphorylation of Serines 2 and 5 of the CTD is

crucial during the initiation and elongation of gene transcription. Pol II phosphor-

ylation in mouse correlates well with transcription states during the OET. Tran-

scriptionally silent oocytes show decreasing levels of CTD phosphorylation,

whereas after fertilization, phosphorylation increases again before EGA (Bellier

et al. 1997). Another level of Pol II and PIC component regulation is their cellular

localization. Pol II and PIC components have been shown to localize to the oocyte

cytoplasm in many organisms, and only after their nuclear translocation in early

embryos, the general transcription machinery becomes active. One example is the

sequestration of TAF-4, the C. elegans TFIID subunit, by two repressors called

OMA-1 and OMA-2 in the cytoplasm of the one- and two-cell embryo (Guven-

Ozkan et al. 2008). Responsible for the inhibitory function of OMA-1/-2 is the

fertilization-dependent phosphorylation by MBK-2. This phosphorylation ulti-

mately leads to OMA-1/-2 degradation at the four-cell stage and the release of

TAF-4 into the nucleus, where assembly of TFIID can occur and transcription begin.

The establishment of an open chromatin state and the activation of the basal

transcription machinery during OET provide permissive mechanisms for EGA to

occur. However, it is expected that other repressive and activating transcription
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factors provide instructive mechanisms to gene expression and mediate fine-tuning

of transcription during embryo development. The identification of transcription

factors with an intrinsic chromatin remodeling function, like Zelda in

D. melanogaster, suggests that both regulatory mechanisms can even occur at the

same time. Zelda is a maternally deposited transcription factor that binds to a

heptamer motif, called TAGteam motif, in early embryonic gene promoters and

activates their transcription (Liang et al. 2008; De Renzis et al. 2007; ten Bosch

et al. 2006). Loss of Zelda leads to a failure in the activation of over a hundred

embryonic genes, and defects in cellularization and pattern formation in the early

embryo (Liang et al. 2008). In addition to the activation of these early genes, Zelda

associates with the promoters of a thousand genes, whose transcription occurs later

in embryonic development, suggesting a broader role for Zelda in licensing genes

for transcription (Harrison et al. 2011; Nien et al. 2011). Indeed, Zelda was recently

found to mediate chromatin accessibility and can therefore be seen as a pioneer

transcription factor, facilitating transcription factor binding genome-wide (Schulz

et al. 2015). Also in zebrafish, transcription factors that likely possess pioneering

activity have been discovered to contribute to EGA. They include the pluripotency

transcription factors Nanog, Pou5f3 (formerly Pou5f1, an Oct4 homolog), and

Sox19b (a Sox2 homolog), which have been found before to mediate

reprogramming to iPS cells (Takahashi and Yamanaka 2006). Their combined

loss leads to a failure in the activation of more than 75% of early embryonic

genes and developmental arrest of zebrafish embryos before gastrulation (Lee

et al. 2013). The observed correlation between the chromatin association of

Pou5f3 and Sox2, and the enrichment in H3K4me3 and Pol II binding, suggests

that these transcription factors, like in ES and iPS cells, also function during early

development as pioneering factors to facilitate de novo gene expression

(Leichsenring et al. 2013). In addition, it must be noted that many EGA activators,

like Zelda, and the pluripotency transcription factors, Nanog, Pou5f3, and Sox19b,

also contribute to the maternal mRNA clearance by activating the expression of

factors mediating mRNA degradation; for example, the expression of microRNA

miR-430 is activated by Nanog (Lee et al. 2013). Thus, these transcription factors

provide a connection between the mechanisms driving EGA and maternal product

degradation.

Concluding, transcriptional regulation of reprogramming plays a critical role

during the OET (the involved factors are summarized in Table 10.1 and illustrated

in Fig. 10.1). The regulation of chromatin and basal transcription machinery pro-

vides mechanisms to globally control transcriptional competence in germ cells and

early embryos. However, open remaining questions are: How is specificity of gene

regulation achieved? What marks embryonic genes as active and maternal genes as

inactive? What induces the switch from maternal to embryonic gene expression?

What determines the level and spatial regulation of embryonic gene expression?

The dynamic use of maternal and embryonic transcription start sites provides one

exciting possibility how differential transcription can be achieved. However, the

molecular mechanisms underlying the differential expression, for example tran-

scription factors recognizing the motifs, remain to be determined. Also the
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identification of the TAG team motif in early Drosophila genes and the identifica-

tion of Zelda, as the associating TF, provided some insights into embryonic gene

regulation. However, such motifs in embryonic gene promoters have not been

identified in other model organisms. This raises the question how widespread and

conserved the utilization of embryo-specific TF-binding motifs is across organisms.

10.3.2 Posttranscriptional Regulation of Reprogramming

10.3.2.1 RNA-Binding Proteins

As described earlier, germ cells have the developmental capacity to develop into

cells of all three germ layers, which, in disease, is manifested in teratomas.

Fig. 10.1 Integration of reprogramming-controlling mechanisms from different species in ste-

reotypical cells. (a) Germ cell: chromatin is in a closed conformation, mRNA transcription is

inactive, mRNAs are translationally repressed. (b) Early embryos: mRNA transcription of embry-

onic genes from open chromatin can occur, activating (H3K4me3) and repressive (H3K27me3)

histone marks are deposited to regulate gene expression, mRNAs are translated into proteins.

Colors of the involved factors match to the color of the respective model organism (indicated in the

square box). References are listed in Tables 10.1 and 10.2. Abbreviations: TF, transcription factor;
TSS, transcription start site; RNA Pol II, RNA Polymerase II; PIC, pre-initiation complex; and

CTD, C-terminal domain
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Posttranscriptional regulation appears to play a predominant role in preventing such

a precocious onset of pluripotency in germ cells. In mouse, as in worms, posttran-

scriptional mechanisms involving the activity of RNA-binding proteins (RBPs)

were found to maintain the germ cell fate and inhibit precocious reprogramming.

In mouse, DND-1 (dead end 1) prevents teratoma formation in the embryonic germ

cells (Youngren et al. 2005). Loss of DND-1 leads to a failure in downregulating

pluripotency genes, like Nanog or Oct4, and defective cell cycle arrest (Cook et al.

2011). Defects in cell cycle arrest likely result from a failure to protect mRNAs

encoding cell cycle regulators, like p27Kip1 and p21Cip1, from microRNA-mediated

degradation (Kedde et al. 2007). Comparable to the function of DND-1 in mouse,

two C. elegans RBPs named GLD-1 (defective in germ line development 1) and

LIN-41 (abnormal cell lineage 41) have been found to inhibit teratoma formation in

the adult germ cells. Interestingly, GLD-1 and LIN-41 prevent germ cell

reprogramming at two consecutive phases of oogenic differentiation. While

GLD-1/Quaking functions earlier, maintaining the germ-line fate during the pachy-

tene stage of meiosis I (Ciosk et al. 2006), LIN-41/TRIM-71 performs this function

later, during the diplotene and diakinesis stages (Tocchini et al. 2014). Why

different RBPs are employed at different developmental stages is not clear. One

possibility is that LIN-41 takes the control from GLD-1 so that some of the GLD-1

mRNA targets, with OET-promoting functions, may be translated (Scheckel et al.

2012). Irrespective of the molecular details, common to gld-1 and lin-41 loss-of-

function mutants is a premature entry of the meiotic cells into mitosis, followed by

precocious EGA and teratomatous differentiation (Biedermann et al. 2009;

Tocchini et al. 2014; Ciosk et al. 2006). In these mutants, the expression of early

embryonic genes takes place before the expression of differentiation-specific genes

(Tocchini et al. 2014). Moreover, just like in normal embryogenesis, the

teratomatous differentiation, at least into muscles, depends on the maternally

supplied transcription factor, PAL-1/Caudal, a master regulator for muscle fate in

embryos (Baugh et al. 2005). All these observations suggest that the gld-1 and lin-
41 teratomas reflect the function of GLD-1 and LIN-41 in delaying the onset of

embryonic events until after fertilization. How precisely they do it remains unclear.

One key GLD-1 target is the cye-1 mRNA encoding cyclin E (Biedermann et al.

2009). By repressing this mRNA, and consequently preventing cyclin E translation,

GLD-1 regulates the activity of a key cyclin E partner, the cell cycle-driving kinase

CDK-2. In gld-1 mutants, CDK-2 is critical for the precocious mitosis, which is

somehow linked with EGA (Biedermann et al. 2009). Similarly, in lin-41 germ

lines, the translational derepression of CDC-25.3, the activator of another cell cycle

kinase called CDK-1, has been suggested to contribute to the premature entry into

mitosis (Spike et al. 2014). Although in this case the connection between mitosis

and EGA remains to be tested, GLD-1 and LIN-41 both repress premature mitosis,

which appears to be linked to the transcriptional remodeling manifested by EGA

and teratoma formation. Thus, a critical question for the future is whether there is a
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causal relation between the cell cycle and reprogramming and, if yes, what is the

underlying mechanism.

Although the most-studied posttranscriptional regulators act as the repressors of

reprogramming, RBPs could also act as activators. In Drosophila, another RBP,
Smaug, has been reported to act as an EGA activator. The loss of Smaug leads to

pleiotropic developmental defects in embryos, including the failure to start high-

level embryonic transcription, possibly due to defects in the activation of the basal

transcription machinery (Benoit et al. 2009). However, whether Smaug directly

regulates the transcription machinery, or whether the failure to activate transcrip-

tion is indirectly due to additional functions of Smaug in maternal mRNA degra-

dation (Tadros et al. 2007), remains to be seen.

10.3.2.2 P Granules

C. elegans P granules are germ line-specific ribonucleoprotein granules with,

typically, perinuclear localization, similar to germ granules or nuage in other

organisms. It has been observed that in gld-1 and lin-41 mutant germ lines, but

also in germ lines undergoing a direct germ-to-soma-conversion (Tursun et al.

2011), the P granules disappear from differentiating cells. However, whether the

loss of P granules is the cause or consequence of the somatic differentiation of germ

cells remains controversial. A recent study, aimed at answering this question, used

simultaneous knockdown of RBPs that nucleate P granule formation (Updike et al.

2014). This resulted in the expression of some somatic genes and differentiation

into neurons after the ectopic expression of a neural fate master regulator called

CHE-1. Thus, it seems that compromising P granules enhances the ability of germ

cells to be reprogrammed into somatic cells, but, alone, is not sufficient to cause an

OET-like transition, as observed in gld-1 or lin-41mutant germ lines. Also, while in

some cases the association of a given RBP with P granules may be important for the

RBP activity (Voronina et al. 2012), in other cases, including GLD-1 or LIN-41, the

significance of the association with P granules (if any) remains unknown. Finally,

compromising P granules could affect the biogenesis of endo-siRNAs (endogenous

small interfering RNAs), including those facilitating the expression of germ-line

genes (Gu et al. 2009; Cecere et al. 2014; Claycomb et al. 2009). Thus, the

connection between P granules and the maintenance of the germ cell fate may be

indirect.

In summary, posttranscriptional regulation appears to contribute to both

EGA/pluripotency repression in germ cells and EGA activation in early embryos

(involved factors are summarized in Table 10.2 and illustrated in Fig. 10.1). RBPs

have been found to serve as cytoplasmic roadblocks to reprogramming and thereby

prevent a precocious pluripotent state in germ cells. Their identification in mice and

worms suggests that this is likely a conserved regulatory paradigm. This is further

supported by the common use of posttranscriptional regulation in oocytes, as oocyte
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development is associated with the entry into a transcriptionally silent state in most

species. Common targets regulated by these RBPs are cell cycle genes, which

indicate that they could be conserved targets for reprogramming regulation. The

role of RNP granules in germ cell identity maintenance remains less well under-

stood, as their impairment likely disturbs the function of many cytoplasmic

regulators.

10.4 Conclusion

The reprogramming occurring during the OET is a complex process, and we are

only at the beginning of understanding the underlying mechanisms. Work from

various model organisms has shown that key processes appear to be conserved

during the OET, like the reactivation of the cell cycle and transcriptional compe-

tence in early embryos, or the occurrence of EGA in two waves. The mechanisms

controlling these processes work at the transcriptional and posttranscriptional levels

and may vary between organisms. Thus, one future challenge is to address the

conservation of the identified players and mechanisms. The discovery of the

pioneering transcription factor Zelda, and its promoter-binding motif in embryonic

genes, enhanced our knowledge about the transcriptional regulation of embryonic

Table 10.2 Posttranscriptional regulation of reprogramming during the OET

Type of

regulation Name Organism

Function

during

OET Molecular function Reference

RBPs DND-1 M. musculus EGA

repressor

Translational activator

of the cell-cycle genes

p27Kip1 and p21Cip1,

translational repressor

of pluripotency genes

like Nanog

Youngren

et al. (2005),

Cook et al.

(2011)

GLD-1 C. elegans EGA

repressor

Translational repressor

of the cell-cycle gene

CYE-1/Cyclin E

Ciosk et al.

(2006),

Biedermann

et al. (2009)

LIN-41 C. elegans EGA

repressor

Translational repressor Tocchini

et al. (2014)

Smaug D. melanogaster EGA

activator

Possibly a direct activa-

tor of the basal tran-

scription machinery,

maternal mRNA

degradation

Benoit et al.

(2009),

Tadros et al.

(2007)

Germ

granules

PGL-1,

PGL-3,

GLH-1,

GLH-4

C. elegans Somatic

gene

repressor

Restrict the

reprogramming of germ

cells into somatic cells

Updike et al.

(2014)
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genes in Drosophila. However, DNA-binding motifs specific to embryonic genes,

or the transcription factors binding to them, have not been identified in other model

organisms, which leaves the question about the conservation of this mechanism

open. Moreover, while some of the identified players establish a global transcrip-

tional competence in early embryos, the mechanisms mediating specificity of gene

expression remain poorly understood. Furthermore, posttranscriptional regulation

during the OET remains largely unexplored, although it is expected to play an

important role during the transcriptionally silent period preceeding EGA. So far, a

few RNA-binding proteins have been identified to contribute to EGA regulation.

However, the precise molecular mechanisms and conservation remain to be

explored. In addition to RBPs, testing the importance of other types of RNA

regulation for reprogramming will be of future interest. Once the individual regu-

latory mechanisms are understood, the next challenge will be to understand the

interplay between those mechanisms. While some regulatory hierarchies have been

understood, for example, the regulatory axis in the C. elegans oocyte connecting the
posttranslational modification of OMA-1 and OMA-2 proteins to the cytoplasmic

retention of the transcription factor TAF-4, the connections between other types of

regulatory mechanisms remain to be determined. Dissecting the mechanisms under-

lying reprogramming during the OET will not only enhance the understanding of

one of the most important developmental events but can also help in understanding

and treating diseases, in which uncontrolled reprogramming can lead to

teratomatous differentiation or undifferentiated tumors. Moreover, identification

of novel players controlling reprogramming is of potential interest for the produc-

tion of induced pluripotent stem (iPS) cells. The production of iPS cells still

remains inefficient, with 0.01%–6% efficiency by transcription factor

overexpression (Pasque et al. 2011), and a huge effort goes into developing

strategies to achieve a higher reprogramming efficiency. Basic research on

reprogramming can contribute to this field by uncovering new molecular players

and pathways, potentially with conserved human functions.
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