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Abstract

Spermatogonial stem cells (SSCs) reside within the stem cell niche along the
basement membrane of the seminiferous tubules in the testis, and their actions
provide the basis for continuity and regeneration of the spermatogenic lineage.
SSCs must balance self-renewal with the production of progenitor spermatogo-
nia in order to sustain optimal sperm production while preventing exhaustion of
the stem cell reservoir. Regulation of SSC fate decision is in part influenced by
signaling from growth factors, such as Gdnf and Fgf2, which are synthesized by
somatic niche support cells. Such growth factors have been shown to directly
influence expression of transcription factors such as Id4, Etv5, and Bcl6b within
SSCs to stimulate self-renewal. Additionally, the undifferentiated state of both
SSCs and progenitors is maintained by virtue of intracellular regulation at
transcriptional, translational, and posttranslational levels; both independently
and dependently of characterized growth factors released from the niche. This
intrinsic regulation not only acts to enrich the expression of genes important for
maintaining the undifferentiated state, but also supresses expression of differen-
tiation-driving factors. Although progress in SSC research has previously been
dampened by a lack of SSC-specific markers that can be used to isolate pure
populations for analysis, recent advances have seen the development of mouse
lines in which the SSC population alone is marked by expression of a fluorescent
reporter transgene; for example the /d4-eGfp mouse line. Consequently, in-depth
analysis of the SSC population in comparison to undifferentiated progenitors
and differentiating spermatogonia is now possible. Further progress in charac-
terizing factors involved in SSC maintenance and self-renewal is important for
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understanding potential underlying causes of idiopathic infertility, and further,
is the basis for developing therapeutic strategies aimed at reinstating fertility in
patients who have been rendered infertile as a consequence of chemotherapeutic
treatments in pre-pubertal life.
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5.1 Introduction

The foundation for continual and robust spermatogenesis in the mammalian testis is
provided by actions of spermatogonial stem cells (SSCs). Mitotic division of SSCs
is the basis for self-renewal that underlies maintenance of a foundational pool. From
this pool, progenitor spermatogonia arise that amplify in number, also through
mitotic divisions, prior to transitioning to a differentiating state under the influence
of retinoic acid; an event that signifies commitment to terminal differentiation as
spermatozoa (detailed in Chap. 6). In adulthood, SSC activities fuel the production
of approximately 70 million sperm per day in rodents, and 100 million sperm per
day in humans (Johnson et al. 1980). Historically, the rarity of SSCs in the testis
[approximately 0.03% of cells in mouse and 1.25% of cells in human testes
(Tagelenbosch and de Rooij 1993; Aponte et al. 2005)], in conjunction with a lack
of established molecular markers available to distinguish SSCs from progenitor
cells, has made the elucidation of pathways responsible for stem cell maintenance
and self-renewal difficult. Fortunately, recent advances in the field, particularly the
identification of factors expressed exclusively in SSCs, have paved the way for criti-
cal advances in our knowledge of these processes.

5.2 Developmental Origins of the SSC Population

SSCs originate from prospermatogonia that differentiate from primordial germ cells
(PGCs) on the genital ridge during embryonic development. The majority of our
understanding of this process comes from mouse studies which will be summarized
here, while events in humans will be touched on briefly. Specification of PGCs is
thought to begin from embryonic day 6-6.5 (Yoshimizu et al. 2001; Saitou et al.
2002), and complete specification can be identified by day 7-7.5; at which time
expression of germ cell-specific markers, such as alkaline phosphatase, can be visu-
alized (Chiquoine 1954; Ginsburg et al. 1990). In conjunction with the specification
process, PGCs experience epigenetic reprogramming, including global gene demeth-
ylation and histone modification (Tseng et al. 2015). Following these events, PGCs
undergo extensive mitotic proliferation up until embryonic day 13.5 (Nakatsuji and
Chuma 2001). At this time, differentiation according to embryonic sex occurs, with
PGCs in XY embryos transforming into prospermatogonia (De Felici et al. 2004).
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The prospermatogonia continue to proliferate until day 15.5 at which point a period
of quiescence is initiated and sustained until neonatal development (1-5 days post-
partum depending on strain of mice) (Kluin and de Rooij 1981; Ginsburg et al. 1990).
During the quiescent period, a new DNA methylation profile is initiated within pro-
spermatogonia (Tseng et al. 2015), becoming fully established by the time of reentry
into the cell cycle. Concomitant with cessation of de novo DNA methylation and
resumption of proliferation, prospermatogonia transform into a primary population
of undifferentiated spermatogonia comprised of SSCs and progenitors, and a differ-
entiating population of spermatogonia that give rise to the first round of spermato-
genesis at postnatal days 28-35. All other rounds of spermatogenesis arise from the
primary undifferentiated population (Yang et al. 2013b).

As humans have a considerably longer pre-pubertal period than their murine
counterparts, the transition of prospermatogonia into a population of postnatal sper-
matogonia does not occur until 2-3 months of age, while differentiation is not
observed until approximately 12 years of age (Paniagua and Nistal 1984). The intri-
cate transformation of prospermatogonia into spermatogonia during embryonic and
neonatal life is clearly imperative for the formation of an SSC population that fuels
sperm production in adulthood; however, impairment of this transition is also asso-
ciated with pre-neoplastic changes that are thought to be the root of carcinoma in
situ cells: the major source of testicular germ cell tumors (Skakkebak 1972). Our
understanding of the mechanisms and potential models for specification of the SSC
pool from prospermatogonial precursors is detailed further in Chap. 2.

5.3 Models for Maintenance and Renewal of the SSC Pool

Following the onset of puberty, continuity of the spermatogenic lineage requires
maintenance of the SSC pool. During steady-state conditions, progenitor spermato-
gonia periodically arise from SSCs; however, this is balanced by self-renewal to
prevent depletion of the SSC population. Alternatively, certain situations require
rapid regeneration of the spermatogonial population; such as following a cytotoxic
insult that depletes a major portion of the population, in response to spermatogonial
transplantation, or during neonatal development. In these circumstances self-
renewal must predominate to rebuild the SSC pool. Again, in the absence of self-
renewal, the SSC population will decline over time and eventually become
exhausted, or regeneration will be stunted.

The most widely accepted model depicting the dynamics of the SSC and pro-
genitor spermatogonial pools is referred to as the “A;,,. model”. In rodent species,
spermatogonia exist in three subclasses; type A, intermediate, and type B. It is well
established that SSCs are a component of the type A spermatogonia, in particular
the undifferentiated subpopulation. Mitotic division of the SSCs may either be sym-
metrical; producing two new SSCs (or two progenitors), or alternatively, asymmet-
rical; producing one SSC and one progenitor cell that will be committed to
differentiation (Fig. 5.1a). Upon mitotic proliferation, progenitor cells remain con-
nected by persistent cytoplasmic bridges, forming structures referred to as “A e’
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Fig. 5.1 Maintenance and renewal of the SSC pool. (a) Depending on systemic requirements,
SSCs may either favor self-renewal to replenish the population, favor progenitor formation for the
production of sperm, or maintain steady-state conditions. Thus, mitotic division of SSCs may be
either symmetrical or asymmetrical. (b) The most widely accepted model for SSC maintenance and
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spermatogonia. As a consequence of this syncytial connection, further mitotic divi-
sions of these progenitors occur in synchrony, producing chains of spermatogonia
referred to as “Agnes,” coOnsisting of up to 16 cells (Fig. 5.1b). Cumulative evidence
derived from rodent studies suggests that stem cell activity resides exclusively
within the isolated A,y population, with the formation of an A4 Structure signi-
fying commitment to a differentiation pathway. The first experimental evidence
supporting this model came in the form of morphological and proliferative observa-
tions on spermatogonia in rodent testes in the 1970s (Huckins 1971; Oakberg 1971)
and has been supported by more recent research efforts that utilize fluorescent
reporters to identify SSCs specifically amongst the heterogeneous population of
spermatogonia in the testes (Chan et al. 2014). Although the ‘A, hypothesis
depicts that all SSCs exist as A, cells, conversely, not all A, cells are believed
to be SSCs. In fact, it has been estimated that under 10% of the A, population
retains the capacity for self-renewal and regeneration of the spermatogenic lineage
(Nagano 2003; Chan et al. 2014). Thus, a ‘revised” A,y model has been put forth
to factor in this nuance (reviewed by Lord and Oatley 2017).

In contrast to the traditional Ag;,,. model, a recently emerged hypothesis, the
‘fragmentation’ hypothesis, proposes that contribution to the stem cell pool may be
a more dynamic process than originally believed (reviewed by Lord and Oatley
2017). Time-lapse imaging studies have been used to demonstrate that spermatogo-
nia can break off from A, chains to produce single cells (Hara et al. 2014);
however, whether these cells, which can now be identified as “Agpg..” possess the
functional attributes of an SSC remains to be unequivocally demonstrated. Despite
this, results of pulse-chase experiments have suggested that a small subset of pro-
genitors may be able to revert to a stem cell state and induce colonization in the
testes. This occurrence is purportedly more common when regeneration of the
germline is required (in this case, following transplantation or tamoxifen exposure),
rather than during steady-state conditions (Nakagawa et al. 2010). Potentially, these
data may depict that a subset of the rodent undifferentiated spermatogonia popula-
tion act as “reserve” or “potential” stem cells, that contribute to the self-renewing
population when replenishment of the germline is required; however, do not signifi-
cantly contribute to the self-renewing population in steady-state conditions.

<

Fig. 5.1 (continued) progenitor production in rodents is the A,y model in which the Ay, sper-
matogonia make up the SSC population. Upon transition into a progenitor state, cytokinesis fol-
lowing mitotic division is incomplete, forming pairs (A ), and chains (Agneq) of spermatogonia.
Undifferentiated progenitors commit to differentiation in response to retinoic acid signaling.
Differentiating “A1” spermatogonia transition further to A2, A3, A4, Intermediate, and Type B
spermatogonia, accompanied by additional mitotic divisions, before finally committing to the ini-
tiation of meiosis at the spermatocyte stage. Following two rounds of meiosis, haploid spermatids
are formed that will mature into spermatozoa. In contrast to the rodent model, the human model for
SSC maintenance is the Ayy/Ag model. In this system, the Ay cells are thought to be the
“reserve” stem cells, while the A, cells actively contribute to fueling steady-state spermatogen-
esis. The primary difference between the rodent and human undifferentiated spermatogonial pool
is the absence of rounds of successive mitotic division of progenitors in the human model. Instead,
progenitor spermatogonia produced from division of A,. or Ay SSCs transition directly into
Type B differentiating spermatogonia
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In contrast to rodent species, the paradigm depicting SSC dynamics in primates
is referred to as the A,/ Ag.« model (Fig. 5.1b). The primate type A spermatogonial
population has been divided into these two subsets as a reflection of the different
staining intensity of nuclei of spermatogonia by hematoxylin (Clermont and Antar
1973). Although not definitively classified with functional evidence, both A,,;. and
A cells are thought to possess stem cell activity, with Ay, cells considered to be
the reserve or “back-up” stem cells, while the A, cells actively self-renew and
contribute to spermatogenesis in steady-state conditions (Clermont 1969).
Progenitor cells produced from the A, division transition directly into type B sper-
matogonia (Clermont 1966), thus eliminating the clonal expansion step that is
observed within mouse spermatogenesis. The smaller number of mitotic divisions
during spermatogenesis in primates means that this process is highly inefficient
when compared to that of rodents; particularly in the case of humans, whose sper-
matogonial progenitor cells undergo only one mitotic division prior to differentia-
tion into a type B spermatogonium (Amann 2008).

5.4 The SSC Niche

Maintenance of the SSC pool is reliant on a niche microenvironment within the
testis that is comprised of contributions from somatic cells that provide structural
support as well as secrete growth factors that regulate the balance between self-
renewal and differentiation. As mentioned previously, the requirement for intensive
SSC renewal during neonatal development is a distinct contrast to the steady-state
conditions required for maintenance during adulthood; representing the intricate
and dynamic nature of the SSC niche. The SSC niche is comprised of the germ cells
themselves, as well as the Sertoli cells; residing inside the epithelium of the semi-
niferous tubule (Fig. 5.2).

Observational studies have resulted in postulation that the formation of stem cell
niche regions within the testis preferentially occurs adjacent to the blood vessels and
interstitium, particularly associating with blood vessel branch points (Yoshida et al.
2007). Despite this, direct functional studies are yet to be conducted to confirm
this observation. Also, another study observed that a majority of undifferentiated sper-
matogonia align in regions of seminiferous tubules associated with the interstitium at
stages VII-VIII of the seminiferous cycle (Chiarini-Garcia et al. 2003). Considering
that these stages are when most of the undifferentiated spermatogonia transition to a
differentiating state, the association with vasculature and interstitial tissue may be
driving the differentiating transition rather than influencing maintenance of the SSC
pool. Furthermore, Inhibitor of DNA binding 4- (Id4)-eGfp+ spermatogonia which
possess potent SSC capacity reside in areas of tubules that are not associated with the
interstitial space (Chan et al. 2014). Moreover, experimental alteration of SSC niche
number within seminiferous tubules does not alter the amount of area that associates
with the vasculature or interstitium (Oatley et al. 2011a). Taking all of these observa-
tions into account, further investigation into whether the vasculature and interstitial
tissue are key components of the SSC niche is clearly warranted.
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Fig.5.2 The spermatogonial stem cell niche. The SSC niche-unit is comprised of the SSCs them-
selves, undifferentiated progenitor spermatogonia, and surrounding somatic support cells. The
somatic cells of the SSC niche; the Sertoli, Leydig, and peritubular myoid cells; release growth
factors that are thought to stimulate self-renewal of SSCs, and maintenance of an undifferentiated
state in both SSCs and progenitors. The Sertoli cells, in addition to providing architectural support
to the niche, produce the growth factors Gdnf and Fgf2, while both Leydig and myoid cells pro-
duce Csfl, and myoid cells produce Lif, and potentially Gdnf

Although the Sertoli cells are regarded to be the most influential regulators of the
stem cell niche due to their direct interaction with germ cells, somatic cells within the
interstitial space such as the Leydig and peritubular myoid cells also appear to be
involved in niche regulation. Certainly, the positioning of the SSC population on the
outer of the blood-testis barrier (formed via tight junctions between the Sertoli cells)
would allow for exposure of these stem cells to regulatory factors that may be produced
locally in the interstitium. The critical importance of the somatic support cells within
the SSC niche is demonstrated by the direct association between their functionality/
abundance and fluctuations in the SSC pool. Indeed, increasing the Sertoli cell popula-
tion in the testes of mice using transplantation techniques has been shown to result in a
threefold elevation in SSC number, as well as an improvement in stem cell niche for-
mation following SSC transplantation (Oatley et al. 2011a). Additionally, the deteriora-
tion of niche quality, rather than the quality of the SSCs themselves, is thought to be
causative of the decline in fertility that is associated with reproductive ageing. As such,
SSCs transplanted from sub-fertile aged animals can support proficient spermatogen-
esis when transplanted into the testis of young animals (Ryu et al. 2006).
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Support cell function in the SSC niche is likely to be a direct implication of the
endocrine capacity of these cells. Both Leydig cells and Sertoli cells express gonad-
otropin receptors: these are luteinizing hormone (LH) and follicle stimulating hor-
mone (FSH) receptors respectively. Certainly, repression of gonadotropin release
from the anterior pituitary is directly linked with impaired spermatogonial prolifera-
tion in neonates (Kanatsu-Shinohara et al. 2004b). In response to gonadotropins,
support cells (particularly the Sertoli cells) of both the murine and primate SSC
niche have been demonstrated to release growth factors such as glial cell derived
neurotrophic factor (Gdnf), that are directly implicated in maintenance of the sper-
matogonial population (Van Alphen et al. 1988; Crépieux et al. 2001; Kanatsu-
Shinohara et al. 2004b; Mikeld et al. 2014). In addition, circulating gonadotropins
stimulate the production of testosterone by the Leydig cells, with testosterone also
being hypothesized to promote growth factor production by both the peritubular
myoid and Sertoli cells (Gonzalez-Herrera et al. 2006; Chen et al. 2014, 2016), as
well as expression of miRNAs by Sertoli cells (Panneerdoss et al. 2012), that are
potentially involved in SSC maintenance (Niu et al. 2011; He et al. 2013).

Perhaps the most extensively characterized paracrine regulator of SSC renewal is
the Sertoli-secreted growth factor Gdnf. Interaction of Gdnf with its receptor com-
plex (Ret receptor tyrosine kinase and Gdnf family ol [Gfral]) that is known to be
expressed on the surface of spermatogonia (He et al. 2007), not only supports main-
tenance of the SSC population, but concurrently inhibits differentiation of undif-
ferentiated spermatogonia by retinoic acid; as demonstrated by Gdnf overexpression
mouse models (Meng et al. 2000). Further, although Gdnf-, Gfral- and Ret-null
mice do not survive beyond the first day of postnatal life (Schuchardt et al. 1994;
Moore et al. 1996; Pichel et al. 1996; Enomoto et al. 1998), the deleterious effects
of decreased Gdnf expression by Sertoli cells have been observed in Gdnf"~ mice.
While these mice remain fertile, a high percentage of their seminiferous tubules
contain impaired spermatogenesis due to depleted/reduced proliferation of sper-
matogonia (Meng et al. 2000). Like Gdnf, fibroblast growth factor 2 (Ffg2) is known
to be secreted by the Sertoli cells in vivo (Chen and Liu 2015), and is thought to act
along with Gdnf in a ratio-dependent manner to regulate SSC maintenance and self-
renewal (Takashima et al. 2015). In conjunction with these growth factors secreted
by the Sertoli cells; both Leydig and peritubular myoid cells in the mouse exhibit
in vivo expression of colony stimulating factor-1 (Csf1), a ligand known to bind to
the Csf1 receptor (Csflr) expressed by a subset of undifferentiated spermatogonial
population to enhance SSC renewal in vitro (Oatley et al. 2009). Additionally, peri-
tubular myoid cells produce the growth factor leukemia inhibitory factor (Lif)
(Piquet-Pellorce et al. 2000) which may work alongside Gdnf to stimulate SSC
proliferation (Wang et al. 2014). Further, peritubular myoid cells may also poten-
tially produce Gdnf themselves (Chen et al. 2016). Indeed, in mice with a Gdnf
conditional knockout in peritubular myoid cells, an age-associated reduction in fer-
tility is observed, purportedly as a consequence of the population of undifferenti-
ated spermatogonia being reduced (Chen et al. 2016). A schematic representation of
growth factor regulation within the stem cell niche by Sertoli, Leydig and peritubu-
lar myoid cells is provided in Fig. 5.2, and an extensive list of growth factors and
their purported effects listed in Table 5.1.
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5.5 Tools to Study the SSC Population

Historically, progress in characterizing the SSC population has been marred by sev-
eral limitations. For instance, the rarity of SSCs within an undifferentiated sper-
matogonial population in which progenitors are much more abundantly represented,
and also the lack of markers available to distinguish spermatogonial subtypes. As a
consequence of these difficulties, the field has focused on advancing in vitro culture
techniques to provide a sustainable population of cells to study, on further identify-
ing SSC-specific factors expressed both intrinsically and on the surface of the cell,
and on formulating novel methodologies to monitor and analyze SSC content within
the heterogeneous spermatogonial population. The tools that are currently available
for studying the SSC population are discussed below.

5.5.1 Primary Spermatogonial Cultures

Key limitations in studying SSCs are their rarity in the testis, along with the diffi-
culty of directly manipulating these cells in vivo without interfering with the func-
tion of other germ cell populations or somatic support cells. As such, primary
spermatogonial culture techniques have been continuously refined to provide a plat-
form for producing larger numbers of cells for analysis, and a means for experimen-
tal manipulation that directly assesses the role of genes, molecular pathways, and
extrinsic signals on self-renewal and maintenance of the SSC population. In refining
cell culture techniques, replication of conditions within the stem cell niche is imper-
ative, not only to maintain viability of these cells, but also to prevent entry into a
differentiating pathway. As mentioned previously, the somatic support cells of the
SSC niche release growth factors to stimulate self-renewal of the SSC population,
and as such, a subset of these growth factors have been harnessed for the develop-
ment of culture media that supports long-term maintenance of SSCs; including
Gdnf, and Fgf2.

The assessment of culture conditions for supporting long-term maintenance of
SSCs in vitro has been achieved using defined serum free media (Kubota et al.
2004b), to which desired growth factors are incrementally added to establish their
effects on the SSC population. Importantly, SSCs are routinely cocultured with SIM
mouse embryo-derived thioguanine and ouabain resistant (STO) feeder cells that
are known to support culture of several stem cell types (Matsui et al. 1992; Nagano
et al. 1998; Paratcha et al. 2003); likely by secreting several growth factors that are
component of the respective niches in vivo. Medium that can promote SSC mainte-
nance in vitro is identified by the formation and expansion of colonies of undiffer-
entiated spermatogonia, as well as the ability for a portion of the cells to regenerate
spermatogenesis in recipient testes posttransplantation. The addition of Gdnf alone
to serum free culture medium has differing outcomes dependent on the strain of
mouse from which the primary spermatogonial culture originated. For the sper-
matogonial population from mice with a DBA/2J genetic background, Gdnf supple-
mentation alone supports colony expansion, and a subset of the population is able to
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efficiently engraft in recipient testes following transplantation at various times of
the culture period, thereby demonstrating self-renewal of SSCs (Kubota et al.
2004b). However, SSCs from other mouse genetic backgrounds (e.g. C57BL/6) do
not thrive in these conditions. In these circumstances, SSC maintenance is achieved
with the supplementation of Gdnf in combination with Fgf2 (Kubota et al. 2004b).
Conflicting data exists as to whether Fgf2 alone can support in vitro proliferation of
SSCs (Kubota et al. 2004b; Takashima et al. 2015). However, in combination with
Gdnf, Fgf2 certainly improves long-term culture efficiency for spermatogonia from
rabbits (Kubota et al. 2011), hamsters (Kanatsu-Shinohara et al. 2008b) and rats
(Ryu et al. 2005).

Although several additional growth factors are known to stimulate proliferation
and self-renewal of stem cells from other tissue types, the supplementation of these
factors to SSC culture medium has been found to be ineffective or inconsistent. For
instance, although Lif is critical for proliferation and maintenance of embryonic
stem cell populations in vitro (Murray and Edgar 2001), and further, is known to be
produced by the peritubular myoid cells in the testes (Piquet-Pellorce et al. 2000;
Dorval-Coiffec et al. 2005); several studies have reported that supplementation of
Lif into serum free culture medium has no demonstrable effect on the proliferation
of rodent SSCs in vitro (Kubota et al. 2004b; Wang et al. 2014). Contrastingly, SSC
proliferation was found to be improved when Lif was used in conjunction with Gdnf
(Wang et al. 2014), but again, this is result is controversial (Nagano 2003). Numerous
further growth factors have also been analyzed, including stem cell factor, epider-
mal growth factor, insulin-like growth factor 1 (Igf-1), and Noggin; however, of
these factors only Igf-1 improved the maintenance of SSCs (Kubota et al. 2004b)
(Table 5.1).

Although in vitro culture techniques for rodent spermatogonia have significantly
advanced over the past 20 years, these cultures are still time-restricted; exhibiting a
decline in stem cell number after prolonged periods (>6 months) (Kanatsu-Shinohara
et al. 2005; Helsel et al. 2017a). Further, success with culture of human spermato-
gonia in these rodent-optimized conditions is severely limited, and remains a con-
siderable challenge in the field (Zheng et al. 2014; Gassei and Orwig 2016).
Together, these issues highlight the need for further refinement of culture condi-
tions; potentially by reassessing the metabolomic requirements of undifferentiated
spermatogonia, as well as the differences between rodent and primate models. Such
advances are critical if SSC culture is to be considered a component of therapeutic
strategies to reverse chemotherapy-induced infertility.

5.5.2 Cell Surface Markers

Clearly, characterization of the undifferentiated spermatogonial subtypes is more
easily facilitated if pure populations of SSCs and progenitors can be isolated for
analysis. The isolation of live SSC populations from the testes or from primary
cultures of undifferentiated spermatogonia using antibody-driven strategies requires
the elected “marker” to be expressed on the cell surface, following which magnetic
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or fluorescence activated cell sorting techniques (MACS and FACS respectively)
can be utilized. Unfortunately, to date, no surface markers have been identified that
can unequivocally distinguish SSCs from undifferentiated progenitor spermatogo-
nia. Despite this, a number of cell surface markers have been identified that can be
utilized to enrich SSCs in a spermatogonial population when compared to an
unselected control. A comprehensive list of cell surface markers that have been
characterized for SSC enrichment is provided in Table 5.1, along with their effi-
ciency. Cell adhesion molecules predominate this list, being an attractive area of
investigation due to their purported role in “homing” of SSCs to the stem cell niche
(Kanatsu-Shinohara et al. 2008a).

The cell adhesion molecules a6 and 1 integrin were the first candidates identi-
fied to have some capacity to facilitate enrichment of the SSC population. The
expression of both molecules had been detected on the surface of spermatogonia
within the undifferentiated population (Shinohara et al. 1999; Ebata et al. 2005);
where their function was hypothesized to be the binding of laminin in the basement
membrane of seminiferous tubules. Indeed, disruption of 1 integrin expression
impaired the capacity of SSCs to regenerate spermatogenesis following transplanta-
tion into recipient testes (Kanatsu-Shinohara et al. 2008a); making these factors
attractive candidates for SSC-specificity. Despite this, isolation of the a6* and p1*
populations from the testis resulted only in an eight and fourfold enrichment of the
SSC population, respectively, when compared to an unselected control population
(Shinohara et al. 1999); reflecting the expression of these markers not only in SSCs,
but also cells within the progenitor population.

Several other cell adhesion molecules were characterized in the undifferentiated
spermatogonial population in the years following the discovery of a6- and
B1-integrin, including CD9, epithelial cell adhesion molecule (EpCAM), and
Cadherin 1 (Cdhl). Both CD9 and EpCAM were originally classified as surface
markers of embryonic stem cells. For the germline, selection of the CD9+ popula-
tion leads to a sevenfold enrichment for SSCs in rodents (Kanatsu-Shinohara et al.
2004a); however, this is limited by the fact that CD9 is also expressed by differenti-
ating germ cells and somatic cells. Similarly, EpCAM expression extends beyond
SSCs to progenitors. As such, EpCAM enriched populations provide only a three-
fold increase in SSC content, as determined by spermatogonial transplantation anal-
yses (Kanatsu-Shinohara et al. 2011). Isolation of the Cdh1+ population produces a
similar result, again as a consequence of universal staining across the entirety of the
undifferentiated spermatogonial population (Tokuda et al. 2007).

In order to increase enrichment efficiency, cell adhesion surface markers are
regularly used in conjunction with other available surface antigens, or fluorescent
assays. For example, isolation of a6* testis cells that are also c-Kit- and MHC class
I- significantly improves repopulation efficiency following transplantation (Kubota
et al. 2003); with c-Kit being a marker of germ cell differentiation that is evident
from the A jgneq Stage onwards (Schrans-Stassen et al. 1999), and MHC-I a marker
thought to be present on the surface of almost all nucleated cells, however, absent
from the spermatogonial population (Glynn 1988). Alternatively, the utilization
Cdhl labeling in conjunction with a fluorescent assay that monitors aldehyde
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dehydrogenase (Aldh) activity allows for isolation of the Cdh1+, Aldh1— spermato-
gonial population that is enriched for SSC concentration when compared to the
Cdhl+ population alone (Kanatsu-Shinohara et al. 2013). Although such multi-
parameter techniques facilitate the isolation of a population that is enriched for
SSCs, such isolation strategies are associated with greater complexity and increased
cell loss from testis preparations.

To date, Thyl; a phosphatidylinositol-anchored surface antigen that is known to
be expressed in a hematopoietic (Spangrude et al. 1988), mesenchymal (Jiang et al.
2002) and embryonic (Ling and Neben 1997) stem cells; has arguably been the most
valuable surface marker characterized as a single-parameter for SSC enrichment.
The Thyl+ fraction isolated from mouse testes is enriched for SSC number by
30-fold compared to the nonselected total testis fraction of adult mice (Kubota et al.
2004a). As a consequence of the clearly superior SSC enrichment capacity of Thy 1+
when compared to the other surface markers discussed, it is not surprising that this
surface antigen is commonly employed in current SSC research, particularly for
enriching SSC populations to generate primary spermatogonial cultures (Oatley
et al. 2009; Helsel et al. 2017a). Additionally, the Thy1 enriched spermatogonial
population has proved to be valuable for identifying intrinsic factors involved in
regulating SSC maintenance and self-renewal (Oatley et al. 2007). Despite the value
of Thy! as an SSC surface marker, it still does not facilitate isolation of a pure SSC
population; with the estimation of SSC content in the Thy1+ population being 1 in
15 cells (Kubota et al. 2003).

In the search for a SSC-specific marker, it is not surprising that receptors for
growth factors produced by niche support cells to stimulate self-renewal of SSCs
have been attractive candidates. As mentioned previously, Gfral is part of the bind-
ing receptor complex for Gdnf (He et al. 2007); with Gdnf stimulating self-renewal
of SSCs in vitro (Kubota et al. 2004b). Unfortunately, however, SSC content from
Gfral+ populations of spermatogonia is only slightly enriched compared to that of
unselected control cells in the pup testis, and in fact, SSC content is unchanged from
the unselected control population in adult testes (Ebata et al. 2005); making this
marker an undesirable choice for isolating pure SSC populations. Upon further
investigation, it was found that Gfral expression was seemingly uniform across the
entire population of type-A spermatogonia in both mouse (Ebata et al. 2005; Grasso
et al. 2012) and human testis (Grisanti et al. 2009; He et al. 2010), thus explaining
the lack of SSC enrichment achieved by isolating cell fraction using this surface
marker.

Although the capacity for the aforementioned surface markers to enrich the SSC
population has been primarily focused on rodent species, the expression of these
surface antigens appears to be relatively conserved between rodents and primates,
with putative SSCs in rhesus macaque testis being Thyl*, Gfral* and c-Kit~
(Hermann et al. 2009). Additionally, some putative human SSC markers, such as
stage-specific embryonic antigen 4 (Ssea4), have been identified (Kokkinaki et al.
2011). Despite this, a gap in knowledge clearly still exists in the elucidation of sur-
face markers that are truly SSC-specific. Although this limitation has been some-
what circumvented in rodent species as a consequence of the identification of
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intrinsic factors solely expressed in the SSC population, as well as the capacity to
generate transgenic lines that express fluorescent reporters based on these intrinsic
factors (discussed below); such strategies are clearly not translatable to the study of
human SSC populations, and remain difficult in the majority of other mammalian
species. As such, further investigation is required to establish surface markers that
are SSC-specific, and exhibit expression that is conserved across a range of mam-
malian species.

5.5.3 Spermatogonial Transplantation

The development of a spermatogonial transplantation technique in rodents in 1994
(Brinster and Avarbock 1994; Brinster and Zimmermann 1994) was a turning point
in the field of SSC research, as it provided a definitive means by which to deter-
mine SSC content within a heterogeneous spermatogonial population, and with
which to make direct quantitative comparisons between spermatogonial popula-
tions; for example, between unselected spermatogonial populations and those
enriched with one of the aforementioned cell surface markers. Indeed, while mor-
phological observation of the spermatogenic lineage within a testis that has been
subjected to fixation following in vivo genetic manipulation, or assessment of cell
proliferation in response to in vitro manipulation, may provide insight into SSC
dynamics, currently, the only unequivocal methodology to quantitatively assess
SSC content is to analyze the ability of these cell to regenerate spermatogenic colo-
nies in recipient testes.

Typically, the spermatogonial transplantation technique (Fig. 5.3) involves utili-
zation of a donor mouse that possesses a LacZ transgene in the Rosa26 locus; driv-
ing expression in every cell of the body; including germ cells. The recipient mouse
utilized for this procedure must be devoid of endogenous spermatogenesis (so avail-
able niches are not occupied by endogenous SSCs); usually achieved via pretreat-
ment with an alkylating chemotherapeutic agent (i.e. busulfan) that eliminates the
germ cell population (Brinster 2002). Spermatogonia taken directly from the donor
mouse, or from primary spermatogonial cultures established from the donor mouse,
are injected into the rete testis of the recipient. Following this surgical procedure,
the recipient testes are analyzed 2—5 months later to allow time for donor SSCs to
regenerate colonies of persistent spermatogenesis. Clearly, only true SSCs in the
donor population can incorporate into the stem cell niche and reestablish continual
spermatogenesis. Thus, in knowing the number of cells injected into the recipient
testis, determining the relative percentage of SSCs can be achieved by staining the
recipient testis with X-gal and counting the number of LacZ expressing donor-
derived colonies. The relative “SSC number” can be reported as the number of colo-
nies generated per 10° cells injected in order to create standardization among
experiments. To assess the “purity” of SSCs in the original suspension, colonization
efficiency needs to be taken into consideration (i.e. not all SSCs injected will
migrate to a niche and form a colony). Thus, it has been estimated that approxi-
mately 5-12% of transferred SSCs initiate colonization of a busulfan treated testis



5 Regulation of Spermatogonial Stem Cell Maintenance and Self-Renewal 105

Donor mouse with Lac Z transgene

_

Enrich SSC population Expand population with
(i.e. THY1+) cell culture

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

| Injection of spermatogonia
: into the rete testis of recipient
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

Recipient mouse .
with no endogenous
spermatogenesis

3-5 months

X-Gal staining of testes

Fig. 5.3 Spermatogonial transplantation is performed using spermatogonia derived from a donor
mouse with a Lac Z transgene in the Rosa26 locus. Spermatogonia retrieved from this donor
mouse may either be directly subjected to enrichment strategies (i.e. isolation of the Thy 1+ popula-
tion), or cultured for expansion and/or treatment of spermatogonia. Selected populations are
injected into the rete testis of a recipient mouse whose endogenous spermatogenesis has been
eliminated using treatment with alkylating chemotherapy. The recipient mouse is subjected to a
3-5 month recovery period to allow donor SSCs to migrate to vacant niches, and begin recoloniza-
tion of the testes. Donor colonies can be visualized in recipient testis via X-Gal staining, and colo-
nies can be counted to provide quantitative value that reflects SSC content
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(Shinohara et al. 2001; Nagano 2003; Ogawa et al. 2003), with each of these colo-
nies arising from a single SSC (Dobrinski et al. 1999).

Certainly, the spermatogonial transplantation technique is immensely useful for
assessing the specificity of SSC markers used to enrich the spermatogonial popula-
tion prior to transplantation, or alternatively, for highlighting changes to the SSC
population in response to targeted depletion of factors hypothesized to be important
for maintenance of the stem cell state. Further to this, although spermatogonial
transplantation is not directly transferrable for the study of human SSC populations,
successful autologous (donor and recipient are the same animal) and allogenic
(donor and recipient are different animals) transplantation has been achieved in
nonhuman primate species (Hermann et al. 2012). These studies potentially pave
the way for the development of therapeutic treatments for human cancer survivors
whom have been rendered infertile as a consequence of chemotherapy.

5.5.4 Intracellular Markers

With a lack of true SSC-specific surface markers available to isolate live stem cell
populations, the field has turned to identifying and characterizing intracellular SSC
markers to gain information on this population. This approach largely relies on
antibody-driven experiments to make preliminary assessments on the population of
interest; usually examining specificity of gene expression amongst the different
germ cell populations, and within the undifferentiated spermatogonial population
specifically, in fixed and sectioned rodent testes. As antibodies against these intra-
cellular factors cannot be used to isolate the population of interest in the absence of
fixation, historically, elucidation of the role of such intracellular spermatogonial
markers in the maintenance of the undifferentiated population has been achieved
using gene inactivation or knockdown strategies, both in vivo and in vitro. The limi-
tation associated with this approach, in regards to the generation of null mice, is the
possibility of causing an embryonic lethal phenotype. Indeed, this has been the case
in a number of studies, particularly those assessing the role of pluripotency factors
such as Pou5fl (Nichols et al. 1998); that are expressed across the entire undiffer-
entiated spermatogonial population (Ohbo et al. 2003) and play an important role in
preimplantation embryo development. To circumvent this, RNAi-driven knock-
down of these intrinsic factors is often conducted in primary cultures prior to sper-
matogonial transplantation (Dann et al. 2008), effectively demonstrating any
involvement in maintenance of the undifferentiated spermatogonial population.

A number of intracellular spermatogonial markers have been identified and char-
acterized in this manner; however, the vast majority of these markers are, again, not
SSC-specific, but rather expressed throughout the undifferentiated population (i.e.
N Agingles Apairea aNd A yignea cells). These factors include Zinc finger and BTB domain
containing 16 (Zbtb16; i.e. Plzf) (Buaas et al. 2004; Costoya et al. 2004),
Neurogenin3 (Neurog3) (Yoshida et al. 2004, 2006, 2007; Zheng et al. 2009),
Nanos2 (Suzuki et al. 2009), Lin28 (Zheng et al. 2009) and Pou5f1 (Dann et al.
2008) (a comprehensive list of intracellular factors is provided in Table 5.3). While
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helpful for distinguishing the undifferentiated spermatogonia from other germ cell
types in the testes, as well as identifying heterogeneity in this population (Suzuki
et al. 2009; Niedenberger et al. 2015), and allowing for study into how the undif-
ferentiated population is maintained, such markers do not provide a direct means to
study the SSC population specifically.

Fortunately, recent research has identified two candidates whose expression pro-
files appear to exhibit a high degree of specificity to the SSC population; Id4 (Oatley
et al. 2011b; Chan et al. 2014) and Paired box 7 (Pax7); whose theoretical roles in
SSC maintenance and self-renewal will be explored later in this chapter. As men-
tioned previously, the identification of these SSC-specific factors, particularly 1d4,
arose from differential expression analyses on Thy 1+ enriched spermatogonial pop-
ulations as compared to Thyl— spermatogonia (Oatley et al. 2009); and further
characterization was achieved using the aforementioned antibody-driven and gene
knockdown techniques (Oatley et al. 2009). The true value of identifying these
intracellular SSC-specific markers is realized when they are utilized for the genera-
tion of reporter transgene constructs and subsequent mouse lines, as will be dis-
cussed below.

5.5.5 Reporter Transgenes

The utilization of reporter transgenes has allowed for the development of mouse
lines in which the spermatogonial population, and more recently the SSC popula-
tion specifically, can be identified by expression of a fluorescent marker; usually
Gfp, or alternatively a colorimetric marker such as LacZ. Reporter transgene con-
structs have been generated using the pan-undifferentiated markers Pou5f1 (Youn
et al. 2013), Nanos3 (Yamaji et al. 2010) Neurog3 (Yoshida et al. 2004) and Sox2
(Arnold et al. 2011), as well as the putative SSC-specific markers 1d4 (Chan et al.
2014) and Pax7 (Aloisio et al. 2014).

The advantage of such mouse lines are numerous. Firstly, reporter transgenes
make it possible to perform live tissue “whole mount” analyses of testicular tubules,
allowing for identification of spermatogonial cell subtypes that are expressing the
factor of interest (i.e. single, paired and/or aligned structures) without the disruption
that is caused by fixation and sectioning of tissues (Chan et al. 2014). Such analyses
provide further clarification as to whether the factor of interest is likely to be a
marker of pan-undifferentiated spermatogonia (i.e. expression in single, paired and
aligned structures), or potentially a marker that is SSC-specific (i.e. only expressed
in a small percentage of the A, population). Such live imaging techniques have
also been utilized to create three dimensional reconstruction of the testicular tubules,
for instance with a specific focus on the placement of Neurog3-Gfp undifferentiated
spermatogonia in relation to surrounding blood vessels (Yoshida et al. 2007).

The development of reporter mouse lines allows for FACS isolation of selected
spermatogonial populations, again, circumventing both the requirement for selec-
tive factors to be expressed on the cell surface, and the need for antibodies and fixa-
tives. Thus, the selected live spermatogonial population can be retrieved from the
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testes, and purity of SSCs in the population (and thus specificity of the intrinsic
marker) can easily be assessed via spermatogonial transplantation. For example,
transplantation of isolated Gfp+ and Gfp— spermatogonia from in the /d4-eGfp
mouse line (Chan et al. 2014) was integral in demonstrating the high degree of
specificity of this marker for the SSC population; with >90% of regenerative sper-
matogonia being contained within the Gfp+ population. The capacity for SSC
enrichment using this Id4-driven reporter transgene when compared to enrichment
values achieved with other reported cell surface markers (Table 5.2), demonstrates
the value of using such strategies for the study of the SSC population.

In addition to the aforementioned applications, spermatogonial populations
derived from mouse lines containing reporter transgenes that label subsets of the
undifferentiated spermatogonial population can be used to establish primary sper-
matogonial cultures. Such strategies provide the field with a means to rapidly moni-
tor changes in transgene expression (as a function of fluorescence), and thus
potential changes to the composition of the spermatogonial population. This appli-
cation may be particularly useful for monitoring SSC dynamics in response to
in vitro genetic manipulation (for instance RNAi knockdown), altered culture envi-
ronments, and exogenous growth factors. Further, these technologies have provided

Table 5.2 Surface markers utilized for FACS or MACS isolation to enrich SSC populations in
adult and pup testis suspensions

Colonization compared
Surface to unselected control
marker Expression/specificity (colonies per 107 cells) Reference
Gfral SSCs and progenitors 0.13 x Adult Ebata et al. (2005)
(7.12)
2.5 x Pup
45)
B1 integrin | SSCs and progenitors 4 x Adult Shinohara et al. (1999)
(30)
a6 integrin | SSCs and progenitors 8 x Adult Shinohara et al. (1999)
(55
CD9 SSCs and some 7 x Adult Kanatsu-Shinohara
differentiated spermatogonia | (55) et al. (2004b)
EpCAM All spermatogonia; however, |3 x Adult Kanatsu-Shinohara
more strongly expressed in (6) etal. (2011)
progenitors
Thyl SSCs and progenitors 30 x Adult Kubota et al. (2004a)
(48.1)
5 x Pup
(69.6)
Cdhl SSCs and progenitors N/A  Adult Tokuda et al. (2007)
(34.7 compared to 0 in
CDHI1-population)

Enrichment efficiency is reported as a function of colonization of recipient testes following sper-
matogonial transplantation, as compared to an unselected control
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a gateway for performing large-scale comparative analyses between putative SSC
and progenitor populations; i.e. differential RNA-seq analysis (Chan et al. 2014); to
further explore expression profiles that may be unique to SSCs, to identify how
putative SSC-specific factors may be driving maintenance and self-renewal of this
population, and which factors are integral for initiating the commitment to progeni-
tor formation.

5.5.6 Lineage Tracing

Lineage tracing is a technique that provides an alternative to spermatogonial trans-
plantation for assessing the specificity of a selected marker for the SSC population.
Using this methodology, putative SSCs are permanently labeled (i.e. with LacZ or
Gfp) by an inducible reporter transgene, and all daughter cells arising from this
clone retain the label, allowing cell lineage to be traced back to the original cell. For
example, using a tamoxifen-induced Cre, Sun et al. (2015) demonstrated that Id4+
cells in the adult testis gave rise to paired and aligned structures 5 days post-
tamoxifen treatment, and continued to produce labeled clones at all stages of sper-
matogenesis at both 5 and 13 months post-tamoxifen injection. This strategy was
also adopted by Aloisio et al. (2014) to demonstrate that Pax7+ spermatogonia
undergo self-renewal, in addition to generating progenitors that experience clonal
expansion, and eventually produce spermatozoa. The rationale behind this tech-
nique is that only true SSCs will continue to produce clones several months after
tamoxifen-induced labeling, whereas progenitor spermatogonia, for instance, would
only produce downstream labeled cells for the rounds of spermatogenesis that
immediately follow tamoxifen treatment. Importantly, lineage tracing can also be
utilized to track formation of the founder SSC population from prospermatogonia
(Aloisio et al. 2014; Sun et al. 2015); providing a means to investigate this period in
development that remains relatively elusive.

The advantage of lineage tracing above that of spermatogonial transplantation is
the ability to monitor stem cell dynamics within physiological context (i.e. in
steady-state conditions, without disruption to the population). Despite this, there are
limitations to this technique in that, unlike transplantation, lineage tracing does not
provide a quantitative assessment of SSC content, but simply depicts that a portion
of the selected population does possess stem cell capacity. As such, lineage tracing
is not particularly useful for direct quantitative comparisons between populations of
spermatogonia. Additionally, the use of tamoxifen-induced Cre system to induce
expression of these reporter transgenes creates concerns regarding the disruption of
normal steady-state conditions in the testes, as tamoxifen has purported endocrine
disrupting capacity (Yu et al. 2014). A diagrammatic comparison between lineage
tracing and spermatogonial transplantation as techniques for assessing the SSC
population is provided in Fig. 5.4, with a particular focus on the advantages and
disadvantages of each technology.
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Fig. 5.4 Comparison of spermatogonial transplantation and lineage tracing strategies for assess-
ing the SSC population

5.6  Molecular Regulation of SSC Maintenance;
Transcription Factors, miRNAs, and Translational
Regulators

Using the experimental techniques that have been discussed above, several intrinsic
regulators, including transcription factors, miRNAs, and other posttranscriptional
effectors have been identified that are involved in orchestrating SSC self-renewal, or
alternatively, in maintenance of the undifferentiated state in both SSCs and progeni-
tors. Below, we explore these factors in terms of their purported influence on SSC
dynamics, and any established relationship between these factors and the extrinsic
growth factors listed in Table 5.1. Key intrinsic regulatory molecules that are dis-
cussed below and their theoretical functions are summarized in Table 5.3, and a
schematic of our current understanding of the processes controlling SSC renewal,
and maintenance of the undifferentiated state in both SSCs and progenitors is pro-
vided in Fig. 5.5.

5.6.1 Transcription Factors

Not surprisingly, transcription factors appear to be at the spearhead of maintaining
the stem cell state; with knockdown of a multitude of these factors resulting in sig-
nificantly impaired SSC maintenance, stimulating loss of the undifferentiated popu-
lation to differentiation, and in many cases resulting in infertility. Below we examine
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Legend: Underline = upregulated transcription/translation. /talics = downregulated transcription/translation
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Fig.5.5 Diagrammatic representation of factors involved in self-renewal of SSCs (a), and main-
taining an undifferentiated state in SSCs and progenitors (b). (a) Gdnf signaling via the c-Ret/
Gfral receptor complex has been directly connected with increased self-renewal of SSCs in vitro.
Etv5, Bel6b, Lhx1, Pou3fl and Id4 experience prominent upregulated expression in response to
Gdnf signaling, purportedly via a PI3K/SFK-driven signal cascade. Further, Etv5 and Bcl6b are
upregulated by an Fgf2-driven Mapk signaling cascade. (b) A number of intracellular factors have
been identified that are expressed in both SSC and progenitor populations, whose knockdown
results in loss of these populations to differentiation. While genes such as Sox2 and members of
the Foxo gene family are upregulated by Gdnf, differentiation-driving factors such as Ngn3 and
Sohlh1 are downregulated in response to Gdnf signaling pathways. A number of Gdnf-independent
genes are also upregulated in response to unknown signaling pathways to maintain the undifferen-
tiated state, while Sox3, Kit, and Ccnd1; again responsible for driving differentiation of spermato-
gonia, are downregulated in response to unknown external cues. Further, a number of miRNAs are
known to be involved in maintaining the population of undifferentiated spermatogonia (purple
circle), via the degradation of mRNAs that would normally drive differentiation in these cells



114 T. Lord and J.M. Oatley

transcription factors known to be responsive to growth factor signals from the SSC
niche (particularly Gdnf) that stimulate self-renewal of SSCs, transcription factors
that appear to influence SSC function independently of Gdnf, factors that maintain
pluripotency in embryonic stem cells that also play a role in SSC maintenance, and
helix-loop-helix (HLH) factors that have recently emerged as key regulators of the
SSC population. We also focus specifically on the putative SSC-specific transcrip-
tion factors Id4 and Pax7, and their potential roles as “master regulators” of the stem
cell state.

5.6.1.1 Gdnf-Dependent

When considering the propensity for growth factors such as Gdnf to stimulate self-
renewal and proliferation of SSCs in vitro, it is not surprising that characterization
of the transcription factors and signaling pathways that are activated within sper-
matogonia in response to these growth factors have been a primary focus of investi-
gation. Pioneering studies in 2006 used microarray analyses to identify factors in
Thyl+ spermatogonial cultures that were highly influenced by the addition and
removal of Gdnf (Oatley et al. 2006). Transcription factors that were identified to be
Gdnf responsive included B cell CLL/lymphoma 6 member B (Bcl6b), Ets variant
5 (Etv5), LIM homeobox 1 (Lhx1), Sox2, and Id4 (Oatley et al. 2006, 2007), and in
later studies, Pou3fl (Wu et al. 2011). The role of Bcl6b; the most highly upregu-
lated Gdnf-responsive gene, was demonstrated using RNAi and spermatogonial
transplantation. Specifically, following knockdown of Bcl6b, proliferation of sper-
matogonia in culture was curtailed; and SSC content following transplantation was
found to be reduced by >8-fold (Oatley et al. 2006). Further, Bcl6b null mice expe-
rienced an age-related loss of fertility characterized by a Sertoli cell only phenotype
(Oatley et al. 2006) in accordance with the first rounds of spermatogenesis occur-
ring independently of the SSC population (Yoshida et al. 2004, 2006), while sper-
matogenesis in adulthood was stunted by the inability for SSCs to self-renew.
Subsequent studies demonstrated that knockdown of Etv5, Lhx1, and Pou3f1 has an
equivalent effect on proliferation of spermatogonial colonies in vitro, and SSC num-
ber following transplantation (Oatley et al. 2007; Wu et al. 2011). Further to these
findings, overexpression of Etv5 and Bcl6b has been found to drive rapid self-
renewal/proliferation in vitro, and in the case of Bclob, overexpression results in the
formation of germ cell tumors following transplantation; presumably as a conse-
quence of excessive self-renewal (Ishii et al. 2012). Cumulatively, these data sug-
gest a key role for the Gdnf responsive genes Bcl6b, Etv5, Lhx1, and Pou3fl in
driving self-renewal of SSCs.

Transduction of the Gdnf signal upon binding with its receptor to influence tran-
scription of these target factors has been found to be reliant on Src family kinase
(Sfk) signaling downstream of the c-Ret component of the Gdnf receptor (Oatley
et al. 2007). Etv5 expression appears to be directly influenced by this Gdnf signal-
ing pathway, with Etv5 itself then stimulating downstream expression of Bcl6b and
Lhx1 (Wu et al. 2011). In analyzing the genes targeted by Etv5, Bcl6b, and Pou3fl
using microarray analyses, surprisingly little overlap was found to exist; however,
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genes commonly targeted were those involved in cellular proliferation and
self-renewal, such as Brachyury (T) (Wu et al. 2011).

Although the Gdnf-Sfk pathway is thought to be directly involved in regulation
of the aforementioned transcription factors, the PI3K/Akt pathway that is corre-
spondingly effected by Gdnf-receptor binding has also been demonstrated to be
important for SSC survival; with its inhibition resulting in apoptosis (Oatley et al.
2007). Further, more recent studies by Goertz et al. (2011) have identified this Gdnf-
driven PI3K/Akt pathway as a regulator of Foxol; an additional transcription factor
that may be involved in SSC maintenance, with c-Ret itself being a potential gene
target of this factor. Indeed, combined deficiency of the Foxo family of genes results
in impaired fertility and loss of the undifferentiated population (Goertz et al. 2011).

Interestingly, not only has Gdnf signaling been shown to upregulate expression
of genes involved in SSC maintenance and renewal, but also to downregulate genes
that are required for spermatogonial differentiation. As such, the microarray study
performed by Oatley et al. in 2006 identified Neurog3 expression to be significantly
downregulated in response to Gdnf exposure; with more recent studies demonstrat-
ing that a loss of Neurog3 expression is associated with an inability for spermatogo-
nia to differentiate (Kaucher et al. 2012). Further investigation revealed that Neurog3
is required for “Signal transducer and activator of transcription 3” (Stat3)-driven
differentiation of spermatogonia as a consequence of direct binding of Stat3 to the
Neurog3 promoter/enhancer (Kaucher et al. 2012).

Although literature on growth factor-regulated transcription factors in the undif-
ferentiated spermatogonial population has been primarily focused on Gdnf, it should
be noted that recent publications have also investigated Fgf2-responsive genes.
Interestingly, two primary candidates that experienced upregulated expression in
response to Fgf2 were also Gdnf responsive genes; namely Etv5 and Bcl6B (Ishii
et al. 2012). The Fgf2-initiated response was reported to act via a Mapk1/3 signal-
ing pathway, and dysregulation of this pathway prior to spermatogonial transplanta-
tion resulted in the formation of germ cell tumors; again supporting a role for these
Gdnf-responsive transcription factors in driving self-renewal of the SSC population
(Ishii et al. 2012).

5.6.1.2 Gdnf-Independent

Despite the integral nature of Gdnf signaling, a number of transcription factors that
appear to be involved in SSC maintenance have been characterized that act indepen-
dently of this growth factor; including Plzf, TATA-Box Binding Protein Associated
Factor 4b (Taf4b) and retinoblastoma protein (Rb1) (Oatley et al. 20006); likely indi-
cating a gap in knowledge surrounding extrinsic regulatory factors within the SSC
niche. The transcriptional repressor Plzf was the first identified intrinsic regulator of
undifferentiated spermatogonia and was described in 2004 (Buaas et al. 2004;
Costoya et al. 2004). Plzf is known to be involved in regulation of cell cycle pro-
gression in other cell types, including hematopoietic stem cells where it appears to
be involved in the G1 to S phase transition (Vincent-Fabert et al. 2016). In the testis,
Plzf does not exhibit SSC-specific expression; rather, its expression can be identi-
fied throughout the undifferentiated spermatogonial population (Costoya et al.
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2004). Although not SSC-specific, expression of Plzf is indispensable for mainte-
nance of the SSC population. Plzf knockout mice exhibit sub-fertility and a dimin-
ished spermatogonial population, and their germline cells cannot colonize recipient
testes upon transplantation (Buaas et al. 2004; Costoya et al. 2004). Regulation of
Plzf expression is thought to occur via a phosphatase and tensin homolog (Pten)
signaling cascade (Zhou et al. 2015b); and its potential modes-of-action to maintain
the undifferentiated state include repression of genes that have been implicated in
spermatogonial differentiation, including c-Kit (Filipponi et al. 2007) Cyclin D1
(Cendl) (Costoya et al. 2004), and mammalian target of rapamycin complex 1
(mTorc1) (Hobbs et al. 2010). Conversely, expression of Plzf is purportedly down-
regulated in response to retinoic acid; an event that is likely required to allow for
differentiation to occur in progenitor spermatogonia (Dann et al. 2008). Interestingly,
knockdown of a component of the TFIID general transcription factor complex,
Taf4b, exhibits a similar phenotype to that seen with Plzf in that differentiation is
favored over maintenance of the undifferentiated population (Lovasco et al. 2015).
Again, however, the extrinsic signals controlling Taf4b expression are unknown,
and its expression in undifferentiated spermatogonia is not altered by the presence/
absence of Gdnf (Oatley et al. 2006, 2007).

Another factor involved in regulating transcription to maintain the SSC popula-
tion, independently of Gdnf (Oatley et al. 2006), is Rb1. Like Plzf, Rb1 is known to
be a key cell cycle regulator (Cobrinik 2005). In male mice with Rb1 germline
inactivation, progressive germline loss is visible from 2 months of age (Hu et al.
2013). Rb1 appears to not only be involved in maintenance of the SSC population;
as can be observed as a consequence of reduced testis-colonization following siRNA
knockdown and spermatogonial transplantation of cultured spermatogonia; but also
in formation of the SSC pool in neonatal development upon the prospermatogonial
transition (Yang et al. 2013b). Thus, although the first (and possibly second)
round(s) of spermatogenesis occur [a process known to be independent of the SSC
population (Yoshida et al. 2004, 2006)], germline cells are progressively lost in
mice with Rb1 inactivation, suggesting that the SSC pool was not formed (Yang
et al. 2013b). Interestingly, spermatogonial cells with diminished Rb1 expression
demonstrate increased tumorigenic properties; invading the basement membrane of
the testis posttransplantation; potentially symbolizing a loss of cell cycle control
resulting in dysregulated proliferation/self-renewal (Yang et al. 2013b).

5.6.1.3 Pluripotency Transcription Factors

Similar to Plzf and Taf4b, Pou5fl is a Gdnf-independent transcription factor
involved in maintaining the undifferentiated SSC population (Oatley et al. 2006).
Pou5f1, Sox2 [Gdnf-dependent (Oatley et al. 2006)] and Spalt-like transcription
factor 4 (Sall4), were originally characterized as a genes required for maintaining
pluripotency in embryonic stem cells. Despite this, these factors are also known to
be expressed in undifferentiated spermatogonia; a unipotent cell type (in physiolog-
ical conditions). Pou5f1 is a homeobox transcription factor that is widely indispens-
able for stem cell activity. Pou5f1 knockout in mice causes an embryonic lethal
phenotype, as the inner cell mass of the blastocyst does not retain pluripotency
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(Nichols et al. 1998). Similarly, knockdown of Sox2 and Sall4 in ES cells results
in a loss of pluripotency, purportedly due to the necessity of these factors for
maintenance of the required levels of Pouf51 expression (Zhang et al. 2006;
Masui et al. 2007).

In the germline, Pou5f1 is expressed throughout the undifferentiated spermato-
gonial population (Ohbo et al. 2003). Conflicting data exists as to the role of
Pouf51 in SSC function, with one study reporting that knockdown of Pou5f1 in
spermatogonial cultures resulted in significantly impaired colonization following
transplantation (Dann et al. 2008), while another reported no detriment to SSC
maintenance (Wu et al. 2010). Despite this, any activity exerted on the undifferenti-
ated spermatogonia population by Pou5f1 appears to be via direct interaction with
Sox2 (Takashima et al. 2013); as is the case within embryonic stem cells. In Sox2-
reporter mouse lines, Sox2 expression can be identified within Ay, Spermatogonia
(Arnold et al. 2011); however, expression cannot be identified using immunohisto-
chemistry techniques, suggesting that this transcription factor is either not trans-
lated, or that protein levels are very low (Arnold et al. 2011). Despite this, like
Pou5f1, Sox2 has been shown to be expressed by at least a subset of the SSC popu-
lation; as demonstrated by lineage tracing analyses (Arnold et al. 2011). Finally,
Sall4 expression is detectable across the entirety of the undifferentiated spermato-
gonial population (Gassei and Orwig 2013), with knockdown influencing mainte-
nance of the SSC population. In addition to its potential role in interacting with
co-expressed pluripotency factors Pou5fl and Sox2, Sall4 has also been found to
physically interact with Plzf (Hobbs et al. 2012), and target a large number of genes
(>2500) in the undifferentiated spermatogonial population (Lovelace et al. 2016).

Interestingly, although SSCs express a suite of pluripotency genes, they them-
selves do not possess capacity to revert to pluripotency in vivo (Takashima et al.
2013). Theoretically, this may be due to absence of expression of an additional
pluripotency factor, Nanog, in the SSC population (Oatley and Brinster 2008).
Indeed, Nanog expression is directly related to self-renewal of embryonic stem
cells, and is thought to act alongside Pou5f1 to control a myriad of pathways respon-
sible for governing a pluripotent state (Loh et al. 2006).

5.6.1.4 HLHTFs

One family of transcription factors that have recently come to light as key players in
SSC maintenance and renewal, as well as in spermatogonial differentiation, are
those of the HLH family; which includes Id4, Neurog3, and spermatogenesis and
oogenesis specific basic helix-loop-helix transcription factor (Sohlh1). As eluded to
previously, Id4 is particularly interesting as is it one of only two identified intrinsic
factors whose expression appears to exist within the SSC population specifically.
While Id4 is involved in maintenance and self-renewal of SSCs, contrastingly,
Neurog3 and Sohlhl are required for differentiation.

As previously mentioned, Neurog3 expression is negatively regulated by Gdnf
(Oatley et al. 2006), and is associated with Stat3-driven differentiation (Kaucher
et al. 2012). The “high mobility group” transcription factor Sox3 has also been
found to interact with Neurog3, with Sox3 expression being analogous to that of
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Neurog3; i.e. expressed in Agugies Apaireds aNd Aignea SPermatogonia. As such, Sox3
deletion results in infertility as a consequence of complete germline loss from post-
natal day 10; with testes retaining only Sertoli cells and undifferentiated spermato-
gonia (Raverot et al. 2005). Interestingly, downregulation of Sox3 leads to elevated
levels of Pou5fl expression (Raverot et al. 2005), demonstrating the highly regu-
lated balance between maintenance and differentiation of the undifferentiated sper-
matogonial population.

Similar to Neurog3; Sohlh1 and 2 are found to be uniformly expressed across the
type A spermatogonial population. Sohlh1 expression is driven by Bmp4/Smad sig-
naling (Li et al. 2014) and also appears to be influenced by Gdnf (Grasso et al.
2012). In accordance with their roles in driving spermatogonial differentiation, loss
of Sohlh1/2 expression results in infertility accompanied by a reduction in expres-
sion of other key genes involved in differentiation (including Neurog3, c-Kit and
Sox3), and increased expression of factors involved in stem cell maintenance
(Ballow et al. 2006; Suzuki et al. 2012). Both Sohlhl and 2 individual knockouts
show similar phenotypes, namely, these adult mice possess only Sertoli and sper-
matogonial cells in their testes (Suzuki et al. 2012).

5.6.1.5 SSC-Specific Transcription Factors

As previously mentioned, a milestone has been achieved in recent years in the iden-
tification of two factors that are potentially SSC-specific; Id4 and Pax7. Although a
number of factors, discussed above, have been reported to be important for mainte-
nance of the SSC population, the expansive expression of these genes between the
SSC and progenitor populations suggest that there must be a gap-in-knowledge in
factors regulating SSC dynamics. Indeed, the expression of factors such as Id4 and
Pax7 in SSC but not progenitor populations makes them strong candidates for
orchestrating self-renewal; a characteristic that closely related undifferentiated pro-
genitors do not share.

The inhibitor of DNA binding proteins are transcriptional repressors, tradition-
ally expressed in undifferentiated populations of cells. While Id2 and 3 have been
identified in Sertoli cells, and Id1 within spermatocytes, Id4 expression has been
established to exist solely within populations of type A spermatogonia within the
testis (Oatley et al. 2011b). In conjunction with the revised A, model of sper-
matogonial maintenance (Helsel et al. 2017b; Lord and Oatley 2017), 1d4 is
expressed heterogeneously in the A,y pool of cells; within less than 10% of the
population (Oatley et al. 2011b; Chan et al. 2014). The frequency of 1d4 express-
ing cells peaks in the testis during neonatal development, then decreases signifi-
cantly in adulthood (Chan et al. 2014), in-line with the developmental kinetics of
the SSC population. Importantly, male Id4 null mice possess impaired spermato-
genesis that is exacerbated with age; a hallmark characteristic of impaired main-
tenance of the SSC population. Specifically, seminiferous tubules within the testes
of these mice attain a Sertoli-cell-only phenotype (Oatley et al. 2011b). Further,
Id4 knockdown in spermatogonial cultures, followed by transplantation, depicts
impaired maintenance of the SSC pool (Oatley et al. 2011b). As mentioned earlier
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in this chapter, the generation of an /d4-eGfp reporter mouse line has allowed for
further confirmation that expression of this factor is highly specific to the SSC
population; with FACS sorted 1d4-eGfp+ spermatogonia derived from primary
cultures encompassing >90% of the regenerative spermatogonial population in
mice (Chan et al. 2014). Further, it was determined using a limiting dilution trans-
plantation approach that the spermatogonia in the testis expressing the highest
levels of Id4 (denoted the Id4-eGfp “bright” cells) represent a population in which
1 in every 0.94 cells is an SSC; i.e. this is an essentially pure SSC pool (Helsel
et al. 2017b).

Regarding functional roles in SSCs; expression of 1d4 is upregulated by Gdnf
signaling and may act to repress expression of genes that drive progenitor forma-
tion, such as Neurog3 (Oatley et al. 2009; Helsel et al. 2017b). Additionally, it is
plausible that Id4 expression influences stem cell state via regulation of the cell
cycle. Quiescence or “slow cycling” is a common property of stem cells; for
instance, slow cycling HSCs have the highest long-term stem cell potential, while
the more rapidly cycling cells have little to no stem cell capacity (Fuchs 2009).
Indeed, it has recently been reported that 1d4-eGfp “bright” spermatogonia rarely
exhibit EAU incorporation in vivo (Zhang et al. 2016). Further, Id4 has been found
to directly interact with key cell cycle regulator Rb1 in the undifferentiated sper-
matogonial population (Yang et al. 2013b); an interaction that has been implicated
to influence cell cycle regulation in other cell types (Zebedee and Hara 2001).
Certainly, it will be important to continue investigation into Id4 modes-of-action in
rodent SSC populations, as well as establish any conserved expression of this factor
amongst other mammalian species including humans.

More recently, Pax7 has been characterized as a transcription factor with an
expression profile purportedly specific for SSCs (Aloisio et al. 2014). As described
for Id4, Pax7* cells were found to be abundant in neonatal testis; however, they
made up only a small portion of the Ay, cells in the adult testis. Lineage-tracing
studies demonstrated that the Pax7* spermatogonia in the adult testis could undergo
both self-renewal and produce progenitors to fuel spermatogenesis, suggesting that
this factor is expressed in at least a subset of the SSC population. Interestingly, the
Pax7 expressing population of spermatogonia has been found to persist following
chemotherapy/radiotherapy treatment, and subsequently to be capable of repopulat-
ing the testis to restore fertility (Aloisio et al. 2014). Although Pax7 is a high-priority
contender for further analysis, the consequences of Pax7 deficiency on the SSC
population are yet to be elucidated, and quantitative comparisons of SSC content
between Pax7+ and Pax7— populations using transplantation analyses have not yet
been conducted. Thus, it is too early to confirm whether this factor is truly SSC-
specific. Importantly, however, expression of Pax7 in the undifferentiated spermato-
gonial population does appear to be relatively phylogenetically conserved, with
expression detected in testis sections from domestic animals, nonhuman primates
and humans (Aloisio et al. 2014). As such, continued research in to the extrinsic
molecules and signaling pathways that regulate Pax7 expression certainly have clin-
ical implications.
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5.6.2 miRNAs

Although the role of transcription factors in maintaining the SSC population is
clearly integral, regulation of stem cell dynamics and fate decision is also known to
occur at the posttranscriptional level; for instance, via transcript degradation or inhi-
bition of translation by miRNAs. The generation of miRNAs within germ cells has
been demonstrated to be important for the maintenance of spermatogenesis, as the
ablation of DICER and DROSHA; processing enzymes critical for the formation of
mature miRNAs, results in infertility as a consequence of azoospermia (Wu et al.
2012). A myriad of different miRNAs are enriched in undifferentiated spermatogo-
nia specifically (Wang and Xu 2015), including miR20 and miR106a (He et al.
2013). Following spermatogonial differentiation (induced by retinoic acid), expres-
sion of these miRNAs is greatly reduced. Both in vivo and in vitro analyses utilizing
miRNA mimetics and inhibitors suggest a role for miR20 and miR106a in regula-
tion of SSC proliferation/renewal, purportedly via direct interaction with Stat3 and
Ccndl at the posttranscriptional level (He et al. 2013). Similarly, miR21 expression
has been found to be enriched in the Thyl+ fraction of testis cells, with inhibition
resulting in reduced colonization of recipient testes following transplantation, and
elevated levels of apoptosis (Niu et al. 2011). Micro RNAs 221 and 222 also appear
to be involved in maintaining spermatogonia in an undifferentiated state, as inhibi-
tion of these miRNAs results in transition of spermatogonia from a c-Kit- to c-Kit+
state (Yang et al. 2013a); a hallmark of the transition from undifferentiated to dif-
ferentiating spermatogonia. Additionally, in contrast to the aforementioned miR-
NAs, miR146 appears to be involved in modulating differentiation rather than
self-renewal of SSCs, specifically in response to retinoic acid signaling (Huszar and
Payne 2013).

5.6.3 Translational Regulators

Finally, in addition to the aforementioned transcription factors and miRNAs
involved in intrinsic control of SSC maintenance and self-renewal, current research
has identified a further layer of regulation of these processes at the posttranscrip-
tional level. Specifically, Nanos2, an evolutionarily conserved RNA-binding pro-
tein whose expression is enriched in the undifferentiated spermatogonial population
(Agingle and Apieq), has been found to directly interact with messenger ribonucleo-
protein (mRNP) complexes to form a “buffering system” that controls fate deci-
sion. In the presence of Nanos2, mRNPs condense to trap differentiation-related
mRNAs such as Solhlh2, and signal transducers such as mTOR; preventing their
translation and keeping SSCs and progenitors in an undifferentiated state.
Alternatively, when Nanos2 expression is reduced, mRNP granules breakdown,
releasing the entrapped differentiation-driving mRNAs and allowing for their
expression (Zhou et al. 2015a). The key role for Nanos2 in maintenance of SSCs
was demonstrated by knockout of this gene in the spermatogonial population,
which caused stem-cell depletion. Contrastingly, overexpression of Nanos2 in
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SSCs resulted in an accumulation of undifferentiated spermatogonia, suggesting
impaired entry into the differentiating pathway (Sada et al. 2009). Although the
key role of this posttranscriptional regulatory process in SSCs has been relatively
well defined, the extrinsic signals controlling Nanos2 expression have not yet been
identified. It has, however, been proposed that the characterized Nanos2 system is
a relatively stable, cell autonomous mechanisms that is not effected by extrinsic
spermatogenic signals regulating cycling between self-renewal and differentiation
(Zhou et al. 2015a).

5.7 Implications of SSC Research from a Clinical Perspective

In understanding the biology and regulation of SSCs, it may be possible to har-
ness these cells for use in therapeutic treatments; specifically for pre-pubertal
boys with a cancer diagnosis that are subsequently facing chemotherapeutic
intervention that may render them permanently infertile. While adult males fac-
ing such treatments have the opportunity to cryopreserve their spermatozoa for
future use in IVF or ICSI, pre-pubertal boys are not yet producing sperm, thus
do not have this option. As such, cryopreservation of tissue biopsies taken from
the testes is a procedure that has begun to be offered to these patients in selected
clinics worldwide (Ginsberg et al. 2010; Picton et al. 2015); despite the fact that
treatments associated with such procedures remain purely experimental (Gassei
and Orwig 2016). Theoretically, SSCs contained within testis tissue biopsies
could be retrieved post-cryopreservation (many years in the future, when the
patient has reached adulthood), proliferated in vitro, and injected back into the
testis of the patient in order to recolonize the stem cell niche and thus reestab-
lish fertility. Concerns surrounding this technique include the unknown capacity
for human SSCs to remain viable within frozen tissue samples for long periods
of time, the very low number of SSCs that are likely to be contained within a
single tissue biopsy, the lack of characterized SSC-specific markers for human
testis which could be used to isolate these cells specifically, the currently poor
proliferation of putative human SSCs in culture, and the potential for reintro-
duction of cancer-causing cells into the patient when injecting spermatogonia
back into the testes [reviewed by Sadri-Ardekani and Atala 2014]. A theoretical
alternative to the autologous transplantation of cryopreserved spermatogonia is
the initiation of in vitro spermatogenesis using these cells, followed by IVF or
ICSI. However, while some recent success has been achieved with this tech-
nique in rodent models; producing haploid sperm that are fertile (Sato et al.
2011); concerns remain regarding the genetic integrity of these spermatozoa,
particularly epigenetic changes that could have transgenerational effects
[Reviewed by Cheung and Rennert 2011]. Clearly, with cancer survival rates for
prepubertal patients now estimated to be above 80% (Howlander et al. 2016)
due to ever-improving intervention strategies, a high importance is placed on
the continuation of SSC research to fill the gaps-in-knowledge hindering thera-
peutic infertility treatments.
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5.8 Conclusions

Regulation of SSC maintenance and self-renewal is not only integral for formation
and expansion of the SSC pool during neonatal development, but is an absolute
requirement for maintaining steady-state spermatogenesis in adulthood. The SSC
pool, thought to be comprised by a subset of the Ay, Spermatogonial population,
resides within the stem cell niche in the testis and responds to extrinsic cues; such
as the growth factors Gdnf and Fgf2 to undergo self-renewal and sustain the reser-
voir from which the entirety of the spermatogenic lineage arises. We now have a
comprehensive tool kit to study this rare subset of spermatogonia; using a suite of
extrinsic and intrinsic markers to identify and isolate undifferentiated spermatogo-
nial subsets, cell culture techniques to expand and sustain these cells, and transplan-
tation and lineage tracing techniques to assess SSC content within heterogeneous
spermatogonial populations. Perhaps the most useful platform for studying SSCs
that has recently been developed is the formation of mouse lines with SSC-specific
reporter transgenes; such as the Id4-eGfp mouse. For the first time, live populations
of putatively pure SSCs can be isolated, and critically analyzed in comparison to
progenitor populations and differentiating spermatogonial cell types. In the wake of
these technologies we are likely to see an exponential increase in the identification
of intrinsic regulatory molecules involved in the SSC fate decision. Improvement in
our wealth of knowledge surrounding these processes will aid to facilitate advances
in our current understanding of azoospermic infertility, and support the develop-
ment of therapeutic strategies to treat this pathology, as well as provide options to
pre-pubertal male chemotherapy recipients whose fertility may be compromised.
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