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oneself” (Greek roots: auto “self”, phagein “to eat”), de Duve was describing a cellular
process where organelles are delivered to lysosomes via double-membrane vesicles
that he and his colleagues observed from analyzing electron microscopic images.
Autophagy was first reported by Keith Porter and Thomas Ashford who observed an
increase in lysosome biogenesis and mitochondria destruction in hepatocytes after
treatment with glucagon (Ashford and Porter 1962). However, Porter and Ashford
misinterpreted their results, describing the formation lysosomes containing mitochondria,
rather than delivering mitochondria to lysosomes by the autophagy-dependent vesicle,
the autophagosome. Christen de Duve’s lab published the first autophagy papers in
1967 to describe the potent induction of autophagy in rat hepatocytes following glucagon
injection and the subsequent trafficking and fusion of the autophagosome with
lysosomes (Deter et al. 1967; Deter and De Duve 1967). Autophagy research has
grown popular, with just over 10,000 “autophagy” papers resulting from a PubMed query
over the past five years due to autophagy’s indispensable involvement in eukaryotic
development and disease, particularly in tumor development (see Hale et al. 2013; Choi
et al. 2013; Jiang and Mizushima 2013 for reviews). The intimacy between autophagy
and lysosomes remains today where, as of 2014, the autophagy community recognizes
three primary flavors of autophagy: macroautophagy, microautophagy and chaperone-
mediated autophagy, which all conclude with degrading cytosolic components in a
lysosome (see Parzych and Klionsky 2013 for review). De Duve and colleagues
originally observed macroautophagy, and not-coincidentally, macroautophagy is the
most studied, and will be solely discussed and referred to as autophagy for the
remainder of this review. This review will primarily focus on data collected from
mammals, specifically the mouse where possible, but occasionally will draw on data

from other animals to formulate broad conclusions.



It is the goal of this review is to give an overview of the research to date that links
autophagy to reproductive biology and to discuss the implications and possible

directions of future research.

1.2 An Overview of the Functions and Process of Autophagy

1.2.1 Primer on the Functions of Autophagy

Autophagy is an evolutionarily conserved eukaryotic process that occurs at low
constitutive levels in all cell types to sequester cytosolic material in a double membrane
structure, termed the autophagosome, and to deliver the material to a lysosome for its
breakdown and recycling into basic components (Figure 1.1). Using genetic screens in
yeast, over 34 autophagy-related (Atg) genes have been identified with most having
clear homologs in higher eukaryotes through protein-sequence identity (Nakatogawa et
al. 2009; Tsukada and Ohsumi 1993; Thumm et al. 1994). Autophagy can be either
‘selective’ or ‘non-selective’, and is the only other process that degrades cytosolic
components besides the ubiquitin-proteasome system. The specific delivery of cytosolic
components and subsequent inclusion into an autophagosome through cytosolic
receptors is selective autophagy. In contrast, non-selective autophagy is the arbitrary
inclusion of cytosolic components found in close proximity to where the autophagosome

forms.

Autophagy is a highly orchestrated requisite for eukaryotes to adapt to nutrient
conditions and regulate cellular energy homeostasis; thus, autophagy is widely
considered a pro-survival process. As the obvious cellular response to nutrient
starvation, this was the major function of autophagy studied throughout the 1990s.
However, over the last twenty years many labs have identified other survival-specific
functions for autophagy, including (with recent reviews): mitochondria maintenance

(Youle and Narendra 2011), lipid droplet metabolism (Liu and Czaja 2013; Christian et



al. 2013), pathogen elimination (Levine et al. 2011), maintenance of unfolded proteins
(Cebollero et al. 2012), endosome turnover (Lamb et al. 2013), protein secretion (Brooks

et al. 2012) and trafficking proteins to the plasma membrane (Deretic et al. 2012).

Alongside the pro-survival functions, there are limited in vivo studies where autophagy
has been established as a cause of cell death (Zhu et al. 2007; Denton et al. 2009; Berry
and Baehrecke 2007; Koike et al. 2008; Nezis et al. 2010; Piras et al. 2011; Schwarze
and Seglen 1985). In these studies there is an observed accumulation of
autophagosomes prior to or concurrent with cell death, a morphology originally termed
autophagic cell death (ACD) (Maiuri et al. 2007). However, how autophagy causes cell
death is controversial. There are independent data concluding that autophagy can
induce and mediate apoptosis, as well as be the sole cause of cell death (Kroemer and
Levine 2008). The definition of ACD has been recently challenged to include a
functional component beyond simple morphology, declaring that ACD should be
ameliorated through chemical or genetic inhibition of autophagy and be independent
from apoptosis or necrosis (Galluzzi et al. 2012; Klionsky et al. 2012). This more
stringent definition makes ACD a very rare event (Shen and Codogno 2011) and argues
against its occurrence in cancer cell lines screened for mutations in Atg genes (Shen et
al. 2012). In this fashion, it is my stance to require both the results from functional

experiments and distinction from apoptosis or necrosis to affirm ACD.
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Figure 1.1 Molecular mechanism of autophagy in mammals.

(A) When mTOR is inhibited, the ULK complex dissociates from mTOR and ULK1
phosphorylates itself, ATG13 and RB1CC1, to induce the nucleation phase. (B) The
nucleation complex is assembled at the site of isolation membrane and activated by the
ULK complex. UVRAG and ATG14L bind to BECN1 in a mutually exclusive manner and
the complex with ATG14L is necessary for nucleation. BECN1 is inhibited when bound
by anti-apoptotic BCL2, which inhibits nucleation. (C) The two ubiquitin-like conjugation
systems essential for membrane elongation that conjugate ATG8-like proteins to PE on
the expanding membrane. (D) The progression of an autophagosome membrane
(orange crescent) is dependent on ATG8-like proteins (stylized in black). Once
completed the autophagosome is trafficked to and fuses with a lysosome. ATG8-like
proteins bound to the outer membrane are cleaved by ATG4 while ATG8-like proteins on
the inner-membrane are degraded by lysosomal enzymes along with the cargo of the
autophagosome. Figure adapted from (Hale et al. 2013).



1.2.2 Primer on the Process of Autophagy

Several excellent reviews discuss the molecular machinery (Feng et al. 2014),
transcriptional (He and Klionsky 2009), posttranscriptional (McEwan and Dikic 2011) and
extracellular regulation (Lock and Debnath 2008; Boya et al. 2013) of autophagy

elsewhere, and are beyond the scope of this review.

Briefly, autophagy is comprised of five sequential stages: 1) induction, 2) membrane
nucleation, 3) membrane elongation, 4) trafficking and fusion of the autophagosome with
a lysosome, and 5) degradation followed by transport of molecules back into the cytosol
(Figure 1.1). This is distinct from other vesicle-producing processes (e.g. secretory
pathway) because autophagosome membranes are produced de novo and not budding

from pre-existing membranes (Noda et al. 2002; Kovacs et al. 2007).

Numerous studies have begun to understand the hierarchical nature of proteins needed
for autophagosome formation. In mammals, autophagy is induced as an outcome of
several signaling pathways, of which mechanistic target of rapamycin (MTOR) and
adenosine monophosphate (AMP) activated protein kinase (AMPK) are the best studied.
MTOR and AMPK regulate the unc-51-like kinase family (either ULK1 or ULK2)
complexes by direct phosphorylation (Kim et al. 2011; Lee et al. 2010; Mizushima et al.
2010). Activated ULK1/2 complex recruits the class Il phosphatidylinositol 3-kinase
(PtdIns3K) ‘nucleation’ complex, containing PtdIins3k, catalytic subunit type 3 (PIK3C3,
also known as VPS34), PtdIns3k, regulatory subunit 4 (PIK3R4, also known as VPS15),
Beclin-1 (BECN1), ultraviolet radiation associated (UVRAG) and ATG14L to an induction
site (Itakura and Mizushima 2010), which occurs at endoplasmic reticulum (ER)-
associated structures called omegasomes (Hayashi-Nishino et al. 2009). The

production of the signaling lipid, phosphatidylinositol 3-phosphate (Ptdins3P), by the



nucleation complex is required for the nucleation of the membrane, called the
phagophore, and the progression of autophagy (Burman and Ktistakis 2010; Noda et al.
2010). PtdIns3P is a signaling molecule that recruits two ubiquitin-like conjugation
systems (e.g. ATG5-ATG12 and ATG7) that work together to covalently conjugate
ATG8-like proteins (e.g. microtubule associated 1A/1B-light chain 3 (LC3) and GABA
receptor-associated protein (GABARAP) families) to phosphatidylethanolamine (PE) in
the expanding phagophore (Geng and Klionsky 2008). While the exact function of the
ATG8-like conjugates is unclear, they are indispensable for prolonged phagophore
elongation (Xie et al. 2008) and trafficking of the finished autophagosome (Weidberg et
al. 2010). The lipid sources for membrane expansion seem to be non-specific as the ER
(Hayashi-Nishino et al. 2009), Golgi complex (Yen et al. 2010; Takahashi et al. 2011),
mitochondria membrane (Hailey et al. 2010) and plasma membrane (Ravikumar et al.

2010) have all been observed to contribute.

Once completed, the autophagosome goes through a maturation process where the
induction and elongation complexes are removed and interactions with both
microtubules and actin filaments facilitate the delivery of the autophagosome to the
lysosome (Monastyrska et al. 2009). Autophagosome-to-lysosome fusion proceeds in
an ATG9-dependent manner that is regulated by soluble N-ethylmaleimide-sensitive
fusion attachment protein receptors (SNAREs) (Nair et al. 2011). It is suggested that
autophagosomes obtain SNAREs by first fusing with late endosomes before fusing with
a lysosome; however, the mechanism of how autophagosomes fuse to endosomes
remains to be elucidated (reviewed in Moreau et al. 2013). Once fusion has taken place,
lysosome hydrolases and proteases catabolize the autophagosome contents into basic
building blocks (e.g. amino acids, fatty acids and carbohydrates) and these are

transported back into the cytoplasm for anabolic reactions.



1.3 Autophagy in pre-implantation embryo development

Fertilization of an egg by sperm marks the beginning of a myriad of developmental
changes in the embryo. These changes include both cytoplasmic and genomic
reprogramming that are necessary for development beyond the blastocyst. Upon
fertilization, sequential waves of Ca?* released into the cytoplasm signal the re-initiation
of meiosis in the maternal pronucleus, protamine-histone exchange in the paternal
pronucleus, followed by fusion of the maternal and paternal pronuclei and progression
into mitosis (reviewed in Whitaker 2008). Fertilization also initiates the translation of
several proteins essential for the progression into meiosis and mitosis along with the
ubiquitination and destruction of several maternally inherited proteins (e.g. Cyclin B1)
(Vasudevan et al. 2006; Huo et al. 2004). In order to drive this progression without the
need for transcription from the condensed chromosomes, several translationally-delayed
maternally-derived transcripts become activated (Conti 2011; Chen et al. 2011;
Medvedev et al. 2011). The ubiquitin-proteasome system degrades many oocyte-
derived proteins, which serves to cull the 3,699 different proteins found in metaphase Il
oocytes down to approximately 2,000 different proteins after fertilization (Pfeiffer et al.
2011; Wang et al. 2010). Protein degradation is essential for meiosis resumption,
spindle assembly, polar body emission and pronucleus formation (Huo et al. 2004, 2005,
2006). Also during this time, both the maternal and paternal genomes undergo
epigenetic reprogramming, which effectively removes nearly all methylation marks
inherited from the parents and resets epigenetic marks, such as imprinting (Li 2002;
Cantone and Fisher 2013). At the 2-cell stage in mice, embryos undergo a maternal-to-
zygote transition where nearly all maternally inherited proteins and mRNA are destroyed,
and transcription and translation begins from the zygotic genome (Piké and Clegg 1982;
Merz et al. 1981; De Leon et al. 1983). A combination of RNA-binding proteins and

endo-siRNAs attach to the 3’ UTRs of maternally inherited RNAs resulting in their



destabilization and degradation (Alizadeh et al. 2005; Suh et al. 2010). Maternal
proteins are poly-ubiquitinated during the maternal-to-zygote transition followed by their
elimination by the 4-cell stage. This process is stunted by treatment with MG-132, a
potent and reversible proteasome inhibitor, and regulated by a proteasome assembly
chaperone ZPAC, suggesting that the proteasome is involved (Shin et al. 2010, 2013).
However, it seems unlikely that the proteasome system would be sufficient for the rapid
turnover observed. An additional hypothesis is that early embryo induces autophagy to

assist with the protein turnover.

Tsukamoto et al. found that within 4 hours after egg activation, by fertilization or
parthenogenesis, the mouse zygote shows a massive induction of autophagy as shown
by an increase in GFP-LC3 puncta (Tsukamoto et al. 2008b, 2008a). GFP-LC3 is a
fusion protein used to monitor autophagosome flux due to the incorporation of GFP-LC3
into autophagosome membranes (Mizushima 2009). This induction is postulated to
occur since mTOR, an upstream inhibitor of autophagy, is inhibited after Ca?* wave
initiation (Tsukamoto et al. 2008a). Autophagy is transiently suppressed from the late
one-cell to late two-cell stage in mice that coincides with the maternal-to-zygote
transition which is hypothesized to occur to protect the released nuclear factors during
metaphase (Tsukamoto et al. 2008a). Additionally, zygotes generated from egg and
sperm both devoid of ATG5, an essential protein of the autophagosome membrane
conjugation system, do not develop beyond the 8-cell stage; furthermore, they have
reduced protein synthesis after the 2-cell stage (Tsukamoto et al. 2008b). This suggests
that ATGS positively regulates protein synthesis necessary for embryogenesis. Data
presented by Xu et al. using porcine parthanotes treated with autophagy modulators has
demonstrated that degradation of the maternal transcripts Gdf9, Bmp15, c-mos and

cyclin B are autophagy-dependent as pharmacological autophagy inhibition resulted in
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transcript accumulation and reduced development to blastocyst (Xu et al. 2012). These
results suggest that autophagy is required for the maternal-to-zygote transition;
however, we must take into consideration that the pharmacological modulators, 3-
methyladenine (3-MA) and rapamycin exhibit off-target effects, beyond inhibiting
autophagy (Yang et al. 2013). Data from C. elegans corroborates the observation that
autophagic flux is increased after fertilization and additionally, several maternal proteins
have been identified whose degradation is dependent on autophagy (reviewed in Sato
and Sato 2013). These experiments establish that the activation of autophagy after
fertilization is not specific to mammals, suggesting a deep evolutionarily conserved
function for this pathway during embryogenesis. Furthermore, several in vivo and in
vitro experiments have demonstrated the autophagy-dependent degradation of poly-
ubiquitinated proteins in several somatic cell types through selective receptors such as
SQSTM1 (reviewed by Shaid et al. 2013). A future direction will be to test whether poly-
ubiquitinated proteins are delivered to autophagosomes after fertilization and during the
maternal-to-zygote transition. There are two possibilities for the function of autophagy in
the early embryo. One, autophagy degrades proteins and RNA that otherwise would
halt development. Two, autophagy provides the basic components that the early
embryo needs (e.g. nucleosides and amino acids). The latter is a possibility as zygotes
cannot transport or synthesize amino acids or nucleosides at an appreciable rate until
after the maternal-to-zygote transition (Rudraraju and Baltz 2009; Li et al. 2006b). While
the exact function of autophagy after fertilization remains unclear, it will be necessary to
use genetic and pharmacological approaches to distinguish between the contributions of

autophagy and the ubiquitin-proteasome system.
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1.4 Autophagy in paternal mitochondrial elimination

It is widely accepted that offspring inherit their mitochondrial genomes (mtDNA) from one
parent, which in most animals studied is from the mother (Hutchison et al. 1974; Birky
1995). The timing of when the paternal mtDNA elimination occurs is controversial, as
data exists for both pre- and post-fertilization, depending on the species studied. As a
result, hypotheses for both active and passive mechanisms of paternal mtDNA
elimination exist. One passive hypothesis states that only the head of the sperm enters
the egg, leaving the tail containing paternal mitochondria outside of the embryo (Ankel-
Simons and Cummins 1996). However, this cannot be true in humans, as the zygotic
centrosome is paternally inherited and the sperm midpiece, which contains
mitochondria, is evident inside the zygote hours after fertilization (Sathananthan et al.
1986, 1996). Another hypothesis for passive removal is that cell division dilutes the
paternal mtDNA beyond the range of detection. An egg is several thousand times larger
than a sperm and can contain at least one-thousand fold more mitochondria.
Corroborating this viewpoint, mtDNA heterogeneity (i.e. heteroplasmy) is present in
human tissues; however, it remains to be determined if these are truly paternally-

generated mitochondrial DNAs or tissue-specific polymorphisms (He et al. 2010).

Two hypotheses for active elimination exist. The first contends that the sperm can
digest and eliminate mtDNA prior to fertilization (DeLuca and O’Farrell 2012; Nishimura
et al. 2006). Alternatively, another hypothesis argues that the embryo eliminates
paternal mitochondria and mtDNA through a mechanism such as autophagy (Sutovsky
et al. 1999; Al Rawi et al. 2011; Sato and Sato 2011). While passive elimination is still a

possibility, the evidence for active elimination is accumulating.
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Recently, Drosophila was identified as an organism that eliminates paternal mtDNA prior
to the completion of spermatogenesis (DeLuca and O’Farrell 2012). Sperm mtDNA is
enzymatically digested by endonuclease G and any remaining mtDNAs are targeted for
transport into waste bags and removed from the maturing sperm (DeLuca and O’Farrell
2012). Similarly, mtDNA, as detected by PCR, declines in sperm throughout
spermatogenesis in human, rat, and mouse (Rantanen et al. 2001; Larsson et al. 1997).
Along these lines, May-Panloup et al. quantified 1.4 copies of mtDNA per sperm from
purified samples of normal human sperm (May-Panloup et al. 2003). Together these
data suggests that mammals do participate in pre-fertilization elimination of paternal
mtDNA. Whether enzymatic digestion is involved in mammals is yet to be determined.
However, the low amounts of mtDNA present in sperm prior to fertilization suggests that

there must be post-fertilization elimination.

Early mouse studies demonstrated the loss of microinjected, labeled mitochondria and
sperm-derived mtDNA into zygotes before the 8-cell stage (Cummins et al. 1997).
Analogous results have been observed in bovine (Sutovsky et al. 1996) and the medaka
fish, O. latipes (Nishimura et al. 2006) suggesting that post-fertilization destruction of
mitochondria is evolutionarily conserved. Furthermore, hepatocyte-mitochondria
microinjected into zygotes, can be detected in newborn mice; however, injected sperm-
mitochondria are eliminated, suggesting that sperm mtDNA are labeled with specific
degradation factors (Shitara et al. 2000). Observations from primate and bovine studies
have indicated that paternal mitochondria are quickly poly-ubiquitinated after fertilization
and that their degradation is dependent on lysosomes (Sutovsky et al. 2000). In a follow
up study, Thompson et al. identified Prohibitin, an inner mitochondrial protein, as one of
the more prominent paternal mitochondria substrates to be poly-ubiquitinated in bull and

rhesus sperm (Thompson et al. 2003). To our knowledge, no study exists directly
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testing if Prohibitin poly-ubiquitination leads to mitochondrial destruction; however,
knockdown of Prohibitin-1 (human protein homologous to Prohibitin) in human cells
induces autophagy of mitochondria (i.e. mitophagy) (Kathiria et al. 2012). The
hypothesis that poly-ubiquitination of Prohibitin inhibits its function similar to the

knockdown approach needs to be tested.

Three studies in Caenorhabditis elegans have suggested that autophagy is the
mechanism for the elimination of paternal mitochondria by the 64-cell stage (Zhou et al.
2011a; Al Rawi et al. 2011; Sato and Sato 2011). Surprisingly, Luo et al. recently
reported that despite the induction of autophagy after fertilization, paternal mitochondria
are not eliminated from mouse embryos by autophagy (Luo et al. 2013). Sperm
mitochondria congregated with the autophagy proteins SQSTM1 and LC3 immediately
after fertilization and this co-localization persisted to the morula stage, yet never co-
localized with lysosome markers (Luo et al. 2013). As a possible explanation, the
authors detected an average of 1.29 copies of mtDNA in motile sperm and only 11% of
sperm in the oviduct had detectable mtDNA providing evidence that mouse sperm
actively destroy mtDNA prior to fertilization. Furthermore, embryos formed from sperm
with multiple copies of mtDNA had detectable paternal mtDNA after birth. The authors
concluded that pre-fertilization elimination of paternal mtDNA drives maternal inheritance
in the mouse. It will be important to determine if other mammals, like humans, depend
on pre-fertilization elimination, especially when mitochondria quality appear to contribute
to the success of in vitro fertilization (Reynier et al. 2001; Yi et al. 2007). The increase in
autophagic flux at fertilization and evidence that mitochondria are solely degraded
through autophagy, a process termed ‘mitophagy’ (reviewed by Youle and Narendra
2011), provide a motive for studying the function of autophagy during this time. Live cell

imaging of zygotes injected with mitochondrial and autophagosome markers generated
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by in vitro fertilization (IVF) across several species will be necessary experiments to
determine the extent that autophagy-dependent paternal mitochondria elimination

OCcurs.

1.5 Autophagy in prenatal gonad/gamete development

Embryonic reproductive tissues are dynamic in structure, physiology and gene
expression. Relatively few studies have explored the significance of autophagy during
reproductive development, and here | provide a background of reproductive

development and speculate on potential functions for autophagy.

1.5.1 Migration of Primordial Germ Cells and Formation of the Bipotential Gonad

The development of gonads is well conserved, as many of the same signaling pathways
and structures participate in Drosophila, zebrafish and mouse (Richardson and Lehmann
2010). Murine gonad development begins around embryonic day (E) 6.25 with the
differentiation of a small group of approximately 6 cells found in the proximal epiblast, or
outermost layer of the embryo proper that will differentiate to ectoderm and mesoderm,
into primordial germ cell (PGC) precursors (Ohinata et al. 2005). PGC precursors will
eventually give rise to the gametes in the adult. Differentiation occurs in response to
bone morphogenetic protein (BMP) signaling and the PGC precursors begin expressing
the necessary and functionally independent transcriptional repressors PRDM1 (PR
domain zinc finger protein 1; also known as, B lymphocyte-induced maturation protein 1;
Blimp1) and PRDM14 (Ohinata et al. 2005; Yamaji et al. 2008). Over the next 48 hours,
the PGCs precursors proliferate to a population of roughly 100 cells as they begin to
migrate through the primitive streak into the extra-embryonic endoderm and allantois
(Anderson et al. 2000; Ginsburg et al. 1990). The PGC migration is in response to the
chemoattractants expressed and released by somatic cells; mainly, kit ligand (KITL also

known as stem cell factor (SCF) or Steel) and C-X-C motif ligand 12 (CXCL12, also
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known as Sdf1), which bind to the PGC membrane receptors kit receptor (KIT) and
chemokine (C-X-C motif) receptor 4 (CXCR4) (Ara et al. 2003; Doitsidou et al. 2002;
Molyneaux et al. 2003). These somatic and germ cell paracrine interactions remain

essential for the remainder of PGC development into gametes.

Chromatin and epigenetic remodeling globally erases methylation marks and transitions
the PCGs precursors into PGCs, manifesting in the expression of the stem cell markers
Oct4, Stella and Nanos3 (Saitou et al. 2002; Tsuda et al. 2003; Sato et al. 2002; Schéler
et al. 1990). At some point during the migration between E7.0 and E9.0, the PCGs
become transcriptionally silent and enter a transient G, phase cell cycle arrest (Seki et
al. 2007). PGCs migrate into the embryo along the hindgut through the dorsal
mesentery until they arrive in the dorsal mesoderm where they sort bilaterally and
colonize the urogenital ridges at approximately E10.5. A single gonad forms on the
surface of each mesonephros, or embryonic kidney, within the urogenital ridge. When
PGCs arrive at the urogenital ridge, no mRNA expression or histological difference
between male and female has taken place and the PGCs are bi-potential, meaning they
can develop into ovaries or testes. PGCs lose moatility as they associate with somatic
cells expressing the highest amounts of HMG-CoA reductase (HMGCR) and SDF1A in
Drosophila and zebrafish, respectively, but it is unknown if the same occurs in mammals
(Van Doren et al. 1998; Reichman-Fried et al. 2004). Between E9.0 and E11.0, PGCs
re-enter the cell cycle and upon arrival at the genital ridge actively proliferate,
maintaining intercellular bridges, forming cell clusters, or cysts, of about 25,000 cells
between the two gonads by E12.5 (Tam and Snow 1981; Lei and Spradling 2013;
Pepling and Spradling 1998). After colonization of the gonads, male PGCs are called

gonocytes and female PGCs are called oogonia.
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Although it is currently unknown if migrating primordial germs cells actively undergo
autophagy, multiple studies have shown that autophagy facilitates migration in tumor
cells (Galavotti et al. 2013; Tuloup-Minguez et al. 2013; Macintosh et al. 2012). KIT
signaling in migrating PGCs activates AKT which is necessary for PGC survival (De
Miguel et al. 2002). Activated AKT both directly and indirectly inhibits autophagy in
tumor cells (Wang et al. 2012b; Degtyarev et al. 2008), suggesting that autophagy is
inhibited during PCG migration. However, a recent study in chicken shows that
expression of a constitutively-active AKT retards PGC migration and prevents gonad
colonization (Glover et al. 2013). This suggests that a specific amount of AKT activity
exists for regulation PCG migration. The hypothesis that the levels of autophagic flux
regulated by AKT is necessary for PGC migration remains untested. Several knockout
mice for key autophagy genes are embryonic lethal before and during migration, making
it difficult to study the significance of autophagy. Additionally, there is not a reliable
conditional knockout paradigm to target PGCs during migration, further complicating the
experiment. The use of a ligand inducible Cre-recombinase or pharmacological
autophagy inhibitors would be possible but the results would be difficult to interpret from

possible non-PGC effects in the mother’s uterus or somatic cells in the embryo.

1.5.2 Testes Differentiation

While no histological differences occur until E12.5 in either XX or XY bipotential gonad,
several genetic changes occur in the somatic tissue surrounding PGCs as early as
E10.5. In mammals, the Y chromosome determines if the bipotential gonads will
differentiate into a testis (XY individual) or ovary (XX individual), in an otherwise normal
genetic background (Jost et al. 1973). The Y chromosome gene sex-determining gene,
Y (Sry) is transiently expressed between E10.5 and E12.5 with a peak at E11.5, in the

somatic cells, which later develop into Sertoli cells (Hacker et al. 1995; Bullejos and
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Koopman 2001). The differentiation of these somatic cells into Sertoli cells drives the
formation and function of the testis. SRY activity causes the increased expression of
SRY-Related HMG-box, gene 9 (Sox9) in the somatic cells (Sekido et al. 2004; Bullejos
and Koopman 2005). It is important to note that Sox9 is present in both XX and XY
gonads, but that Sox9 is upregulated several-fold in the XY gonad. Subsequent
expression of extracellular signaling peptides, such as fibroblast growth factor 9 (Fgf9),
maintain Sox9 expression and orchestrate the differentiation of these cells into Sertoli
cells, organization of the testis cords, and formation of the coelomic vessel by E12.5
(DiNapoli et al. 2006; Kim et al. 2006). The latter two events are obvious morphologies
of the early stage testes that persist to form the seminiferous tubules and the blood
supply in the adult testes, respectively (Schmahl et al. 2004). While SRY is mammal-
specific, the amino acid sequence and function of SOX9 is conserved across all
tetrapods studied (Bagheri-Fam et al. 2010). Beginning at E12.5, gonocytes exit the cell
cycle and enter a prolonged G1/Go mitotic arrest until shortly after birth enforced by
growth factors and paracrine signaling from Sertoli cells (reviewed by Payne 2013).
Endocrine molecules produced by the somatic cells of the embryonic testes act as

signals for the rest of the body to shift development to male secondary characteristics.

From E13.5 through E17.5 male gonocytes initiate apoptosis mediated by a BCL-X, /
BAX rheostat (Rucker et al. 2000; Coucouvanis et al. 1993). In particular, Bax-deficient
males exhibit an excess of gonocyte clusters and disordered seminiferous tubules
suggesting that cell death is necessary during embryogenesis for both gonocyte cyst
breakdown and testicular development (Knudson et al. 1995). While the exact function
for apoptosis is unknown, the dominant hypothesis is that there exists a fundamental
gamete-to-somatic cell ratio for proper signaling in the adult testis. However, another

hypothesis comes from observations during tissue regeneration, which demonstrate the
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release of paracrine factors from apoptotic cells at injury sites that leads to
immunosuppression in the wounded area, which is necessary for matrix remodeling
(Boland et al. 2013). Additionally, recent studies using C. elegans have indicated that
autophagy regulates the clearance of apoptotic corpses and matrix remodeling during
organogenesis (Li et al. 2012; Huang et al. 2013b). It is possible that autophagy
participates in testis development by regulating cellular remodeling of gonocyte cysts
and clearance of dying cells, implicating that misregulation of autophagy could result in

male infertility.

1.6.3 Ovary Differentiation

In the absence of the expression of SRY the bipotential gonad develops into an ovary.
The discovery of SRY led to several mammalian sex determination models. The correct
model in Eutherian mammals states that a SRY-like factor, the “Z” locus, must exist for
ovarian development that also suppresses the function of SRY, negatively regulates
testes development and SRY must suppress the function of “Z” (McElreavey et al.
1993b). This model developed from familial studies on XX individuals that displayed
sex-reversal with and without SRY (McElreavey et al. 1993a). ldentification of the
mutated genes in these individuals led to the discovery of r-spondin homolog 1 (Rspo7)
as the first female-specific gene upregulated in XX gonads (Parma et al. 2006).
Knockout mouse models for Rspo1 duplicated the sex-reversal seen in humans and
identified RSPO1 as an extracellular co-activator for wingless-type MMTYV integration
site family, member 4 (WNT4) that induces the activity of -catenin to drive a positive
feedback loop for Wnt4 expression and subsequent ovary differentiation (Binnerts et al.
2007; Wei et al. 2007; Chassot et al. 2008; Tomizuka et al. 2008). The WNT pathway is
a well understood and conserved pathway that starts with the binding of the extracellular

WNT ligand to a Frizzled family of plasma membrane receptors. In canonical WNT
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signaling, the activated Frizzled receptor recruits a soluble Disheveled family protein that
releases the transcriptional co-regulator p-catenin from the plasma membrane. It stands
to reason that 3-catenin would be factor “Z”, as SRY directly inhibits 3-catenin-mediated

transcription (Bernard et al. 2008) and SOX9 interacts with B-catenin to cause their

mutual degradation by the proteasome (Akiyama et al. 2004).

The expression of Rspo1 begins around E11 with an increased synthesis and secretion
of WNT4 observed shortly afterwards by the somatic cells surrounding the oogonia. The
activation of the WNT-B-catenin pathway in oogonia, allows for the expression of
stimulated by retinoic acid gene 8 (Stra8) in response to retinoic acid secreted by the
mesonephros beginning on E12.5 (Chassot et al. 2011). STRAS8 is a transcription factor
that promotes the entry into meiosis and as such, oogonia enter meiosis, or begin
oogenesis, on E13.5 in a rostral to caudal wave that takes up to 4 days to complete in
the mouse (Menke et al. 2003). Nearly half of the oogonia are lost during this time
through apoptotic cell death controlled by the interplay between BCL-X, an anti-apoptotic
factor, and BAX, a pro-apoptotic factor (Rucker et al. 2000). The onset of oogenesis
varies among mammals with cats, rabbits and golden hamsters occurring after birth
(Lemon and Morton 1968; Peters et al. 1965; Winiwarter 1920). However, human
oogenesis begins in the second month of pregnancy and which validates the mouse as a
model for embryonic ovary differentiation (Kurilo 1981). At E16.5, only a few mitotic
oogonia remain and the now primary oocytes have all entered a prolonged arrest in the
diplotene stage of prophase I, or dictyotene, where they will remain until stimulated by
pituitary luteinizing hormone (LH) after puberty (Vagner-Capodano et al. 1987; Singh et

al. 1993).
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Autophagy and the WNT-B-catenin pathway are antagonistic of each other. In mouse
intestinal epithelium, B-catenin directly downregulates P62/SQSTM1 expression and
reduces autophagosome formation through an unknown mechanism (Petherick et al.
2013). Conversely, both B-catenin and Disheveled are selectively degraded by
autophagy through binding to LC3 and GABARAP proteins (Petherick et al. 2013; Gao et
al. 2010; Zhang et al. 2011). The interplay between WNT and autophagy could be
important in timing the proliferative window of both the somatic tissue and oogonia.
Before oogonia enter meiosis, proliferation must cease, which could be dependent upon
B-catenin degradation. Interestingly, a minimal amount of B-catenin is required for
centrosome separation during mitosis, but it is unknown if the same is true during
meiosis (Kaplan et al. 2004). Thus, the regulation of 3-catenin by autophagy during
oogenesis is important to determine. Little is currently known about autophagy prior to
dictyotene; however, autophagy mediates the degradation of MutS homolog 4 (MSH4) in
some human cell lines (Xu and Her 2013). The complex of MSH4 and MSH5 are
necessary to stabilize Holiday junctions and the single stranded invasion intermediates
to promote homologous recombination during meiosis (Snowden et al. 2004).
Homologous recombination is orchestrated through the presence and degradation of
several protein complexes, and it would make sense that the degradation of MSH4 is
necessary to continue meiosis after homologous recombination, but this remains to be

tested.

1.6 Autophagy in ovarian folliculogenesis

The ovarian follicle is the basic structure found within an adult ovary. Containing the
oocyte and somatic cells, the follicle synthesizes endocrine hormones and is essential
for producing the mature female gamete. The somatic cells include: 1) the granulosa

that function as “nurse” cells providing proteins, mitochondria and substrates to the
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oocytes, and 2) theca cells that function to supply the granulosa with androstenedione
so that they may produce estrogens. The autocrine, paracrine and endocrine signaling
that occurs within the follicle determines oocyte development, physiology and survival.
Folliculogenesis refers to the sequential developmental process that begins with
oogonia-nest breakdown through ovulation and formation of a corpus luteum (Figure
1.2). A comprehensive review of the molecular pathways regulating follicle progression
can be found elsewhere (Edson et al. 2009). In the following sections, | briefly describe

the progression through folliculogenesis and discuss a potential role for autophagy.

Gonadotropin-Independent Gonadotropin-Dependent
Preantral Follicle Growth Antral Follicle Growth
Germ Antral Preovulatory Ovulation Corpus Luteum
Cell Primordial Primary Secondary 2= .
Cyst )
PACY
@ -

b5/ Atresia

Figure 1.2 Ovarian folliculogenesis

Diagram depicting the developmental process of folliculogenesis. First, somatic pre-
granulosa cells invade germ cell cysts and surround oocytes forming primordial follicles.
Activation of primordial follicles occurs throughout life and they will progress to
secondary follicles regulated by inter-follicle signaling between granulosa and the
oocyte. During follicle progression, granulosa cells proliferate forming several cell layers
that beginning producing estrogens and recruit an outer layer of androgen producing
theca cells. Secondary follicles that become FSH-responsive develop into antral follicles
after which progression is dependent on gonadotropins. Two populations of granulosa
cells develop due to differential gradients from the oocyte and the blood. The mural
granulosa are found next to the follicle wall and the cumulus are the population that
surround the oocyte. After the LH surge, ovulation occurs and drives terminal
differentiation of the remaining cells into luteal cells. After extensive tissue remodeling
the corpus luteum is formed. At any time following activation, inadequate signals will
induce apoptosis, depicted as blackened pyknotic nuclei, and the follicle dies through the
process of atresia. Figure modified from (Edson et al. 2009).
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1.6.1 Oocyte Attrition and Germ Cell Nest Breakdown

Prior to follicle formation, oocytes exist as clusters connected by cytoplasmic bridges or
germ cell nests. Beginning hours after birth in mice, and during the 2™ trimester in
humans, the nests begin breaking down and pre-granulosa cells begin surrounding
individual oocytes to form primordial follicles (Pepling and Spradling 2001; Konishi et al.
1986). Between 40 and 70% of meiotic oocytes are lost during germ cell nest
breakdown, which is known as ‘oocyte attrition’ (Baker 1966; Coucouvanis et al. 1993;
Ratts et al. 1995; McClellan et al. 2003; Rodrigues et al. 2009; Pepling and Spradling
2001; Bristol-Gould et al. 2006a). Oocyte attrition may result from mechanisms devoted
to reducing the amount of defective chromosome crossovers, and hence the propagation
of mutations, while maximizing the limited number of pre-granulosa cells in the ovary.
Thus, this restricts the number of primordial follicles that can form, while the remaining
oocytes are removed. Indeed, mice with targeted mutations in genes resulting in
crossover defects reduce the primordial follicle pool (Barlow et al. 1998; de Vries et al.
1999; Edelmann et al. 1999; Kneitz et al. 2000; Yoshida et al. 1998). Furthermore,
mouse and human females with a single X chromosome (XO) (i.e. Turner syndrome),
which leads to failed chromosome pairing are accompanied with increased oocyte
attrition from massive apoptosis in the fetal ovary (Burgoyne and Baker 1985; Modi et al.
2003). Supporting that there is a limited numbers of pre-granulosa cells, adequate
signaling from growth factors (e.g. KitL, LIF, IGF-I, interleukin-1-a and ) which are
secreted by the pre-granulosa cells are necessary to exert anti-apoptotic control on
oocytes in culture conditions to prevent oocyte attrition (see De Felici et al. 2005 for
review). There is evidence for increased apoptosis and autophagy in ovaries during
germ cell nest breakdown suggesting roles for both during oocyte attrition (Gawriluk et al

2011; Perez et al 1999).
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Initiation of apoptosis occurs through either an extrinsic or an intrinsic pathway. Extrinsic
activation is initiated by death receptors, such as TRAIL and FAS, which belong to the
Tumor Necrosis Factor (TNF) and Nerve Growth Factor (NGF) superfamilies (Guicciardi
and Gores 2009). These receptors are characterized by containing a death domain that,
upon ligand binding, recruits the death-inducing signaling complex which cleaves pro-
Caspase 8 to generate active-Caspase 8 (Medema et al. 1997). Active-Caspase 8
activates effector caspases (e.g. Caspase 3, Caspase 7) that trigger downstream
apoptotic endpoints such as DNA fragmentation, nuclear degeneration, exposure of
phosphatidylserine (PS), and plasma membrane blebbing (reviewed by Guicciardi and
Gores 2009). Active-Caspase 8 can also initiate the intrinsic pathway by cleavage of
BID (Li et al. 1998). Alternatively, the intrinsic pathway can be activated in response to
toxins, growth factor withdrawal or DNA damage (reviewed by Elmore 2007). The
intrinsic pathway is characterized as the functional depletion of the anti-apoptotic factors
that inhibit pore-forming complexes (e.g. BAX, BAK), which allow the release of
Cytochrome C from the inner mitochondria into the cytoplasm. Cytosolic Cytochrome C,
APAF-1 and pro-Caspase 9 form the apoptosome, which initiates a Caspase 9 cascade
leading to apoptosis. Ultimately, the balance between the pro-apoptotic factors (e.g.
BAX, BAK, BAD, BIK) and the anti-apoptotic factors (e.g. BCL2, BCL2L1, MCL1)

determine if a cell will survive or undergo apoptosis (reviewed by Czabotar et al. 2014).

It has been long thought that apoptosis is responsible for oocyte cell death during germ
cell nest breakdown because prior to attrition oocytes exhibit multiple characteristics of
apoptosis including nuclear condensation, cell blebbing, DNA laddering with TUNEL
positive staining, and PARP1 immunoreactivity (Ghafari et al. 2007; Pepling and
Spradling 2001; Pesce and De Felici 1994; Lobascio et al. 2007a, 2007b). However, the

role of apoptosis during oocyte attrition is unclear. The extrinsic pathway is likely not
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important as the death receptors and their ligands are not expressed by oocytes during
the perinatal period (Sakamaki et al. 1997). Examination of the contribution of the
intrinsic pathway has given ambiguous results. First, the germ cell specific deletion of
BCL2L1 (anti-apoptotic) was found to not affect the primordial germ cell pool (Riedlinger
et al. 2002). This result is surprising as BCL2L1 is responsible for survival of oogonia
(Rucker et al. 2000). Second, mice with a global deletion of BCL2 (anti-apoptotic) have
normal endowment of primordial follicles at P1, 4 and 7 (Jones and Pepling 2013).
However, following BCL2 knockout mice or mice overexpressing BCL2 out to P42
results in a decline and increase in the number of primordial follicles, respectively (Ratts
et al. 1995; Flaws et al. 2001). This suggests that either: 1) BCL2 regulates cell death
after P7, 2) the failure to see a difference at P7 is the result of different primordial follicle
counting techniques, or 3) the mice in the 2013 report no longer harbor the phenotype.
Third, the use of an MCL-1 (anti-apoptotic) antibody to disrupt its anti-apoptotic ability in
oocyte cultures from E18 results in enhanced apoptosis but does not inhibit oocyte
attrition (Jones and Pepling 2013). Fourth, the global deletion of BAX (pro-apoptotic)
causes an increase in the follicle pool; however, it was concluded to be attributed to cell
death that occurs during germ cell migration (Greenfeld et al. 2007). Fifth, global
knockout of BAK (pro-apoptotic), BOK (pro-apoptotic) or the double knockouts of
BAK/BOK and BAX/BOK have no phenotype for oocyte attrition (Lindsten et al. 2000; Ke
et al. 2013). Sixth, staining for apoptotic markers in the perinatal ovary suggest that
apoptosis is not responsible for clearing all of the oocytes that undergo attrition
(Rodrigues et al. 2009). Overall, these data suggest that alternative cell death
mechanisms beside apoptosis exist, or alternatively, the correct combination of apoptotic
factors has not been identified. Given that autophagy can mitigate the effects of
apoptosis, a block in autophagy may result in an increase in apoptosis and a decrease in

the oocyte pool size.
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Evidence that autophagy contributes to cell death during oocyte attrition comes from a
single study by Rodrigues et al. using perinatal wild-type mice. The results of their
analysis demonstrate increased autophagic flux and lysosome amplification in oocytes
during germ cell nest breakdown. Additionally, the use of an autophagy inhibitor, 3-
methyl-adenine, reduces the cell death in cultured perinatal ovaries placed into
starvation media (Rodrigues et al. 2009). While the reduction in cell death was
moderate (about 30% less), the use of a Caspase inhibitor to prevent apoptosis did not
alleviate acidification (Rodrigues et al. 2009). This is not surprising since starvation
induces autophagy and lysosome biogenesis to maintain energy homeostasis, which
also occurs in every tissue tested upon parturition (Kuma et al. 2004). The authors of
Rodrigues et al. suggest that autophagy participates in cell death during oocyte attrition;

however, there is an alternative explanation.

Cell turnover is quick with nearly 8,000 oocytes removed in a matter of 48 hours (Pepling
and Spradling 2001). Additionally, the attrition does not induce inflammation or the
migration of lymphocytes. Moreover, the dying oocyte bodies must be eliminated yet the
engulfing cell, presumed to be resident macrophages, but the cell has not been
identified. Autophagy and lysosome biogenesis are processes that are upregulated in
tissues actively removing dying cells, such as the testis or retina (Johnson et al. 2008;
Deguchi et al. 1994). It is therefore possible that the increased acidification seen during
germ cell nest breakdown can be attributed to the phagocytosis of dying cells.
Furthermore, apoptotic spermatocytes in the testis are numerous but are removed
during the early stages of apoptosis, perhaps to prevent inflammation in the tissue
(Nakanishi and Shiratsuchi 2004). As such, many of the endpoints of apoptosis are not
observed. | therefore, propose the hypothesis that autophagy is necessary for germ cell

nest breakdown to occur normally without an inflammatory response and furthermore,
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that autophagy is necessary for the survival of oocytes exposed to the parturition related
starvation. Using a mouse model with the conditional deletion of autophagy genes in

embryonic oocytes should determine if autophagy is a regulator of oocyte attrition.

1.6.2 Primordial Follicle Activation

Once primordial follicles are born, they follow a sequential growth and differentiation until
ovulation occurs. Recruitment into the growing follicle pool occurs in two stages. First,
the activation of primordial follicles is continual process throughout life. Second, the
cyclical recruitment of a limited number of primary follicles from the activated cohort is
regulated through gonadotropin signaling which ‘selects’ a subset of follicles for
ovulation. As primordial follicles are activated, there is a morphological transition in
granulosa cells from a squamous to a cuboidal cell type. Additionally, the diameter of
the oocyte increases slightly. The newly differentiated granulosa cells begin making cell-
to-cell contacts between themselves and the oocyte via gap junctions that later serve to
transport ions, metabolites, small molecules and organelles. Several growth factors and
their receptors including follicle stimulating hormone receptor (FSHR), TGFf3
superfamily, and insulin receptors begin to be expressed in the granulosa cells and
oocyte that have numerous roles in the downstream stages (McLaughlin and Mclver
2009). Many of the factors expressed by granulosa cells are also responsible for
recruiting stromal cells that later become the theca. While no single factors has been
identified, it appears that a combination of several including KITL, Growth Differentiation
Factor 9 (GDF-9), Insulin-like Growth Factor (IGF) and BMPs are necessary for theca
recruitment and differentiation (Young and McNeilly 2010). Additionally, the oocyte
begins expressing many of the genes that regulate the formation of the zona pellucida,
which is an essential structure for fertilization (Wassarman and Litscher 2012). The

molecular mechanisms that govern the activation are poorly understood, although
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4.4 Discussion

The Sertoli cell performs multiple diverse tasks within the seminiferous tubule that make
it essential for arguably the most important aspect of testicular function,
spermatogenesis. | undertook the experiments described here to determine a role for
autophagy in the adult Sertoli cell by conditionally deleting Becn1 or Atg7, specifically in
the adult Sertoli cell population. | predicted that the relationship between phagocytosis
and autophagy could be exploited in Sertoli cells and that dysregulation of autophagy
would compromise Sertoli cell function. The data presented suggests that this prediction
is correct and that autophagy is required for Sertoli cell function, as both Becn1 cKO and
Atg7 cKO males have degenerative seminiferous tubules that eventually fail to produce
sperm. However, the ablation of Becn1 is more severe with males becoming infertile at
least 12 weeks earlier than the deletion of Atg7. Thus, the data suggest that Becn7has

an additional function besides autophagy in Sertoli cells.

4.4.1 Both Atg7 and Becn1 are necessary for Sertoli cell function

The deletion of either Atg7 or Becn1 leads to infertility due to failure of spermatogenesis.
This was evident by counting sperm from the cauda epididymis, where 8-week-old
Becn1 cKO males are devoid of sperm and 26-week-old Atg7 cKO males have
dramatically reduced numbers. A fertility assay performed on Atg7 cKO and Becn1 cKO
males corroborated the reduced sperm counts with the failure to sire litters after 26
weeks and 9 weeks of age, despite mating behavior evidenced by the presence of
seminal plugs. Lastly, the testes histology from Atg7 cKO and Becn1 cKO mice
demonstrates a lack of spermatogenesis and Sertoli-cell only tubules by 26- and 10-
weeks-old, respectively. Since Sertoli cells are long-lived, prominent regulators of

spermatogenesis, and autophagy is an essential cellular process, it is not surprising that
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Figure 4.7 BECN1 and ATG7 proteins levels in testes.

(A and B) Representative immunoblot for BECN1, SQSTM1 and ACTIN at 6- and 10-
weeks-old (A). Quantification of band density relative to ACTIN (B). Data represent
mean with s.e.m. * denotes p<0.05 for indicated comparison by Holm-Sidak post-hoc
test. n=5. (C and D) Representative immunoblot for ATG7, SQSTM1 and ACTIN at 20-
and 26-weeks-old (C). Quantification of band density relative to ACTIN (B). Data
represent mean with s.e.m. * denotes p<0.05 for indicated comparison by Holm-Sidak
post-hoc test. n=4.
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CHAPTER 5: GENERAL CONCLUSIONS AND DISCUSSION

The data presented in this dissertation support that autophagy is required for embryonic
oocyte survival and adult Sertoli cell function. Additionally, the data support that Becn1
is necessary for luteal cell steroidogenesis. The goal of this dissertation was to
determine the significance of autophagy in the ovary and testis though conditional
deletion of two key autophagy genes, Atg7 and Becn1 in the mouse. The underlying
hypothesis tested was that autophagy is necessary for cellular homeostasis and data
presented in Chapters 2 and 4 data support this. Deficiency in either Atg7 or Becn1
resulted in a reduced oocyte endowment in females and the degeneration of the
seminiferous tubule followed by infertility in males. However, in Chapter 3, the data
support two contradictory conclusions, dependent on the gene studied. Becn1 is
required for progesterone synthesis during pregnancy and gene deficiency resulted in
reduced circulating progesterone followed by abortion or preterm labor. In contrast, Atg7
gene deficiency resulted in a 2-fold increased production of progesterone, and did not
affect pregnancy outcome. Presented in this final chapter, is a discussion of how these

findings relate to each other and possible future directions to take.

Dysregulation of an essential process such as autophagy is likely to have a detrimental
phenotype. Indeed, knockout mice for several key regulators of autophagy cannot
survive after birth or are embryonic lethal (reviewed by Hale et al. 2013). Additionally,
many of the secondary and tertiary regulators of autophagy have been implicated in
several human diseases (reviewed by Jiang and Mizushima 2014). For example,
mutation of an Atg8-like protein that becomes conjugated to autophagosome
membranes in neurons results in higher iron-ion accumulation and causes neuron

damage leading to behavioral abnormalities (Haack et al. 2012). By obstructing
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autophagy through the ablation of Atg7 or Becn1, | expected a negative effect on cellular
homeostasis that would inhibit the normal function of that cell, as well as the revelation
of any or non-autophagy related functions. In the case of embryonic oocytes and Sertoli
cells this notion was supported. | observed fewer oocytes at birth and seminiferous
tubules degenerated in autophagy deficient mice. However, we must also consider that
key regulators of essential pathways are under strong selection pressure. Furthermore,
this selection pressure supports the development of functionally redundant pathways
and proteins. It should be appreciated that autophagy is not only an animal process, but
that it is deeply rooted in the eukaryote lineage, with a well-supported hypothesis that
autophagy was developed in the last-common ancestor to all eukaryotes that last existed
approximately 2 billion years ago (Hughes and Rusten 2007). This makes sense as
eukaryotes have organelles, and autophagy is the only process characterized to remove
and degrade organelles at any appreciable rate. Thus, it is reasonable that throughout
time gene duplication events would have allowed for redundant genes and pathways to
develop. Many of the single genes identified in yeast that participate in many aspects of
autophagy have expanded to gene families in mammals. For example, Afg8 is
represented in mammals by three gene families for a total of 10 different proteins

(reviewed by Shpilka et al. 2011).

Now let us consider all of the processes in a cell. Many of these processes are
unrelated, but occasionally we will find proteins that perform functions in several different
pathways, also called pleiotropy. Additionally, proteins can develop new functional
domains that can create dependence for that protein in an additional process.
Furthermore, some of these proteins are key regulators of essential processes, forming
interaction networks that are subject to high selection pressure. However, more often

we will find that there are cellular processes that rely upon essential processes to
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function. Think about ATP synthesis, RNA transcription or fatty acid hydrolysis that all
generate products that are necessary for downstream cellular processes. There are
models that try to explain how selection drives these interactions networks elsewhere,
but | will not elaborate (Nowak et al. 1997). It is here that | will leave you with the implied
hypothesis of this dissertation. By ablating the key regulators of autophagy Atg7 and
Becn1 we dysregulate autophagy allowing for the potential discovery of processes that

depend on either the gene, autophagy or both.

This dissertation provides evidence that Becn1 is necessary for endosome maturation, in
addition, to its role in autophagy. The transmission electron micrographs presented in
both Chapters 3 and 4 are great examples of this, demonstrating an accumulation of
endosomes in Becn1 cKO luteal cells and Sertoli cells. Endosomes are a diverse group
of vesicles within a cell. They can originate from the Golgi apparatus to secrete soluble
proteins, the endoplasmic reticulum to deliver transmembrane signaling molecules and
transporters or the plasma membrane to internalize extracellular components (Huotari
and Helenius 2011). Moreover, there is evidence that not all endosomes are created
equal. Different functional families of endosomes have a distinct protein-profile

associated with their membranes and contents.

Endocytosis or the process of internalizing extracellular components into endosomes,
parallels autophagy in many aspects. First, cells can acquire energy and nutrients
through endocytosis of macromolecules and proteins. Second, the end is the same, as
a mature endosome fuses to a lysosome. An important function of endocytosis is the
internalization of cell-surface receptors and their ligands, which is vital for a cell’'s growth
and communication, and can provide an example for endosome maturation.

Endocytosed material is internalized as endocytic vesicles that fuse together to form
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early endosomes. The function of the early endosome is to sort its contents for
downstream processes. Cell-surface receptors inside can be recycled back to the
plasma membrane, transferred to the Golgi network or remain in the endosome. The
contents of an endosome can be directly recycled without digestion or can be
transported to multivesicular bodies, also called late endosomes where the continued
fusing with intraluminal vesicles and themselves cause them to grow in size and gather
contents. Late endosomes then fuse with lysosomes and the contents are digested and

provided for use by the cell.

There are a number of proteins involved in transporting and identifying the different
classes of endosomes. Of these the Rab-GTPases, Rab5 and Rab7 are best studied.
Once activated the Rab-proteins facilitate the binding to motor proteins to transport the
endosome along microtubules. Additionally, the Rab-proteins recruit other proteins that
facilitate endosome maturation including hydrogen ion pumps, which act to lower the pH
inside a late endosome. Rab5 is found predominately on early endosomes and is
necessary for early endosome fusion events, suggesting its role in sorting. On the other
hand, Rab7 is predominately found on late endosomes and is necessary for
multivesicular body and lysosome fusion. Thus an exchange of Rab5 for Rab7 occurs

during this transition that can be modeled (Binder and Holzhtter 2012).

In the Becn1 cKO luteal cells, | found an increased number of endosomes with a
concurrent decrease in progesterone production and neutral lipid storage. Cholesterol is
the substrate for steroidogenesis and lipid droplet formation, and as discussed in
Chapter 3, it is possible that a decrease in the ability to transport cholesterol is
responsible for these phenotypes. | observed large endosomes that in many cases were

empty, throughout a majority of the cytoplasm. There is no evidence that these
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