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Abstract

Tight coupling of reproduction to environmental factors and physiological 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 /n 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 germline, 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.

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, metabolites 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 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 not surprising, therefore, 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 /n vivo model systems
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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.

1. 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 germline organization. For example, abalone produce
fewer gametes under nutrient stress (Rogers-Bennett 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 germline stem cells (GSCs) support
gametogenesis, the germline 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.

1.1 The Drosophila melanogaster ovary

The Drosophila ovary has a well-described cell biology (Spradling 1993). Each ovary
contains 15 to 20 ovarioles, composed of progressively more developed egg chambers (or
follicles) formed in an anterior germarium, which houses GSCs and follicle stem cells
(FSCs) (Figure 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 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 fourteen 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 to 24 hours, 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 three-fold more slowly on a poor diet

Results Probl Cell Differ. Author manuscript; available in PMC 2017 July 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Laws and Drummond-Barbosa Page 3

(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, causing an accumulation of
mature stage 14 egg chambers within the ovary (Drummond-Barbosa and Spradling 2001).

1.2 The Drosophila testis

Drosophila male GSCs reside at the testis apex in a niche, the hub, composed of 10-15
somatic cells (Figure 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 spermatogonial 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).

1.3. 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 (Figure 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 proximately, they enter meiosis as a result of reduced Notch signaling and
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complex posttranscriptional regulation. Following intense oocyte growth, ovulation occurs,
followed by fertilization (by sperm produced during larval development or introduced
through mating) and egg laying (Hubbard and Greenstein 2005; L’Hernault 2009) (Figure
1C).

Complete removal of food in adult hermaphrodites can lead to different phenotypes (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 hours 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 these effects are reversible upon refeeding. Interestingly, GSCs retain their stemness
independently of Notch signaling during this starvation-induced arrest (Seidel and Kimble
2015).

1.4. The mouse testis

Mouse spermatogenesis takes place in the epithelial lining of seminiferous tubules in the
testis (Figure 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 (Apaireq), and
four, eight, 16, and up to 32 cells (collectively called Ayjigned SPermatogonia), subsequently
differentiating into B spermatogonia (de Rooij and Russell 2000). B spermatogonia
differentiate into spermatocytes, which undergo meiosis to form haploid spermatids that
differentiate 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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2. 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.

2.1 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 pathways 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
a and regulatory B and -y subunits. When ATP levels are low (for example, due to low
nutrients or prolonged exercise), AMP and ADP binding to the y subunit lead to activation
of AMPK, which also requires phosphorylation of the a subunit by liver kinase B1 (LKB1)
or, in a few cases, by calmodulin-dependent protein kinase kinase B (CAMKKS) (Hardie et
al. 2016) (Figure 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 integrates diverse upstream inputs, including extracellular signals
(e.g. insulin signaling) 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) (Figure 2).

TOR signaling is required in Drosophila female GSCs. TOR activity promotes GSC
proliferation via G2 independently of insulin signaling (see below). Intriguingly,
maintenance of female Drosophila GSCs requires very precise regulation of TOR signaling
levels. 7ormutation decreases GSC numbers (LaFever et al. 2010), and loss of 7scZ function
causes a significantly more severe GSC loss phenotype (LaFever et al. 2010; Sun et al.
2010), indicating the either low or high TOR activity levels are detrimental to stem cell
maintenance. 7s5¢Z GSCs have low levels of BMP signaling, suggesting an impaired ability
to respond to niche signals (Sun et al. 2010). Regulation of the C. efegans germline
progenitor pool by AMPK and TOR is mechanistically distinct in developing and adult
worms. During earlier nutrient-dependent developmental checkpoints, the homologs of
mammalian AMPK, aak-1 and aak-2, suppress germline proliferation, and their
simultaneous mutation leads to germline hyperplasia (Fukuyama et al. 2012; Narbonne and
Roy 2006a). The C. elegans homolog of the TOR substrate (S6K), rsks-1, is required for
germ cell proliferation during the fourth larval instar (Korta et al. 2012). In stark contrast,
rsks-1is dispensable for progenitor proliferation in adults (Korta et al. 2012), and AMPK
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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.

TOR is also required for the proliferation, growth and survival of differentiating progeny of
Drosophila female GSCs (LaFever et al. 2010). 7or mutant dividing germline cysts in
mosaic germaria show increased death, and follicles containing 7or mutant cysts grow at a
markedly decreased rate (LaFever et al. 2010). Conversely, follicles carrying homozygous
mutant cysts for 7scZ, an upstream inhibitor of TOR, 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 npri2and npri3in the germline 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 germline, with 7orand 7scZ 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 7or 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 previtellogenesis 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 the TOR downstream effector ribosomal
protein S6 kinase (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 germline by inhibiting TOR activity.
Since global amino acid deprivation is not a condition of 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
mMTORC1 as a result of global mutation of promyeolocytic leukemia zinc finger (Plzf) leads
to compromised GDNF signaling and progressive germ cell loss, and these defects are
rescued by rapamycin feeding (Hobbs et al. 2010). Nutrient-sensing pathways in Sertoli
cells also influence the germline. For example, Sertoli cell-specific overactivation of TOR
via 7scIor Tsc2deletion or through decreased AMPK activity by conditional Lkb1
knockout leads to progressive 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, frequently
associated with LKBI1 mutations (Hemminkl 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).

Results Probl Cell Differ. Author manuscript; available in PMC 2017 July 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Laws and Drummond-Barbosa Page 7

2.2. 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
germline itself or indirectly, via the niche or other somatic support tissues. Crosstalk 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 secreted
by pancreatic f cells in response to stimulation by glucose or amino acids signals through
the insulin receptor (InR) (Figure 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 (P13K) activity and
downstream phosphorylation and inhibition of the transcriptional factor FOXO. The
Drosophila genome encodes eight insulin-like peptides (ILPs), whereas C. efegans 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 farnesoid X receptor and liver X receptor (King-
Jones and Thummel 2005)] and Ultraspiracle (Usp, the homolog of mammalian retinoid X
receptor, RXR) to induce a wide range of downstream direct and indirect targets, including
the early response genes £74, E75, and broad (Uryu et al. 2015).

ILPs directly stimulate GSC proliferation in Drosgphila. 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 dFOXO (LaFever and Drummond-Barbosa 2005; Hsu et al. 2008). While down-
regulation of the insulin pathway preferentially extends G2, in females on a poor diet, both
the G1 and G2 phases of the GSC division cycle are lengthened, 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 germline
rescues diet-induced centrosome misorientation. Further, an intact centrosome orientation
checkpoint is required for the slow down of GSC division in males on a poor diet (Roth et al.
2012), suggesting a central role for this mechanism in the testis.

These studies in Drosophila are in contrast to findings in C. elegans. Although larval germ
cells or adult germ cell tumors require insulin signaling for proliferation, normal adult germ
cells proliferate in an insulin-independent manner (Michaelson et al.; Hubbard 2011; Dillin
et al. 2002). Nevertheless, in adult C. elegans, insulin signaling couples nutrient availability
to oocyte development and progression through meiosis | through the activation of
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MAPK/ERK signaling (and, notably, independent 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 /7R GSCs in mosaic testes. Full rescue of GSCs loss induced by
starvation, however, requires the constitutive activation of InR in both the germline 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 maintenance) 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 £cR
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 £74 [a member of the efs
proto-oncogene family (Burtis et al. 1990; Karim et al. 1990)] specifically, as GSCs mutant
for uspor E74, but not £75 or broad, show low levels of a BMP signaling reporter and are
rapidly lost from the niche (Ables and Drummond-Barbosa 2010). £75 [a homolog of
mammalian peroxisome proliferator-activated receptor y PPARy)(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, £78, an £75related gene that is also an
early ecdysone target (Stone and Thummel 1993), is cell autonomously required for
germline survival and functionally interacts with ecdysone signaling (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 submitted). 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 Drosophila and other
insects. Drosophilatemperature-sensitive £cR mutants and £75 mutant germline clones fail
to progress through vitellogenesis (Carney and Bender 2000; Buszczak et al. 1999),
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indicating a germline requirement for ecdysome 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 /nR or defective for PI13K signaling,
however, have reduced rates of growth and blocked vitellogenesis, clearly indicating that
insulin signaling through P13K is required in the germline itself for these processes (Hsu et
al. 2008; LaFever and Drummond-Barbosa 2005). Unlike for GSC proliferation, 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 rearrangements 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 2009; Pierceall et al. 1999), suggesting conserved
mechanisms of vitellogenesis control. After vitellogenesis in the Drosgphila ovary, a
reduction in insulin signaling induces a metabolic shift toward glycogen storage and
mitochondrial quiescence, preparing the oocyte for fertilization (Sieber et al. 2016).

Multiple hormones also regulate mammalian GSC lineages, although the connection 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 germline and somatic support cells of the
mouse testis (Hogarth and Griswold 2013). Knockout of all three RAR or RXR isoforms
specifically in the germ line suppressed 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 administration induces differentiation and meiotic entry in specific, poised subsets of
spermatogonia (Endo et al. 2015). While spermatogonia can directly respond to RA /n 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 FARa knockout
in RARy mutant mice have a complete block to meiosis, suggesting that the RA-dependent
meiosis signal requires paracrine signaling 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 RARa promotes germ cell survival in aging animals (MVernet
et al. 2006). Sertoli cell-specific knockout of RARa leads to progressive testis deterioration,
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-
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independent RA signaling mechanism. Bioinformatic analysis further suggests that several
genes responsible for establishing tight junctions 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
tsecretion 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 production 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 1976). Estrogens are integral regulators of spermatogenesis, in part
because they feed back on the brain to regulate LH and FSH secretion (Simpson et al. 1999;
Simpson et al. 2000). While our current understanding of nutrient inputs to the
hypothalamic-pituitary-gonadal axis is complicated by the tissue dysfunction associated 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 be
sexually dimorphic (Kovacs et al. 2002; Castellano et al. 2006). Furthermore, Leydig cell
testosterone production is perturbed in mice with Sertoli cell-specific /nR or /gfirknockout,
suggesting that diet-dependent signaling controls the hypothalamic-pituitary-gonadal axis at
the testis level (Pitetti et al. 2013b). /gfZ knockout mice also have reduced spermatogenesis,
although it is unclear whether there is a 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 post-menopausal
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-gonadal-pituitary axis regulates both the germline 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 germline survival during
spermatogenesis, as shown in a knockin ER mutant mouse that does not respond to estrogen
(Sinkevicius et al. 2008; Sinkevicius et al. 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 incompetent and aromatase mutant mice, circulating LH
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and FSH levels were 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.; Simpson et al. 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).

2.3. 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 brain to promote female-specific feeding behavior, increasing
nutrient uptake and supporting oogenesis (Sieber and Spradling 2015). Octopaminergic
neurons innervate 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 (and promotes foraging
behavior) (Yang et al. 2015), suggesting a potential molecular link between ovulation and
nutrient availability. During C. elegans development, transforming growth factor p (TGFp/
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
1996; Dalfo et al. 2012). gaf-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 TGF in maintaining a large germline progenitor pool
from which gametes can be generated (Dalfo et al. 2012). As mentioned earlier, GhRH
released from the mammalian hypothalamus stimulates pituitary FSH and LH release, which
in turn act on testis somatic cells to control the germline (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 germline 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
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(Fernandez et al. 2011; Palmer et al. 2012). Mammalian protechormones secreted from
adipocytes, or adipokines, modulate homeostasis by regulating multiple processes (Cao
2014). For example, adiponectin regulates the sensitivity of peripheral tissues to insulin
(YYamauchi 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 phenotypes 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 germline (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 Drosophilaand 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 pagr-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 stimulation 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 Drosophila adipocytes and stimulates brain ILP secretion (Rajan and Perrimon 2012),
presumably indirectly affecting oogenesis. Human leptin transgenic expression or feeding
rescues the ypd2 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
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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 to regulate oocyte 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; Hansen et al. 2005; Roy and Raikhel 2012, 2011,
Carpenter et al. 2012). Fat body transcription of vitellogenin, which is physiologically
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;
Hansen et al. 2005). /n vivo, knockdown of components of the TOR pathway reduces egg
laying and can impair yolk uptake and egg viability (Hansen et al. 2004; Hansen et al. 2005),
although these effects likely reflect potential roles of TOR in multiple locations, as is the
case in Drosophila.

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 Drosophila 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). n/Ar-114 activity is detected in both the germline and
gut, but it does not appear to be required n the germline. Tryptophan supplementation
rescues this phenotype, suggesting that nAr-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 and
FSH and testicular testosterone. Exposure of these mice to a strain of bacteria that secrete
high levels of the short-chain fatty acid butyrate restored integrity of the blood-testis barrier
(Al-Asmakh et al. 2014). Recent studies have also shown that muscles secrete peptide
hormones, or myokines, in Drosophila and mice (Demontis et al. 2013; Demontis and
Perrimon 2010; Demontis et al. 2014), 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 testosterone production in Leydig cells
(Oury et al. 2011). Further, in insects, sex peptides transferred during mating trigger a host
of physiological changes, including 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).
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Future studies should consider many possible modes of action for various signals coming
from multiple organs in regulating reproductive lineages.

3. Discussion

As reviewed here, highly conserved diet dependent pathways control GSC lineages,
revealing interesting similarities and differences in their specific roles in different contexts
(Figure 3). 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 /n vivo setting will be
crucial to understand the full range of contributions of any given hormone or other factor to
the regulation of the germline.

Not surprisingly, many other factors besides diet can impact organismal physiology. For
example, changes in germline 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 drop-off in GSC proliferation as they age (Wallenfang et al. 2006). The
number of niche cells and of GSCs decline 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 germline (Pan et al. 2007; Laws et al. 2015) or Dpp 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 superoxide dismutase (SOD), an antioxidant enzyme,
rescues the age-associated decline 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 that of ovaries. In humans, this
wasting, called cachexia, is a hallmark of end-stage cancer and is uncoupled from tumor
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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, cachetic 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-gonadal-pituitary
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
physiological changes caused by the tumors themselves may also have 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 male and females
for two generations (Fullston et al. 2012). Although the molecular mechanisms remain
unknown, epidemiological studies have identified multi-generational ramifications for the
children of males exposed to occupational and environmental toxins, including lead and
pesticides, many of which could be mediated epigenetically (Soubry et al. 2014). As we
learn more about how whole-body physiology control of GSC lineages, new light will be
shed on how changes caused by diet, aging, diseases, infections, injuries or other stressors
affect fertility and, potentially, future generations.
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Figure 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 initiately
associate with escort cells (gray), and are subsequently enveloped by follicle cells (light
blue) generated by follicle stem cells (dark blue) to form folicles. (B) The Drosophila testis
(left) is a blind-end tube. GSCs (dark purple) reside at its 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;
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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) generate 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), which undergo meiosis (spermatocytes) and spermiogenesis
(spermatids), and are released into the lumen of the tubule. Sperm undergo further
maturation in the epidydimus, where they are eventually stored. Leydig cells (teal), blood
vessels (red), and Sertoli cells (blue) plays important roles in support the SSC lineage.
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Figure 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
(Drosophild), and purple (mammalian); common names are shown in black.
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Figure 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). TGFp 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 1.
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Table 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 agg(;?e%))/
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 Levels control 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.)
A. aeqypti 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; Hansen et al. 2005; Roy and Raikhel
2012, 2011; 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 PGC proliferation (Michaelson et al. 2010)
Drosophila Promotes ovarian GSC proliferation, cyst growth, and vitellogenesis (LaFever and Drummond-Banggg.;l
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 /nRand /gfirfor testicular development (Pitetti et al. 2013a)
InRand /gfirpromote developmental Sertoli cell proliferation (Pitetti et al. 2013b)
Global /RS2 mice have small testes and progressive germ cell loss as adults (Griffeth et al. 2013)
Global /gfZ mice 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)
Retinoic acid mouse Germ cell RARa and Sertoli cell RARy 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 Glegg(t)z)t
al.
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)
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Pathway Organism Role

mouse Promotes fertility (Mounzih et al. 1997) and germ cell survival (Bhat et al. 2006)
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