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Abstract
Mammalian spermatogenesis is a highly complex multi-step process sustained by a population of mitotic germ cells with 
self-renewal potential known as spermatogonial stem cells (SSCs). The maintenance and regulation of SSC function are 
strictly dependent on a supportive niche that is composed of multiple cell types. A detailed appreciation of the molecular 
mechanisms underpinning SSC activity and fate is of fundamental importance for spermatogenesis and male fertility. How-
ever, different models of SSC identity and spermatogonial hierarchy have been proposed and recent studies indicate that 
cell populations supporting steady-state germline maintenance and regeneration following damage are distinct. Importantly, 
dynamic changes in niche properties may underlie the fate plasticity of spermatogonia evident during testis regeneration. 
While formation of spermatogenic colonies in germ-cell-depleted testis upon transplantation is a standard assay for SSCs, 
differentiation-primed spermatogonial fractions have transplantation potential and this assay provides readout of regenerative 
rather than steady-state stem cell capacity. The characterisation of spermatogonial populations with regenerative capacity is 
essential for the development of clinical applications aimed at restoring fertility in individuals following germline depletion 
by genotoxic treatments. This review will discuss regulatory mechanisms of SSCs in homeostatic and regenerative testis and 
the conservation of these mechanisms between rodent models and man.

Keywords  Spermatogonial stem cells · Regeneration · Spermatogenesis · Fertility · Adult stem cells

Introduction

Maintenance of the mammalian male germline is supported 
by a rare population of spermatogonial stem cells or SSCs, 
which self-renews and differentiates for continuous produc-
tion of gametes through the tightly controlled process of 
spermatogenesis. Male and female gametes (spermatozoa 
and oocytes, respectively) pass on genetic information to 
the next generation and are, therefore, essential for spe-
cies survival [1, 2]. While the fundamental role of SSCs 
in male fertility is readily appreciated, contrasting models 
of SSC identity and cellular hierarchy in the male germline 

are proposed [3–6]. Moreover, the molecular mechanisms 
responsible for maintaining SSC function and regulating 
SSC-dependent germline regeneration following damage 
are incompletely understood.

Mammalian spermatogenesis takes place within the tes-
tis seminiferous epithelium and can be broadly divided into 
the following stages: mitotic divisions of spermatogonia, 
meiotic division of spermatocytes, and maturation of hap-
loid spermatozoa. Spermatogenesis in mice takes 35 days to 
complete and is critically reliant on a population of somatic 
cells within the seminiferous tubules, known as Sertoli cells 
[7, 8]. Sertoli cells have extended cytoplasmic projections 
that make contact with germ cells at multiple stages of dif-
ferentiation. Sertoli cells also produce key growth factors 
required for maintenance of both SSCs and differentiating 
spermatogonia [9–11]. Importantly, tight junctions between 
the Sertoli cells constitute the blood–testis barrier (BTB) 
that functionally separates basal and adluminal tubule com-
partments [1, 12]. Within the basal compartment, SSCs 
undergo mitotic divisions to produce SSCs for self-renewal 
and A-type progenitor spermatogonia that are destined to 
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differentiate [12, 13]. As the meiotic program is initiated, 
spermatocytes migrate away from the basement membrane 
and through the BTB into the adluminal space to continue 
meiosis, where homologous recombination takes place, 
random segregation of paternal and maternal chromosomes 
occurs, and haploid spermatids are ultimately generated [3, 
8]. These spermatids subsequently mature to become sper-
matozoa that are ready to be released from the seminiferous 
tubule lumen and transported to the epididymis. Therefore, 
as spermatogenesis progresses, germ cells move away from 
the seminiferous tubule basement membrane towards the 
lumen, resulting in a stratification of differentiating germ 
cells [1, 12] (Fig. 1).

The continuous production of spermatozoa and hence 
maintenance of male fertility is absolutely dependent on 
SSCs, which are known to be regulated through an extensive 
array of cell-intrinsic and extrinsic factors from the niche. 
Both SSCs and some progenitor populations are proposed to 
contribute to germline regeneration following damage, e.g., 

in response to systemic genotoxic therapy. This review will 
focus on stem cell models proposed for the male germline, 
the molecular mechanisms responsible for regulating SSC 
function, and SSC behaviour during germline regeneration.

Spermatogonial hierarchy

Spermatogenesis commences upon production of differenti-
ation-destined daughter cells from SSC division that subse-
quently undergo mitotic expansion prior to entering meiosis 
(Fig. 2) [2, 14–16]. From studies of rodents, the traditional 
“As model” of spermatogonial hierarchy was proposed by 
Huckins and Oakberg and described the most primitive sper-
matogonia as single-isolated cells, called Asingle spermatogo-
nia (As) [17, 18]. Upon mitotic division, As cells can gener-
ate As for self-renewal or differentiation-committed Apaired 
(Apr) daughters that remain connected by an intercellular 
bridge due to incomplete cytokinesis. Subsequent division 

Fig. 1   Schematic cross-section of seminiferous epithelium and inter-
stitial tissue of mouse testis. In adult seminiferous tubules germ 
cells at all stages of spermatogenesis are surrounded by Sertoli cells, 
which play crucial roles in supporting spermatogonial stem  cell 
(SSC) function and spermatogenesis. Sertoli cells form tight junc-
tions with neighbouring Sertoli cells that functionally separate the 
basal and adluminal compartments. Spermatogonia (undifferentiated 
and differentiating) are present in the basal compartment. As meio-
sis progresses, germ cells migrate across Sertoli  cell tight junctions 

into the adluminal compartment and generate mature spermatocytes 
then haploid spermatozoa. Peritubular myoid cells surround the outer 
surface of seminiferous tubules, provide structural support and pro-
duce growth factors. The interstitial space located between seminifer-
ous tubules contains Leydig cells, macrophages and the vasculature, 
which play important roles in supporting spermatogenesis. A unique 
population of peritubular macrophages are also found surrounding the 
tubule
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of Apr produces interconnected chains of 2n daughter cells 
of generally between 4 and 16 cells, known as Aaligned (Aal4, 
Aal8, and Aal16). The As model proposes that As are SSCs and 
Apr plus Aal are committed progenitors or transit-amplifying 
cells. However, As, Apr, and Aal share a similar cellular mor-
phology except for chain length and are collectively referred 
to as undifferentiated spermatogonia [2, 12, 19]. Spermato-
genesis is a cyclic process and the seminiferous epithelium 
of mouse can be divided into 12 stages (I–XII) [8, 20]. 
Aal cells accumulate during early stages of the epithelium 
cycle (II–VI), while relatively constant numbers of As and 
Apr are present throughout the cycle [15]. At mid-cycle 
stages (VI–VIII), essentially, all Aal generated from undif-
ferentiated cell proliferation convert to A1 differentiating 

spermatogonia without cell division, which then undergo a 
rapid series of co-ordinated mitotic divisions prior to enter-
ing meiosis [16]. Each generation of daughter spermatogo-
nia generated by differentiating cell divisions has distinct 
nomenclature; A1 cells generate A2 spermatogonia that form 
A3, A4, Intermediate (In), and finally B-type spermatogo-
nia (Fig. 2). Different stages of the seminiferous epithelium 
are characterised by the presence of distinct generations of 
differentiating spermatogonia that divide in a synchronized 
fashion at defined points in the cycle [8, 20, 21].

It was widely considered that the formation of stable 
intercellular bridges between spermatogonia forecasts dif-
ferentiation commitment and the process of increasing 
chain length is strictly unidirectional and irreversible [2, 

Fig. 2   Overview of spermatogenesis in the mouse. Germline mainte-
nance is dependent on a population of undifferentiated spermatogo-
nia (As, Apr, and Aal cells) with self-renewal potential. In undisturbed 
testis, only a subset of undifferentiated cells self-renews, while the 
bulk acts as transit-amplifying progenitors. Spermatogenesis is ini-
tiated when undifferentiated spermatogonia (particularly Aal cells) 
undergo differentiation commitment and produce A1 cells, which then 
undertake a series of co-ordinated mitotic divisions prior to entering 

meiosis and generating spermatocytes. Differentiating spermatogonia 
of each mitotic division have unique nomenclature (A1, A2, A3, A4, 
intermediate/Int, and B-type spermatogonia). Upon meiotic initiation, 
spermatocytes migrate into the adluminal compartment of the semi-
niferous tubules to complete meiosis and ultimately give rise to hap-
loid round spermatids. These spermatids undergo a process of matu-
ration or spermiogenesis to generate mature motile spermatozoa that 
are then released into the seminiferous epithelial lumen
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22]. However, as discussed in more detail below, with the 
advent of genetic tools and molecular markers, researchers 
in the field have developed alternative models that describe 
SSC identity and spermatogonial hierarchy. The generation 
of such models is dependent on distinct functional assays for 
SSC activity [23, 24].

SSC functional assessment

Transplantation assay

Development of the germ cell transplantation technique in 
1994 was a critical milestone in SSC research. This assay 
involves the preparation of a testis cell suspension and injec-
tion into the seminiferous tubules of recipient mice depleted 
of endogenous germ cells through chemical or genetic means 
[23, 25]. Only spermatogonia with stem cell potential suc-
cessfully engraft in the seminiferous tubule basal layer and 
generate stable spermatogenic colonies. Genetic markers 
such as lacZ-based reporter transgenes are used to iden-
tify donor-derived colonies post-transplant, which are then 
scored to provide a measure of stem cell abundance in the 
donor cell preparation. The transplantation technique, ini-
tially developed in mice, not only provides a gold-standard 
method of assessing SSC activity through restoration of 
spermatogenesis in infertile recipients, but also provides a 
unique experimental system allowing examination of the 
interaction between SSCs and their niche during regenera-
tion [25, 26]. Notably, SSCs from a variety of species includ-
ing rat, rabbit, pig, cow, baboon, and human can colonize 
seminiferous tubules of immune-deficient mice to varying 
extents, confirming the conserved nature of the SSC niche 
[26]. The transplantation assay is routinely employed in the 
field to confirm functional roles of candidate genes in SSC 
self-renewal or to compare stem cell activity in distinct frac-
tions of sorted testis cells [27–30]. Through qualitative and 
quantitative analyses of transplantation, important informa-
tion regarding stem cell function and niche environment can 
be derived. The number of colonies, referring to patches 
of spermatogenesis generated from individual transplanted 
stem cells, correlates to the number of spermatogonia capa-
ble of acting as stem cells in the donor population. In addi-
tion, the assessment of colony appearance, size, and extent 
of growth plus differentiation can reflect the influence of 
recipient testis environment on colonisation and/or func-
tional characteristics of transplanted cells [31–33]. There-
fore, the germ cell transplantation assay allows a robust 
quantitative assessment of stem cell numbers plus analysis 
of functional characteristics of stem cells in donor samples.

While the transplantation assay provides unequivocal evi-
dence of stem cell activity in donor populations, it is becom-
ing apparent that it suffers a critical limitation. Namely, that 

transplantation appears unable to distinguish whether cells 
function as stem cells in situ in intact tissue, simply that 
populations have stem cell potential. A well-studied example 
concerns spermatogonia expressing Neurogenin3 (NGN3+), 
which primarily marks Aal within the undifferentiated popu-
lation [24, 34]. NGN3 is a basic helix–loop–helix (bHLH) 
transcription factor, many of which are implicated in cellular 
differentiation in various mammalian tissues [35]. Lineage-
tracing studies of homeostatic tissue have demonstrated 
that the NGN3+ population is principally differentiation-
committed; descendants of NGN3+ cells typically enter the 
spermatogenic pathway and are ultimately lost from the tes-
tis through differentiation [24, 34]. However, lineage-marked 
NGN3+ spermatogonia can function much more effectively 
as stem cells and support multiple rounds of spermatogenesis 
when transplanted [24]. Similarly, a recent study identified a 
novel sub-population of NGN3+ spermatogonia marked by 
expression of Miwi2 (also known as piwi like RNA-mediated 
gene silencing 4). MIWI2+ spermatogonia act as a transit-
amplifying committed cell population in steady-state testis 
and make a limited contribution to the SSC pool, but exhibit 
robust regenerative capacity and the ability to support mul-
tiple rounds of spermatogenesis when transplanted [36, 37]. 
The assessment of transplantation capabilities of undifferen-
tiated cells sorted according to expression of the cell-surface 
receptor glial cell line-derived neurotrophic factor family 
receptor α1 (GFRα1) revealed a comparable scenario [29]. 
GFRα1 marks most As and a majority of Apr spermatogonia 
and expression is generally mutually exclusive with that of 
the progenitor marker NGN3 [5, 34]. Importantly, lineage-
marked GFRα1+ cells make a consistent contribution to 
the GFRα1+ population over time plus generate persistent-
labelled spermatogenic patches in steady-state tissue, sug-
gesting that the SSC population is contained within the 
GFRα1+ cell pool [5, 34]. When transplanted, GFRα1+ 
cells effectively generate long-lived spermatogenic colonies 
as anticipated [29]. However, GFRα1− undifferentiated cells 
also produce stable colonies when transplanted albeit at a 
lower frequency than the GFRα1+ population [29]. These 
observations were also recapitulated in an independent study 
using an Oct4-GFP reporter mouse [30]. Within the adult 
undifferentiated pool, Oct4-GFP expression unexpectedly 
marks GFRα1− cells and is mostly undetectable in the SSC-
enriched GFRα1+ fraction, indicating that Oct4-GFP marks 
a similar population as NGN3 and MIWI2. Importantly, 
both Oct4-GFP+ and GFP− undifferentiated spermatogo-
nia produce long-lived spermatogenic colonies, although 
transplantation capacity is enriched within the GFP− frac-
tion as anticipated [30]. Combined, these studies indicate 
that undifferentiated spermatogonia unable to contribute 
significantly to the stem cell pool under homeostatic condi-
tions are still able to regenerate the germline and produce 
stable spermatogenic colonies upon transplantation. Such 
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populations can be considered “potential stem cells” and are 
found from studies of MIWI2+ spermatogonia to underpin 
efficient tissue recovery under regenerative conditions (see 
below) [24, 29, 30, 34, 36].

While quantitative analysis of donor-derived colonies 
post-transplantation allows assessment of stem cell poten-
tial, it provides more limited information on contribution 
of cells to the steady-state SSC pool in situ. The functional 
assessment of stem cell activity through transplantation 
alone can, therefore, be misleading. Interestingly, the “de-
differentiation” of cells typically differentiation-committed 
in undisturbed tissue to a stem cell fate upon tissue injury is 
observed in many mammalian organ systems [38, 39]. The 
germ cell-depleted recipient testis is expected to mimic a 
damaged tissue and can provide appropriate cues for pro-
genitor cells to revert back to a stem cell fate [40–42]. Such 
cues may involve increased production of the niche-derived 
growth factor GDNF, a key mediator of SSC self-renewal 
[40–42]. Moreover, transplanted spermatogonia are intro-
duced directly into the lumen of the depleted seminiferous 
tubules and must migrate to the basal compartment through 
a partially intact BTB to generate a spermatogenic clone 
[33]. Isolated spermatogonia are, of course, not normally 
found in the lumen of empty seminiferous tubules in steady-
state testis. The reconstruction of a spermatogenic seminif-
erous epithelium is not normally achieved by a single-cell 
suspension containing SSCs. It can, therefore, be argued 
that the transplantation assay, while a landmark develop-
ment in the field, is of limited physiological relevance. More 
studies are required that definitively address the associa-
tion between transplantation capabilities and homeostatic 
stem cell activity.

Lineage tracing

Given evident limitations of the transplantation assay, 
genetic labelling of cells and their progeny through lineage 
tracing or pulse-labelling approaches represent a powerful 

experimental approach to assess stem cell activity in the 
undisturbed tissue in vivo [43, 44]. Most lineage-tracing 
studies utilise the inducible CreER transgenic system, in 
which a cell-type specific promoter drives expression of a 
tamoxifen-activated Cre recombinase. The CreER line is 
then crossed with a Cre-dependent reporter line (commonly 
within the ubiquitously expressed Rosa26 locus) carrying 
a cassette encoding either the LacZ enzyme or a fluores-
cent protein [43, 45]. Upon tamoxifen treatment, the acti-
vated Cre excises a floxed STOP cassette to allow perma-
nent expression of the reporter gene in respective cells and 
all progeny. Hence, fate and behaviour of lineage-marked 
cells can be traced over time in intact tissue [39, 43, 44]. In 
renewing tissues such as the testis, long-term persistence of 
lineage-marked cell clones within the tissue indicates that 
the labelled population included homeostatic stem cells. 
This experimental system has been applied extensively 
within the male germline to help define the stem cell com-
partment under steady-state conditions, as summarised in 
Table 1 [5, 6, 24, 46–49].

Lineage-tracing studies together with mathematical mod-
elling approaches have provided critical insight into mecha-
nisms of SSC self-renewal (Fig. 3) [50, 51]. Specifically, 
tissue homeostasis is dependent on balanced division of fate 
amongst daughter cells from dividing stem cells, such that 
equal proportions of stem and differentiation-committed 
cells are generated. Distinct mechanisms are proposed to 
account for the balance of fate amongst progeny arising 
from stem cell division [44, 52]. The first is “invariant asym-
metric cell division”, in which a stem cell division strictly 
produces one stem cell and one differentiation-committed 
progenitor to maintain a constant number of stem cells in the 
tissue while generating differentiating progeny [52]. If this 
was the case in the mammalian germline system, lineage-
marked cell clones derived from labelled SSCs would have 
a constant size when followed over time and there would 
be a constant number of labelled colonies within the testis, 
reflective of the number of SSCs initially labelled [50]. In 

Table 1   Lineage tracing studies characterizing clonal behaviours in mice

d days, w weeks, m months

Makers/transgene Mice Time-point of analysis Clonal behaviour

Ngn3/CreERT2; Rosa26-LacZ [24] Adult 3, 4, 6, 10 and 14m Reduced clone number and increased clone size
Gfra1/CreERT2; Rosa26-LacZ [5] Adult 2, 3, 6, 10 and 14m Reduced clone number and increased clone size
Nanos2/CreERT2; Rosa26-LacZ [49] Adult 18w, 22w and 26w Reduced clone number and increased clone size
Bmi1/CreERT2; Rosa26Rbw [46] Adult 6w, 12w, 24w and 48w Reduced clone number and increased clone size
Axin2/CreERT2; Rosa26Rbw [47] Adult 1w, 2w, 4w, 12w and 6m Reduced clone number and increased clone size
Pax7/CreERT2; Rosa26-LacZ [6] Adult 1w, 4w and 6w Constant clone number and increased clone size
Pax7/CreERT2; tdTomato/eGFP [6] Adult 1w, 4w, 6w, and 16w Constant clone number and increased clone size
Id4/CreERTM-tdTomato; Rosa26-LacZ [48] Adult 2d, 5d, 35d, 2, 5, and 13m N/A
Id4/CreERT2-tdTomato; Rosa26-LacZ [48] Juvenile 3w, 4w and 6w Constant clone number and constant clone size
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contrast, “populational asymmetric cell division” proposes 
that when averaged across the whole SSC pool, cell divi-
sions generate balanced numbers of SSCs and committed 
progenitors for stem cell maintenance and generation of dif-
ferentiating progeny to feed the spermatogenic pathway. This 
populational model predicts that daughter cells from SSC 
divisions have a similar probability of being stem or progeni-
tor cells rather than invariably one SSC and one progenitor 
[44, 51]. In this case, lineage-marked colonies are predicted 
to increase in size over time, but colony numbers per testis 
should decrease, as some of the labelled SSCs are lost to 
differentiation in a stochastic fashion [44, 50, 52].

To date, lineage-tracing studies in which CreER is 
expressed in a variety of adult spermatogonial populations 

(GFRα1+, BMI1+, NANOS2+, NGN3+, and AXIN2+) 
support a populational asymmetric cell division model as 
the mechanism of SSC maintenance, in which labelled colo-
nies reduce in number when followed over time (at least 
6 months), but mean colony length increases (Table 1) [5, 
24, 46, 47, 49]. However, interesting observations were made 
when tracing fate of spermatogonia marked by PAX7, which 
is expressed in rare As cells [6]. Specifically, a constant 
number of colonies were found, and colony length was also 
seen to increase over a 16-week period post-labelling. These 
observations support elements of both stem cell division 
models, but analysis was only performed for up to 16 week 
post-labelling, whereas other lineage-tracing studies were 
followed for more than 6 months to observe a decline in 

Fig. 3   Spermatogonial stem cell models and spermatogonial hierar-
chy. According to a dynamic SSC model, a minor fraction of undif-
ferentiated spermatogonia marked by GFRα1+ (typically As, Apr 
and Aal4) represents the SSC pool of homeostatic testis. Dividing 
GFRα1+ cells continually interconvert between isolated and syncyt-
ial states through a process of chain fragmentation. In terms of stem 
cell activity, GFRα1+ As, Apr and Aal4 spermatogonia are equipotent. 
This model also proposes that the bulk of the undifferentiated pool 
is marked by NGN3 and under steady-state conditions is mostly dif-
ferentiation-committed. However, NGN3+ undifferentiated cells can 
also revert to a GFRα1+ stem cell state through a process of chain 
fragmentation and switch in gene expression pattern and, therefore, 
possess latent stem cell activity. The NGN3+ undifferentiated popula-
tion can, therefore, be regarded as being differentiation-primed rather 

than differentiation-committed. Contribution of NGN3+ undifferen-
tiated spermatogonia to the SSC compartment is minimal in undis-
turbed tissue but substantially enhanced following germline depletion 
and induction of a regenerative response. In contrast, an Asingle hierar-
chical model suggests that only a subset of As are stem cells (referred 
to as ultimate SSCs or SSCultimate) and differentiation progresses in a 
linear and irreversible direction. A large fraction of As plus all Apr 
and Aal are, therefore, irreversibly differentiation-committed although 
cells transiting from an SSC to progenitor state may retain the ability 
to revert to an SSC state under regenerative conditions. High levels 
of Id4 expression mark the SSCultimate population. As indicated, the 
dynamic and hierarchical stem cell models are based on data from 
distinct experimental approaches and testis samples
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labelled colony numbers. As discussed in more detail below, 
ID4 is increasingly used as a unique SSC marker [28], and 
a lineage-tracing study employing a knock-in Id4 CreER 
line demonstrated that long-term (> 1 year post-tamoxifen) 
lineage-marked clones are generated following labelling of 
ID4+ spermatogonia [48]. While these data confirmed that 
ID4 marks SSCs in undisturbed adult tissue, no quantita-
tive data over this extended time course were provided, and 
therefore, the mode of self-renewal of ID4+ SSCs could not 
be inferred [48].

From empirical evidence, the numbers of labelled spermat-
ogenic colonies initially generated in lineage-tracing experi-
ments and the degree of persistence of marked colonies at early 
timepoints post-labelling are dependent on the gene regulatory 
elements used to drive expression of Cre recombinase [39, 43]. 
Specifically, whether the corresponding genes preferentially 
mark stem (Bmi1, Gfra1, Id4, Nanos2, and Pax7) or differenti-
ation-primed (Ngn3 and Axin2) populations under homeostatic 
conditions. For instance, the rapid decline of marked colonies 
after labelling NGN3+ spermatogonia reflects the predomi-
nant expression of Ngn3 within differentiation-destined Aal of 
the undifferentiated pool [24]. In contrast, numbers of lineage-
marked colonies produced by labelling NANOS2+ or BMI1+ 
cells only reduce modestly over-extended periods of time, con-
firming predominant expression of Nanos2 and Bmi1 in SSC 
populations [46, 49].

A primary drawback of lineage-tracing approaches is that 
data interpretation is heavily dependent on how faithfully the 
cell population of interest is initially labelled, which is depend-
ent on specificity and efficiency of transgenes used, tamoxifen 
dose, and knowledge of gene expression patterns [39, 43, 50]. 
For example, a LacZ-based reporter for the WNT-responsive 
gene Axin2 indicated endogenous Axin2 expression and hence 
WNT signalling in 77.5% and 53.5% of GFRα1+ and PLZF+ 
spermatogonia, respectively, in adult mice. This suggested that 
the stem-enriched GFRα1+ population is more WNT respon-
sive when compared to the bulk undifferentiated and early 
differentiating PLZF+ population. However, lineage-tracing 
labels based on the Axin2 promoter ineffectively marked the 
GFRα1+ pool (12.8%), but effectively labelled PLZF+ cells 
(95.5%) [47]. In this instance, the lineage-marked cell popu-
lation may not be reflective of endogenous Axin2 expression, 
with reporter gene recombination instead occurring more effi-
ciently in the progenitor pool. Regardless, the persistence of 
lineage-marked colonies in this model up to 6 months after 
tamoxifen confirmed that despite preferential labelling of pro-
genitor cells rather than SSCs, Axin2 was expressed by cells 
with long-term stem cell potential and, therefore, that this 
population is WNT-responsive [47]. These findings are also 
consistent with observations made in NGN3+ lineage-tracing 
models, in which a small subset of NGN3+ progenitor cells 
can function as stem cells that persist and support spermato-
genesis for up to 14 months [24].

Collectively, the use of both transplantation and lineage-
tracing approaches are essential to definitively assess SSC 
activity. While the lineage-tracing approach provides a more 
qualitative analysis of stem cell function under homeostatic 
conditions over-extended periods of time, the transplanta-
tion assay allows a detailed quantitative analysis of stem cell 
activity in donor populations. Combined, these approaches 
can comprehensively define SSC activity of cells marked by 
a gene of interest.

Spermatogonial stem cell models

Dynamic models of spermatogonial hierarchy 
and SSC identity

The traditional “As model” was based on meticulous his-
tological analysis of cell populations in the rodent testis 
throughout the seminiferous epithelium cycle [17, 18]. 
This model proposed that As are the most primitive cells 
within the testis and form a homogenous self-renewing 
population, while Apr and Aal are committed progenitors/
transit-amplifying cells without self-renewal capabilities. 
The As model has been challenged by a number of stud-
ies over the last decade upon technological advances [5, 
24, 30, 34]. Definitive markers distinguishing SSCs from 
differentiation-committed cells within the adult undiffer-
entiated population are not universally agreed upon in the 
field [5, 24, 28, 34, 36, 53]. However, recent SSC stud-
ies have been based on expression of a variety of genes 
proposed to mark functional SSCs in transplantation and/
or lineage-tracing assays [5, 6, 28, 30, 46, 48]. The niche-
derived growth factor GDNF is established to be essen-
tial for SSC self-renewal and the co-receptor for GDNF, 
GFRα1, marks the large majority of As plus most Apr cells, 
suggesting that SSCs are marked by GFRα1, in agreement 
with lineage-tracing data [5]. In contrast, the expression of 
Ngn3 predominantly marks Aal within the undifferentiated 
population is only detected in a minority of Apr plus rare 
As and is suppressed by GDNF stimulation [24, 34, 54]. 
As predicted, Ngn3 expression is also largely, albeit not 
entirely, mutually exclusive with that of Gfra1, together 
supportive of the conclusion that NGN3 marks the earliest 
stages of differentiation commitment [55]. Utilising Ngn3 
as a gene of interest to study undifferentiated spermato-
gonial dynamics, Nakagawa et al. [24] demonstrated that 
under steady-state conditions, Ngn3 marks undifferentiated 
spermatogonia destined to differentiate to A1 and enter 
the spermatogenic pathway. However, under conditions of 
tissue regeneration such as transplantation or busulfan-
induced germ cell depletion, NGN3+ spermatogonia could 
act relatively efficiently as stem cells and contributed to 
regeneration of spermatogenesis [24]. These observations 
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lead to classification of NGN3+ cells as “potential stem 
cells” due to the ability of NGN3+ spermatogonia to revert 
from a differentiation-committed or differentiation-primed 
state under homeostatic conditions to an SSC state during 
germline repair after damage [24]. Interestingly, however, 
lineage-tracing studies of NGN3+ cells in undisturbed 
testis demonstrated that rare-persistent-labelled colonies 
were also present up to 14-month post-labelling, suggest-
ing that a small fraction of the NGN3+ population can 
also function as stem cells in homeostatic conditions and 
support long-term spermatogenesis [24, 51]. This study 
was the first to provide evidence of plasticity of cell fate 
within the undifferentiated population and that stem cell 
capabilities are likely not limited to As cells as originally 
proposed.

According to the traditional As model, formation of a 
stable intercellular bridge upon SSC division and formation 
of Apr are the first and irreversible step in the spermato-
genic pathway. Increasing length of the syncytial chains of 
spermatogonia is reflective of progression along the differ-
entiation pathway [1–3]. Thus, chain length is one of the 
key morphological features to distinguish SSCs from their 
differentiated-committed daughters [2, 16]. Transplantation 
studies confirm that stem cell potential is strongly enriched 
in but not exclusive to the GFRα1+ undifferentiated fraction, 
which represents the majority of As and most Apr [29]. How-
ever, lineage-tracing data demonstrate that under homeo-
static conditions, essentially, all SSC activities are contained 
within the GFRα1+ population [5, 29]. GFRα1+ cells will 
generate NGN3+ Apr and Aal cells, which then differentiate 
to become A1 [5, 24, 34]. Importantly, the heterogeneous 
expression of marker genes among As, Apr, and Aal suggests 
that differentiation does not necessarily follow a strict linear 
process in which gene expression coupled with chain length 
provides an accurate indicator of cell fate. Namely, As can 
express markers of differentiation priming and commitment 
including both Ngn3 and Kit, meaning that not all As are 
equivalent and not all As function as stem cells [34].

Studies based on lineage-tracing data have provided 
evidence to challenge the notion of a definitive, long-lived 
stem cell compartment and instead support “neutral drift” 
or “neutral competition” stem cell models within the mam-
malian germline [44, 50]. By applying mathematical and in 
silico simulation approaches,  Klein et al. [51] concluded 
that the continuous depletion of lineage-marked colonies 
plus increased heterogeneity of colony size as observed 
using Gfra1 and Ngn3 CreER reporters, and is due to rapid 
turnover of SSCs in a stochastic manner and replenishment 
by neighbouring stem cells over time [50, 51]. Replace-
ment of dying or differentiating SSCs requires migration 
of neighbouring SSCs, either GFRα1+ cells or cells that 
revert from the NGN3+ to GFRα1+ state, to occupy the 
vacant niche and maintain constant SSC numbers [5, 34, 

51]. Indeed, GFRα1+ spermatogonia are evidently highly 
mobile when compared to NGN3+ spermatogonia, support-
ing the role of GFRα1+ spermatogonia as stem cells [5, 
51]. Interestingly, by intravital live imaging, GFRα1+ As 
spermatogonia were found to predominantly undergo divi-
sion to produce Apr then Aal4, and complete division of As to 
produce 2 As is very rare (once per 5–6 months). This obser-
vation raises a critical question of how such a rare event 
of As symmetrical renewal can maintain a constant number 
of SSCs over time? Strikingly, these live-imaging studies 
also showed that the replenishment of As and Apr is accom-
plished by chain “fragmentation” when intercellular bridges 
in syncytial chains of GFRα1+ Apr and Aal4 break down 
to produce shorter chain fragments [5]. The dynamics of 
GFRα1+ spermatogonia reversibly transitioning between As, 
Apr, and Aal states through division and chain fragmentation 
is thought to be important for maintaining a constant num-
ber of GFRα1+ SSCs while allowing continuous transition 
of GFRα1+ to NGN3+ spermatogonia for differentiation 
(Fig. 3). Importantly, chain fragmentation appears to occur 
most frequently amongst GFRα1+ spermatogonia, whereas 
NGN3+ differentiation-primed spermatogonia have limited 
chain fragmentation and also self-renewal tendencies in the 
undisturbed testis. These observations re-enforce the func-
tional hierarchy within the undifferentiated pool [5, 34].

Collectively, these studies support the notion that a 
pool of GFRα1+ self-renewing spermatogonia with simi-
lar potential to self-renewal and differentiate, maintain 
steady-state spermatogenesis. However, given that NGN3+ 
differentiation-primed cells within the undifferentiated 
pool are still capable of contributing to long-term sper-
matogenesis, particularly upon tissue damage, SSCs are not 
strictly marked by GFRα1 and undifferentiated cells can 
be considered equipotent in terms of stem cell capability 
[51]. While empirical evidence strongly supports a model 
of neutral competition to explain SSC homeostasis [5, 50, 
51], the concept of chain fragmentation is still not widely 
accepted within the spermatogonial field. Furthermore, it 
remains unclear whether following fragmentation of Aal, 
As and Apr generated function as stem cells, a limitation of 
live imaging. It may also be difficult to unequivocally dis-
tinguish fragmenting Aal from multiple actively migrating 
As and Apr cells present at high density in the same area of 
tubule. Development of transgenic reporter mice expressing 
a fluorescently tagged intercellular bridge component, e.g., 
TEX14 or CEP55 [56, 57], within the spermatogonial pool 
would help to confirm the physical interrelationship of cells 
in live-imaging approaches.

Revised As model

While substantial evidence supports a model of SSC main-
tenance through chain fragmentation and fate reversibility, 
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studies from other groups have suggested the existence of 
a definitive SSC compartment within the undifferentiated 
pool in which stem cell activity is context-independent. 
Specifically, the SSC identity and function are determined 
by expression of inhibitor of DNA binding 4 (Id4) [4, 28, 
48, 58]. The initial characterisation of ID4 as a novel SSC 
marker demonstrated that Id4 expression mostly labelled a 
subset of GFRα1+/PLZF+ As spermatogonia in adult mouse 
testis [28, 48, 58]. ID4 expression in spermatogonia was 
found to be abundant in early postnatal development (93% of 
PLZF+ cells are ID4+ at PND3) but to decline substantially 
during testis maturation (2% of PLZF+ cells are ID4+ in 
3-month-old adult testis) [58]. Id4 expression is significantly 
enriched within the THY1+ cell fraction of pup and adult 
testis that contains transplantable spermatogonia [28]. Fur-
thermore, culture-based assays demonstrate that Id4 expres-
sion is strikingly responsive to levels of self-renewal factor 
GDNF, implying that ID4+ cells are responding to self-
renewal stimuli [28]. Importantly, Id4 expression in cultured 
spermatogonia is heterogeneous and transplantation activity 
essentially limited to the ID4+ population, indicating that 
SSCs are ID4+ and remaining ID4− undifferentiated cells 
committed progenitors [28, 58]. An independent study using 
an Id4-tdTomato-CreER line indicated a similarly restricted 
expression pattern of ID4 in As plus Apr and ability of ID4+ 
spermatogonia to function as homeostatic stem cells by 
lineage-tracing studies that followed labelled colonies for 
more than 1 year [48]. Quantitative assessment of labelled 
progeny up to 6 weeks after tamoxifen treatment of juvenile 
mice found a constant number of marked colonies, suggest-
ing that all ID4+ labelled cells are SSCs [48]. However, 
long-term dynamics of labelled colonies was not studied.

From whole-mount confocal analysis of ID4-GFP neo-
natal testis (postnatal day 8), populations of ID4-EGFP-
bright and ID4-EGFPdim spermatogonia were identified [4]. 
Importantly, those cells with the highest Id4 expression were 
mostly As plus some Apr, while cells with low Id4 expression 
were present as both As and Apr. This gradient in ID4-GFP 
signal was also observed by flow cytometry of neonatal tes-
tis cells and ID4-EGFPbright and ID4-EGFPdim populations 
subsequently isolated for stem cell assay by transplantation. 
Importantly, the ID4-EGFPbright population was substantially 
enriched in transplantable cells when compared to the ID4-
EGFPdim fraction, consistent with use of ID4 as SSC marker 
[4]. Furthermore, limiting-dilution analysis indicated that 
all ID4-EGFPbright cells could function as SSCs in a trans-
plantation setting. Combined, these data suggest that stem 
cell activity within the undifferentiated pool is primarily 
restricted to a subset of As cells marked by high ID4 levels 
[4]. However, due to likely differences in sensitivity of GFP 
detection by confocal microscopy of whole-mount tubules 
and flow cytometry of testis cell suspensions, it remains 
ambiguous whether ID4-EGFPbright and ID4-EGFPdim cells 

observed by confocal microscopy equate to the ID4-EGF-
Pbright and ID4-EGFPdim populations gated in flow sorting 
experiments. Furthermore, functional capabilities and bio-
logical relevance of ID4-EGFPintermediate cells as detected 
by flow cytometry were not explored yet comprised a large 
proportion of the total ID4+ population (~ 40%) [4].

Besides use as an SSC marker, gain- and loss-of-function 
models of Id4 have provided evidence for specific roles of 
ID4 in the male germline. Id4–/− adults are sub-fertile and 
display progressive loss of germline cells and PLZF+ sper-
matogonia with age, consistent with a role of ID4 in SSC 
maintenance and function [28]. Id4 knockdown studies in 
cultured spermatogonia followed by transplantation confirm 
this role [28]. In contrast, constitutive overexpression of Id4 
within the mouse germline inhibited postnatal expansion of 
the undifferentiated spermatogonial pool and formation of 
committed progenitors [4]. Together, these data indicate that 
ID4 levels dictate the self-renewing state of spermatogonia.

From analysis of Id4 expression pattern, observed trans-
plantable activity of ID4+ cells and ID4 function in the stem 
to progenitor transition, a revised As model of spermatogo-
nial hierarchy has been proposed [4, 58]. Specifically, a sub-
set of As cells marked by high levels of Id4 expression repre-
sents the SSC population in testis (referred to as SSCultimate) 
and the remaining undifferentiated cells (a substantial frac-
tion of As plus Apr and Aal) are differentiation-committed. 
However, under regenerative conditions, ID4+ As cells that 
are transiting out of the SSC pool and have lower expression 
of self-renewal genes (SSCtransitory) may be capable of revert-
ing to a stem cell state rather than progressing to a progenitor 
state (Fig. 3) [4]. This revised As model has stimulated a lot 
of debate in the SSC field and highlights the role played by 
ID4 in SSC function. However, a recent single-cell sequenc-
ing study found more extensive expression of Id4 within 
the adult undifferentiated population than suggested by this 
model and provides evidence to suggest that all undifferenti-
ated cells possess transplantation activity, i.e., both SSC and 
progenitor fractions [30]. Furthermore, from analysis of an 
independent Id4 knock-in reporter line, the majority (> 85%) 
of GFRα1+ spermatogonia are ID4+ in adults, while less 
(< 15%) of SOX3+ progenitors are ID4+ [59], confirming 
that ID4 preferentially marks self-renewing populations, but 
expression is more common within the undifferentiated pool 
than suggested [30, 59]. The validity of this revised (“ulti-
mate”) As model, therefore, remains unclear.

Insights from the proposed SSC models

Regardless of the contrasting stem cell models proposed, 
these studies have provided valuable insight into SSC 
function and behaviour in the male germline throughout 
development.



4080	 H. M. La, R. M. Hobbs 

1 3

1.	 Consistent with the original As model, an association 
between undifferentiated cell morphology and stem cell 
activity is still apparent. As and Apr are more likely to 
retain self-renewal activity regardless of markers being 
proposed. Longer chains of Aal are typically differentia-
tion primed and have a high tendency to undergo dif-
ferentiation rather than self-renewal [6, 28, 30, 34, 49].

2.	 While it remains controversial that GFRα1+ cells repre-
sent the SSC pool, this population is enriched in trans-
plantable stem cell activity compared to the GFRα1− 
undifferentiated fraction by at least 2.5 fold [29]. 
Furthermore, expression of the novel stem cell markers 
Pdx1 and Eomes are found in a subset of the GFRα1+ 
population [30, 60]. PDX1+ spermatogonia exhibit 
approx. threefold higher transplantation activity than 
PDX1− undifferentiated cells [30]. “Ultimate” SSCs 
(as marked by ID4 and PAX7) are also primarily con-
fined within the GFRα1+ population under homeostatic 
conditions [4–6, 48, 58]. GFRα1, therefore, remains a 
useful marker of an SSC-enriched population.

3.	 Neutral drift as a mechanism to describe long-term SSC 
behaviour is also described in other stem cell systems [5, 
44, 51]. Stochastic stem cell fate is observed in intestine 
and epidermis [50, 61]. Evidence from lineage-tracing 
studies using reporters for Bmi1, Nanos2, Gfra1, Ngn3, 
and Axin2 strongly support the neutral drift model and 
stochastic stem cell turnover in testis [5, 24, 46, 47, 49].

4.	 Stem cell plasticity is revealed during tissue repair and 
regeneration. Long chains of undifferentiated spermato-
gonia are predominantly marked by NGN3, MIWI2 plus 
Oct4-GFP and are generally GFRα1− RARγ+ and show 
a high tendency to differentiate rather than self-renew 
under steady-state conditions. However, NGN3/MIWI2/
Oct4-GFP+ spermatogonia can exhibit stem cell activ-
ity during tissue regeneration and/or upon transplanta-
tion. Stem cell activity is thus not strictly limited to the 
homeostatic SSC pool, but can extend to other undif-
ferentiated spermatogonial fractions under conditions of 
tissue regeneration [24, 29, 30, 34, 36].

5.	 SSC behaviour and fate are context dependent and sub-
stantially influenced by the niche environment. Impor-
tantly, evidence suggests that the SSC niche is distinct 
during postnatal development, in homeostatic conditions 
and when germ cell depleted as in recipient testes of 
transplantation assays [30, 32, 41, 42]. These dynamic 
niche characteristics can affect interpretation of studies. 
We recently identified a subset of GFRα1+ spermatogo-
nia in the adult homeostatic testis marked by co-expres-
sion of developmental regulators Pdx1, Eomes, and 
Lhx1, which have potent transplantation capacity [30]. 
However, Pdx1 is downregulated, while Lhx1 and Eomes 
expression upregulated during short-term SSC expan-
sion in regenerative and developing testis. Changes in 

status of the niche during development, regeneration, 
and upon attainment of homeostasis can change gene 
expression patterns and properties of SSCs [30]. There-
fore, ID4+ SSC behaviour in pre-pubertal testis may 
not be directly equivalent to ID4+ SSC behaviour in 
adults [4]. Similarly, progenitor (NGN3+ or MIWI2+) 
behaviour is distinct under homeostatic (differentiation-
primed) vs. regenerative (stem cell reversion) conditions 
[24, 36].

Regulation of spermatogenesis

SSC niche microenvironment

Sustained spermatogenesis and continuous production of 
spermatozoa are dependent on the activity of germline 
stem cells [12, 16, 23, 62]. Therefore, an appreciation of 
the molecular mechanisms underlying SSC function is 
fundamental to our understanding of spermatogenesis and 
male fertility. SSC maintenance is dependent on a com-
plex interplay between multiple extrinsic niche-derived 
signals and cell-intrinsic factors. While the exact nature of 
the testicular niche that maintains SSC function remains 
poorly understood [10], it is appreciated that a variety of 
somatic cells, including Sertoli, Leydig, and peritubular 
myoid cells play crucial roles in supporting SSCs [10, 11, 
63–65]. Evidence indicates that SSCs preferentially reside 
in tubule regions adjacent to tissue vasculature and resi-
dent macrophages also contribute to the niche [66–68]. 
Sertoli cells form a key component of the SSC niche and 
are in close proximity with both undifferentiated plus 
differentiating germ cells and support multiple stages of 
spermatogenesis [10]. Importantly, SSC activity is regu-
lated through the production of specific growth factors by 
Sertoli cells including glial cell-derived neurotropic factor 
(GDNF), basic fibroblast growth factor (bFGF or FGF2), 
and WNT ligands [47, 69]. It should be noted, however, 
that Sertoli cells are not the sole cell type that generates 
these growth factors in testis. For instance, production of 
GDNF by peritubular myoid cells is implicated in SSC 
maintenance [65]. Interestingly, the reduction in male 
mouse fertility upon aging is associated with a decline in 
the ability of Sertoli cells to produce GDNF and, therefore, 
maintenance of SSC function [40]. Accordingly, serial 
transplantation of SSCs into young recipients supports 
SSC self-renewal well beyond the natural lifespan [40]. 
Germ cell depletion upon treatment with the genotoxic 
alkylating agent busulfan increases Gdnf expression in the 
testis, indicating dynamic changes in the niche during tis-
sue regeneration [40–42]. Elevation of key niche factors 
upon tissue damage that promote SSC self-renewal may 
underlie the ability of differentiation-primed progenitors 
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to revert to a stem cell fate under these conditions [24, 
40–42].

Although SSC function is highly dependent on Sertoli 
cells [9], somatic cells in the interstitial space can also 
directly and/or indirectly regulate SSCs [10]. For instance, 
Leydig cells produce testosterone that Sertoli cells are 
responsive to and indirectly regulate germ cells [10]. Like-
wise, peritubular myoid cells surrounding the seminiferous 
tubule provide structural support and produce a variety of 
growth factors (GDNF, bFGF, and IGF1) and extracellular 
matrix (laminin, fibronectin, and collagen) that influence 
germ and Sertoli cell function [63, 64]. As mentioned, 
distribution of undifferentiated spermatogonia on the 
basement membrane is not random and this population is 
preferentially localised adjacent to interstitial areas with 
vasculature [68]. As differentiation progresses, spermato-
gonia migrate away from the interstitial areas, suggesting 
that interstitial tissues attract and maintain spermatogonia 
in the undifferentiated state [68, 70]. Importantly, endothe-
lial cells within the interstitial space produce growth fac-
tors (GDNF and FGFs) that support SSC self-renewal [71, 
72]. In particular, lymphatic endothelial cells surround-
ing the tubules produce FGF5 and preferentially localise 
towards interstitial regions. Evidence indicates that FGF5 
and other FGFs promote spermatogonial proliferation and 
maintenance of an undifferentiated state [72]. Competi-
tion of SSCs for the limited supply of FGFs is proposed to 
regulate SSC density within the seminiferous epithelium 
[72]. Furthermore, the biased positioning of SSCs towards 
interstitial regions of the tubule is reflective of the location 
of the FGF source [72].

Macrophages are found in close proximity with vascula-
ture and Leydig cells and are also present along the semi-
niferous tubules, where they preferentially associate with 
regions containing high densities of undifferentiated sper-
matogonia [66]. Macrophages produce colony-stimulating 
factor 1 (CSF1), which has been found to promote prolif-
eration and self-renewal of undifferentiated spermatogonia 
in vitro [66, 67]. Macrophages also express retinoic acid 
synthesis enzymes, implying important roles in regulating 
spermatogonial differentiation and meiotic initiation [66]. 
Although the exact identity of undifferentiated spermatogo-
nia that are attracted to the interstitial niche remains unclear, 
the testis niche microenvironment plays an essential role in 
maintaining testis homeostasis through regulation of SSC 
function, spermatogenesis, and germline regeneration [10].

Cellular pathways regulating SSC maintenance

The key cellular pathway that governs SSC self-renewal is 
GDNF receptor signalling (Fig. 4) [69, 73–75]. GDNF from 
Sertoli cells simulates SSCs in a paracrine fashion by acti-
vating the GFRα1/c-RET receptor complex and downstream 

signalling pathways. Through genetic manipulation of Gdnf, 
it was demonstrated that tight regulation of GDNF signal-
ling is crucial in controlling SSC fate decisions and testis 
homeostasis. Specifically, the reduction of GDNF levels in 
Gdnf +/− mice resulted in progressive germ cell loss and a 
reduced spermatogonial proliferation rate [69]. In contrast, 
hyper-activation of GDNF signalling in Gdnf-overexpressing 
transgenic mice leads to accumulation of undifferentiated 
As and Apr spermatogonia due to a block in differentiation 
and germ tumour formation in aged mice [73]. Interest-
ingly, when treated with retinol to induce differentiation, 
the accumulated undifferentiated spermatogonia in Gdnf-
overexpressing mice underwent apoptosis rather than dif-
ferentiation, indicating defective response to differentiation-
inducing stimuli [69].

Identification of GDNF as the key factor mediating SSC 
self-renewal has enabled development of a long-term culture 
system for SSCs. The culture of germ cells isolated from 
neonatal testis in medium supplemented with key growth 
factors GDNF, bFGF, and epidermal growth factor (EGF) 
sustains SSC self-renewal and expansion in vitro for more 
than 2 years [76]. Stem cell activity in long-term cultures 
is established through transplantation. Importantly, cul-
tured spermatogonia derived from both pre-pubertal and 
adult testis expresses markers of the undifferentiated state 
and maintains stem cell activity in transplantation assays 
[76–78]. However, it should be noted that the majority of 
cells present in these cultures are thought to represent pro-
genitors rather than SSCs and transplantation efficiency can 
be relatively low. Culture of undifferentiated spermatogonia 
in vitro typically requires both GDNF and bFGF, which act 
synergistically to promote cell growth [79, 80]. However, 
functional roles of bFGF in SSC maintenance in vivo remain 
poorly defined [80].

The ability to culture undifferentiated spermatogonia for 
extended periods of time in vitro provides a valuable experi-
mental system to characterise molecular mechanisms under-
lying SSC function and regulation [76, 81–83]. For example, 
in vitro studies have identified key downstream effectors of 
the niche factor GDNF, which was found to signal through 
SRC family kinases and activate PI3K/AKT to promote 
SSC proliferation and maintenance [74, 84]. Introduction 
of an activated AKT construct into cultured undifferentiated 
spermatogonia can support long-term cell expansion in the 
absence of GDNF [85]. However, while GDNF-dependent 
PI3K/AKT activation is critical for SSC function in vitro, a 
balanced level of PI3K/AKT activity is evidently required 
for SSC maintenance in vivo. Conditional inactivation of 
Pten in the germline, which encodes a lipid phosphatase and 
inhibitor of PI3K/AKT signalling, drives rapid and com-
plete germline exhaustion [86]. In contrast, loss of the kinase 
PDK1 in the germline that is required for AKT activation 
blocks differentiation of the undifferentiated spermatogonia 
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without affecting SSC maintenance [86]. Notably, the tran-
scription factor FOXO1 is inactivated by AKT-dependent 
phosphorylation and is required for spermatogonial mainte-
nance and differentiation in vivo [86].

Self-renewal activity of cultured spermatogonia is also 
found to be dependent on activation of the ERK MAPK 
pathway downstream bFGF (Fig. 4) [30, 79]. However, other 
studies based on in vivo models suggest that GDNF-depend-
ent ERK MAPK activation is essential for SSC maintenance 
[75, 80, 87]. Despite the ability of both GDNF and bFGF 
to activate ERK MAPK in undifferentiated spermatogonia, 
the central role of the ERK MAPK pathway in SSC self-
renewal, and routine supplementation of SSC media with 

both GDNF and bFGF, culture-based studies suggest that 
there are differences in SSC behaviour when grown in media 
with GDNF or bFGF alone. Spermatogonia cultured with 
GDNF or bFGF are similarly positive for SSC surface mark-
ers (CDH1, EPCAM, CD9, ITGA6, and ITGB1). However, 
cells grown with bFGF but not GDNF express significantly 
higher levels of Kit plus genes associated with committed 
progenitors (Ngn3, Nanos3), while cultured cells maintained 
with GDNF, but not bFGF show higher expression of SSC-
associated markers (Nanos2) [80]. Transplantation assays 
confirmed enhanced stem cell activity of cells cultured with 
GDNF alone vs. bFGF alone [80]. These results suggest that 
the modulation of culture condition can alter the cellular 
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fate decisions of SSCs, such that GDNF-alone conditions 
maintain cultured cells towards “stemness”, whereas bFGF-
alone conditions promote spermatogonia to become more 
differentiation-primed [80]. Importantly, undifferentiated 
cells are found to dynamically interconvert between stem 
and progenitor states when cultured in vitro [30, 80]. The 
propensity of cultured spermatogonia to adopt either of these 
two states, as indicated by variation in Oct4-GFP expression, 
is highly dependent on the culture conditions. Increased den-
sity of spermatogonial cultures correlated with more rapid 
depletion of GDNF from the media and adoption of an Oct4-
GFP+ PDX1− progenitor state [30]. Culture of cells with 
GDNF but without bFGF caused them to transition preferen-
tially into an Oct4-GFP− PDX1+ primitive stem cell state, 
while culture with bFGF without GDNF triggered adoption 
of the Oct4-GFP+ PDX1− progenitor state, confirming that 
GDNF rather than bFGF promotes stemness [30]. In addi-
tion, the positivity of cultured spermatogonia for markers 
associated with the stem cell state (PDX1, EOMES) was 
dramatically reduced by treatment with MEK inhibitors but 
not PI3K or mTOR inhibitors, implying that MEK/ERK is 

more critical than other signalling pathways for maintaining 
the self-renewing state of SSCs [30, 75, 80, 87].

A recent in vivo study used growth factor-soaked gelatin 
microspheres injected into the testis interstitium to examine 
differential effects of GDNF and bFGF stimulation on the 
SSC-enriched GFRα1+ population [88]. Interestingly, while 
both GDNF and bFGF-adsorbed microspheres promoted the 
expansion of GFRα1+ spermatogonia, bFGF primed the 
GFRα1+ population towards differentiation as demonstrated 
by increased expression of RARγ, a key transcription factor 
required for differentiation commitment. In contrast, GDNF 
primarily promoted expansion of GFRα1+ RARγ− sper-
matogonia that would be predicted to have higher self-
renewal tendencies [5, 29]. Besides growth factors such as 
GDNF and bFGF, spermatogonial function is regulated by 
canonical WNT ligands such as WNT3A, which promotes 
proliferation of cultured undifferentiated spermatogonia. 
Based on in vitro studies, a high level of Wnt signalling was 
concluded to be associated with SSC differentiation com-
mitment [89]. However, the functional relevance of Wnt/β-
catenin signalling in SSCs in vivo has only recently been 
studied in detail. From analysis of an Axin2-LacZ reporter 
mouse line that marks cells with active Wnt/β-catenin sig-
nalling, a majority of GFRα1+ (77.5%) and PLZF+ sper-
matogonia (53.5%) were LacZ+ , suggesting that a large 
proportion of the undifferentiated pool in adults in vivo 
are responding to WNT ligands [47]. Sertoli cells are the 
likely source of WNT ligand for undifferentiated cells and 
express Wnt6 [47]. Further analysis of GFRα1+ and NGN3+ 
spermatogonia in vitro revealed similar levels of expression 
of multiple transcripts associated with Wnt/β-catenin sig-
nalling [90]. However, the expression of a direct target of 
the Wnt/β-catenin pathway (Lef1) was higher in NGN3+ 
spermatogonia, suggesting that the NGN3+ differentiation-
primed population is more responsive to WNT than the 
GFRα1+ SSC-enriched pool [90]. Accordingly, the expres-
sion of Ngn3 in cultured undifferentiated spermatogonia was 
increased when recombinant WNT3A was added indicating 
that the initial differentiation commitment from GFRα1+ 
to NGN3+ spermatogonial states is promoted by WNT sig-
nalling [90]. Interestingly, reduction in WNT signalling in 
adult testis did not evidently affect the GFRα1+ population, 
but decreased the relative proportion of RARγ+ progenitors 
[47, 90]. Hyper-activation of WNT (through modification of 
Ctnnb1 to stabilise β-catenin) resulted in GFRα1+ spermat-
ogonial exhaustion [90]. These results imply that GFRα1+ 
spermatogonia are intolerant of high levels of Wnt/β-catenin 
stimulation [90]. Inhibition of canonical WNT signalling 
through β-catenin deletion does, however, suppress prolifera-
tion of the bulk PLZF+ spermatogonial pool, indicating that 
Wnt/β-catenin signalling drives proliferation of committed 
progenitors (Fig. 4) [47]. Importantly, a subset of GFRα1+ 
spermatogonia is known to express high levels of Shisa6, a 

Fig. 4   Regulation of spermatogonial fate and function by cell-intrin-
sic and extrinsic factors. GDNF produced by Sertoli cells activates 
the GFRα1/RET receptor complex present on SSCs and is essen-
tial for SSC self-renewal. bFGF is generated from a variety of cell 
sources within the testis and can promote SSC self-renewal inde-
pendently from GDNF. In response to stimulation with GDNF and 
bFGF, PI3K/AKT and ERK MAPK pathways are activated and 
promote expression of genes involved in SSC function and mainte-
nance, e.g., Bcl6b, Etv5, Lhx1 and Id4. Other genes associated with 
the SSC state and responsive to GDNF stimulation are indicated (T, 
Shisa6, Pdx1 and Eomes). The mTORC1 pathway is also activated 
downstream PI3K/AKT and ERK MAPK signalling and normally 
promotes SSC differentiation commitment. Intrinsic factors such as 
PLZF, NANOS2 and GILZ act to suppress mTORC1 activity in SSCs 
through a variety of mechanisms to maintain self-renewal capac-
ity. AKT inhibits the FOXO1 transcription factor through phospho-
rylation and FOXO1 activity is involved in SSC function. The PTEN 
tumour suppressor gene antagonizes activity of AKT and is essential 
for SSC maintenance. SHISA6 suppresses canonical WNT signalling, 
which promotes transition from an SSC to differentiation-primed/
committed progenitor state. Downstream targets of WNT signalling 
in spermatogonia are poorly defined but WNT can promote activa-
tion of the differentiation-promoting mTORC1 pathway in other 
systems by inhibiting GSK3. When present as primary niche factor, 
bFGF stimulation promotes adoption of a differentiation-primed cell 
state. Differentiation-primed/committed progenitor spermatogonia are 
marked by NGN3, MIWI2, RARγ, SOX3 plus other indicated factors 
and in contrast to GFRα1+ SSCs are highly sensitive to retinoic acid 
(RA) that drives formation of A1 differentiating spermatogonia. Act-
ing through nuclear receptors, RA directly promotes expression of the 
Sall4a isoform and Stra8 that are both involved in differentiation. The 
PI3K/AKT pathway is also strongly activated during spermatogonial 
differentiation (via RA stimulation and SCF/c-KIT-mediated signal-
ling) as indicated by cytosolic (inactive) FOXO1 and promotes fur-
ther increases in mTORC1 signalling, which enhances translation of 
mRNAs encoding differentiation-associated factors including Kit and 
Sohlh1/2. Expression of genes that predominantly mark the distinct 
spermatogonial populations are indicated on the right

◂
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cell-autonomous inhibitor of WNT signalling, and reduc-
tion of Shisa6 expression synergized with enhanced Wnt/β-
catenin signalling to deplete the GFRα1+ spermatogonial 
population [90]. SHISA6+ GFRα1+ cells can be concluded 
to represent a WNT-resistant self-renewing population with 
minimal propensity for differentiation. However, down-
stream effectors of WNT signalling responsible for driving 
the initial commitment step of undifferentiated spermatogo-
nia remain unknown [90].

Intrinsic regulators of undifferentiated 
spermatogonia

One of the first intrinsic regulators of mammalian germline 
stem cell maintenance identified was the transcription fac-
tor promyelocytic leukaemia zinc finger (PLZF, also known 
as ZBTB16). In testis, Plzf expression marks undifferenti-
ated spermatogonia and spermatogonia at early stages of 
differentiation [21, 78, 91–93]. Plzf-null mice are viable, but 
males exhibit a progressive germ cell loss with age associ-
ated with SSC failure and produce few functional spermato-
zoa [91, 92]. PLZF was found to promote SSC self-renewal 
in a cell-autonomous manner through indirect inhibition 
of mTORC1 signalling (Fig. 4) [78]. mTORC1 is a highly 
conserved and critical regulator of cell growth plus meta-
bolic status [94]. Through a negative feedback effect, aber-
rant mTORC1 activation upon PLZF loss was associated 
with reduced response of undifferentiated spermatogonia to 
niche factor GDNF, increased differentiation commitment 
and SSC exhaustion [78]. Although PLZF plays important 
roles in SSC maintenance, its broad expression within the 
undifferentiated compartment suggests diverse roles in both 
stem and progenitor cells [21, 78, 91].

In undifferentiated spermatogonia, PLZF has been dem-
onstrated to interact with and modulate activity of Spalt-
like 4 (SALL4), a transcription factor essential for develop-
ment that plays key roles in embryonic stem cell function 
[95]. Sall4 is broadly expressed in both undifferentiated and 
differentiating spermatogonia and essential for spermato-
gonial differentiation [21, 93, 96]. The functional relation-
ship between PLZF and SALL4 is evidently complex and 
requires additional clarification [21, 97]. PLZF is capable 
of suppressing transcriptional activity of SALL4 and pre-
venting its association with specific chromatin domains. 
Conversely, increasing levels of SALL4 sequester PLZF 
to heterochromatic regions within the nucleus and poten-
tially inhibit PLZF transcriptional function [93]. A balance 
of PLZF and SALL4 activities may, therefore, regulate the 
switch in spermatogonial activity between self-renewal and 
differentiation [21, 93, 97]. However, PLZF and SALL4 are 
co-recruited to many target promoters in cultured spermato-
gonia and can co-regulate genes associated with spermato-
gonial function [21, 97]. While PLZF may be required for 

SALL4 recruitment to cohorts of target genes [21, 93, 97], 
acute loss of SALL4 in adult spermatogonia in vivo resulted 
in mis-localisation of PLZF to the cytosol, suggesting that 
SALL4 is also required for PLZF transcriptional function 
[21]. Besides an essential role in spermatogonial differentia-
tion, SALL4 is required for long-term maintenance of SSC 
regenerative capacity and via recruitment of the NuRD co-
repressor complex can suppress activity of genes that inhibit 
SSC survival, proliferation and response to niche factors 
[21]. Interestingly, SALL4 also associates with polycomb 
repressor complex (PRC) components in spermatogonia and 
both are recruited to genes activated during spermatogenesis 
[96].

Other cell-intrinsic factors have been identified to play 
important roles in SSC function. One such factor is the 
zinc-finger RNA-binding protein NANOS2 [49]. Expres-
sion of Nanos2 within the adult male germline is primarily 
restricted to As and Apr undifferentiated cells, suggesting 
a specific role in the self-renewing compartment. Accord-
ingly, conditional deletion of Nanos2 resulted in abrupt loss 
of the GFRα1+ SSC-containing population and subsequent 
germline degeneration, while Nanos2-overexpression in the 
germline results in accumulation of undifferentiated sper-
matogonia due to a block in differentiation [49]. Mechanis-
tically, NANOS2 was demonstrated to interact with other 
messenger ribonucleoprotein (mRNPs) components and 
inhibit translation of gene transcripts associated with dif-
ferentiation, e.g., Sohlh2, Dmrt1, Dazl, and Taf7l, plus to 
suppress mTORC1 activity by sequestration of the mTOR 
kinase itself to mRNPs [98]. Combined, these important 
post-transcriptional mechanisms account for the ability of 
NANOS2 to maintain SSCs in a primitive, undifferentiated 
state [49, 98]. In general, post-transcriptional mechanisms 
of gene regulation play essential roles throughout spermato-
genesis and have been reviewed in detail elsewhere [99].

The spermatogonial culture system has been used to 
screen for genes responsive to self-renewal stimuli such as 
GDNF and that have potential roles in SSC function. For 
instance, expression of Bcl6b, Egr2, Egr3, Etv5, Lhx1, Id4, 
and Tspan8 was substantially enriched in cultured sper-
matogonia stimulated with GDNF [27, 28, 74, 79]. While 
reduced expression of Bcl6b and Id4 impairs SSC activity 
in vitro, functional analysis of the role of these factors in 
SSCs in vivo through knockout approaches is more limited 
[27, 28]. Bcl6b null mice are fertile, although testis cross 
sections show mild spermatogenic defects [27], while Id4 
null mice are sub-fertile and exhibit germ cell loss [28]. 
While novel genes have been identified to mark SSC popu-
lations, they may not play any obvious functional role. The 
PAX7 transcription factor was found to mark a rare subset 
of GFRα1+ As spermatogonia that through lineage-tracing 
studies were demonstrated to have stem cell function. In 
addition, PAX7+ spermatogonia are highly resistant to 
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radiotherapy and chemotherapy and are evidently important 
in germline regeneration following these genotoxic insults 
[6]. While PAX7 represents a marker of an SSC popula-
tion, Pax7 deletion is suggested to have little effect on ger-
mline maintenance [6]. However, SSC maintenance clearly 
involves a complex network of cell-intrinsic transcriptional 
regulators, RNA-binding proteins, and signalling modulators 
plus multiple extrinsic stimuli from the niche, indicating that 
loss of any one component might be compensated for by 
activity of other factors.

Role of the mTORC1 pathway in regulating SSC fate

The balanced self-renewal and differentiation of SSCs is 
essential for germline maintenance and fertility [78, 100]. 
Appropriate regulation of SSC fate decisions requires func-
tional interaction and crosstalk between cell extrinsic and 
intrinsic factors that converge onto intracellular signalling 
systems to dictate SSC function [47, 54, 79, 87, 90, 98]. 
One such central signalling pathway is mTORC1, a well-
characterised master regulator of cellular homeostasis that 
integrates multiple upstream signalling pathways, including 
PI3K/AKT, ERK MAPK, WNT, plus nutrient availability 
and cellular stress to control cell growth, proliferation, dif-
ferentiation, metabolism, and the autophagy response [94]. 
Insights into functional roles of mTORC1 in adult stem cells 
have been extensively explored in the haematopoietic system 
in which it is evident that the activity of mTORC1 within 
the stem cell compartment must be tightly regulated to main-
tain stem cell function [101–104]. Involvement of mTORC1 
signalling in stem cell-mediated tissue regeneration has also 
been characterised [105].

Within the male germline, GFRα1+ As and Apr sper-
matogonia have relatively low levels of mTORC1 activity, 
while longer chains of progenitor and differentiating sper-
matogonia exhibit increasing levels of mTORC1 signalling 
[98, 100, 106]. Increased levels of mTORC1 activity in 
spermatogonia were found to be essential for differentia-
tion progression through enhanced translation of differenti-
ation-associated transcripts, e.g., Kit, Sohlh1/2 [107, 108]. 
Inhibition of mTORC1 signalling by rapamycin treatment 
or through genetic deletion of Mtor in the male germline 
results in block of spermatogonial differentiation and accu-
mulation of GFRα1+ undifferentiated spermatogonia [107, 
109]. Importantly, aberrant activation of mTORC1 in the 
germline via deletion of upstream negative regulators, e.g., 
Tsc1/Tsc2, promotes SSC differentiation commitment at the 
expense of self-renewal and results in SSC exhaustion [78, 
100, 106]. PLZF and NANOS2, key intrinsic regulators 
of SSC maintenance and self-renewal, suppress mTORC1 
activity through diverse mechanisms (see above). In addi-
tion, we have recently defined a role for the pleiotropic cell 
regulator GILZ in SSC maintenance through inhibition of 

mTORC1 via modulation of upstream MAPK/ERK signal-
ling [59]. Acute loss of Gilz in adults results in hyperac-
tive mTORC1 signalling that drives rapid exhaustion of the 
GFRα1+ SSC-enriched population plus increased prolifera-
tion of committed progenitors. Importantly, treatment with 
an mTOR inhibitor (Torin1) rescues GFRα1+ spermatogo-
nial failure upon GILZ loss, indicating that GILZ-dependent 
mTORC1 inhibition is essential for SSC maintenance [59].

Both PI3K/AKT and MAPK/ERK pathways are impor-
tant positive regulators of mTORC1 signalling in undif-
ferentiated spermatogonia and are activated in response to 
growth factor stimulation [78]. While niche growth factors 
promote self-renewal, proliferation and survival of SSCs 
through PI3K/AKT and MEK/ERK pathways, these path-
ways also stimulate mTORC1 that promotes SSC differen-
tiation. Intrinsic factors GILZ, NANOS2, and PLZF act as 
critical rheostats of cellular signalling pathways and limit the 
ability of growth factors to activate mTORC1, thus preserv-
ing the undifferentiated state (Fig. 4) [59, 78, 98].

Epigenetic regulation of spermatogenesis 
and male fertility

Epigenetic regulatory mechanisms are appreciated to 
play essential roles in spermatogenesis and male fertility 
[37, 110, 111]. The term “epigenetics” refers to heritable 
changes in gene expression and resulting phenotype without 
changes in the DNA sequence. During embryonic develop-
ment, there are two key epigenetic reprogramming events. 
The first occurs after fertilisation, in which the paternal epi-
genome is remodelled through chromatin repackaging and 
DNA methylation. The addition of methyl groups to cytosine 
residues of DNA (DNAme) is associated with gene repres-
sion [112, 113]. The second event takes place in primordial 
germ cells (PGCs) in which the genome is demethylated dur-
ing migration to the genital ridge (between E6.5 and E13.5). 
Subsequently, the male PGC genome regains DNAme 
(E13.5–E16.5) and sex-specific imprints are established by 
the time of birth [111–113]. Gonocytes are foetal precursors 
of the SSC pool responsible for continuous spermatogen-
esis in adulthood [111, 114]. Multiple association studies in 
humans and rodents have linked abnormal epigenetic marks 
in the male genome with infertility and detrimental effects 
on offspring health [111]. The exact causes of these epige-
netic abnormalities in the germline are unclear. However, 
evidence indicates that epigenome maintenance in the male 
germline through appropriate DNA methylation and chro-
matin remodelling is crucial for fertility.
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DNA de novo methylation and demethylation

DNAme is one of the best studied epigenetic marks and 
is important for male germline development [112, 113]. 
Whole-genome bisulfite sequencing comparing Aundiff 
(THY1+) and Adiff (c-KIT+) spermatogonia of adult mice 
uncovered a similar DNAme pattern between these two 
populations, indicating that alterations in DNAme do not 
underlie the transition from self-renewing to differentiating 
cell states [110]. These observations were recapitulated in 
adult human spermatogonia comparing the DNAme profile 
of stem-enriched SSEA4+ and c-KIT+ differentiating cells 
[115, 116]. While the spermatogonial compartment does not 
appear to exhibit dynamic changes in DNAme during dif-
ferentiation in both humans and mice, abnormal DNAme 
profiles have been associated with poor quality of sperma-
tozoa in infertile males (reviewed in Ref. [111]).

A critical regulator of epigenetic marks is DNA methyl-
transferase 3 like (DNTM3L), which lacks catalytic activ-
ity, but co-operates with other DNA methyltransferases 
including DNMT3A and DNMT3B to promote de novo 
DNA methylation [117, 118]. Dnmt3l knockout mice are 
viable but infertile due to progressive germ cell loss and 
a defective meiotic program in juvenile testis [117, 119]. 
While DNMT3L is not abundantly expressed within PLZF+ 
spermatogonia [37], DNMT3L was reported to negatively 
regulate CDK2 and control PLZF protein stability in sper-
matogonia [120]. Functional characterisation of DNMT3L 
demonstrated a key role in epigenetic regulation through 
negative regulation of transposable elements (intracisternal 
A particle retrotransposons or IAPs) through DNA meth-
ylation [119, 121]. In depth characterisation of a common 
phenotype observed in Dnmt3l–/− and Miwi2−−/−− mutant 
males (see below) showed a reduction in undifferentiated 
spermatogonia plus abnormal spermatogonial proliferation 
and differentiation [37]. Further analyses combining RNA-
seq and whole-genome bisulfite sequencing approaches 
revealed that in the absence of Dnmt3l or Miwi2, IAPs were 
de-repressed, resulting in abnormal DNAme status and 
perturbed patterns of gene expression [37]. This study con-
firmed and highlighted the importance of epigenome main-
tenance by DNMT3L and MIWI2.

Undifferentiated spermatogonia in the mouse lack detect-
able DNMT3A and DNMT3B, but these DNA methyltrans-
ferases are strikingly upregulated in c-KIT+ differentiating 
spermatogonia [122]. Ectopic expression of Dnmt3b in 
undifferentiated spermatogonia in vivo triggered induction 
of differentiation marker c-KIT, while inducible knockout of 
Np95, which is involved in maintenance of DNAme, resulted 
in differentiation defects [122]. It was concluded that de 
novo DNAme is essential for the transition from an undif-
ferentiated to differentiating spermatogonial state, although 
relevant mechanisms remain incompletely understood 

[122]. Therefore, in contrast to data obtained from bisulfite 
sequencing of spermatogonial populations, these obser-
vations suggest that dynamic changes in DNAme may be 
required during germ cell differentiation.

Chromatin remodelling

A unique chromatin remodelling event occurs during the 
last stage of spermatogenesis, in which a large propor-
tion of core histone proteins (H2A, H2B, H3, and H4) are 
replaced with protamines [123]. This histone-to-protamine 
transition is essential for tight packaging of DNA in the 
haploid spermatozoa. Inefficient histone-to-protamine 
transition is associated with reduced fertility, highlighting 
the importance of chromatin architecture in maturation of 
spermatozoa [111]. More broadly, appropriate chromatin 
modifications are required for maintenance of SSC fate 
[124], spermatogenesis, and male fertility [110, 125–127].

Chromatin remodelling through posttranslational 
modification of DNA-associated histones by methylation, 
acetylation, and phosphorylation is essential for regulat-
ing transcriptional activity during mitotic and meiotic 
phases of spermatogenesis [110, 111, 113]. Within the 
adult human testis, chromatin accessibility, an indicator 
of chromatin remodelling through histone modification, 
is largely comparable between SSEA4+ undifferentiated 
spermatogonia and c-KIT+ differentiating spermatogonia, 
as demonstrated by ATAC-Seq analysis [115]. In contrast, 
significant changes in chromatin accessibility are evident 
during the transition from mitotic spermatogonia to mei-
otic spermatocytes in mouse [127]. Importantly, SCML2 
(a germline-specific Polycomb protein) has been identified 
as a key factor controlling chromatin closure in autosomes 
for gene suppression at later spermatogenic stages while 
facilitating de novo formation of accessible chromatin in 
sex chromosomes during meiosis [127].

Chromatin accessibility is determined by acetylation 
status of histones which in turn regulates expression of 
neighbouring genes [128]. Histone acetyltransferases 
(HATs) add acetyl groups to histones and are associ-
ated with transcriptional activation, while histone dea-
cetylases (HDACs) remove acetyl groups from histones 
and are associated with transcriptional repression [128]. 
Deregulation of histone acetylation in germ cells has been 
implicated in impaired spermatogenesis and infertility. For 
instance, human CDY and mouse CDYL are testis-specific 
acetyltransferase enzymes involved in H4 hyperacetylation 
during spermatid elongation. Lack of CDY expression is 
linked with infertility in man, signifying the importance 
of chromatin structure in spermatozoa maturation [129].

Core components within HDAC-containing complexes 
have been identified to play vital roles in spermatogenesis 
and fertility, for example, SIN3A [125, 130]. Conditional 
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germline deletion of Sin3a results in germ cell apopto-
sis during postnatal development and leads to a Sertoli 
cell-only phenotype in adulthood [125, 130]. Similarly, 
roles for enzymes that methylate or demethylate histone 
H3K4 in gene regulation processes essential for germline 
maintenance and spermatogenesis have been defined [131, 
132]. Methylation of histone H3K4 is linked with gene 
activation [131]. Loss of H3K4 demethylase KDM1A in 
spermatogonia results in aberrant expression of genes 
associated with SSC differentiation, meiotic initiation, and 
epigenetic regulation [132]. Conversely, germline deletion 
of H3K4 methyltransferase KMT2B disrupts spermato-
gonial differentiation [131, 133]. KMT2B is proposed to 
prime genes in undifferentiated spermatogonia for expres-
sion at later stages of spermatogenesis [131].

Chromatin remodelling is also regulated by polycomb 
group proteins that exist in two distinct complexes; polycomb-
repressive complexes 1 and 2 (PRC1 and PRC2), which con-
tain multiple distinct subunits [134]. PRC1 and PRC2 act to 
compact chromatin for gene silencing through monoubiquity-
lation of histone H2A and methylation of H3K27, respectively 
[134]. RNF2 is a key component within PRC1 and conditional 
knockout of Rnf2 in the germline disrupts PRC1 function 
resulting in infertility [96, 127, 134]. Transcriptome analysis of 
THY1+ undifferentiated spermatogonia and c-KIT+ differen-
tiating spermatogonia upon Rnf2 deletion revealed changes in 
expression of genes associated with spermatogonial differen-
tiation plus survival and meiotic progression [96]. The PRC2 
complex is comprised of EED, SUZ12, EZH1/2, and RbBP4/7 
and catalyses di- and trimethylation of histone H3K27 [134, 
135]. Disrupting PRC2 function through genetic loss of core 
components Eed or Suz12 depletes the H3K27me3 epigenetic 
mark in spermatocytes and results in defects in double-strand 
break repair plus chromosome synapsis, leading to meiotic 
arrest [135]. These data demonstrate the importance of PRC2 
during meiosis. Similarly, PRC2 component EZH2 is highly 
expressed in adult testis and germline deletion of Ezh2 resulted 
in increased spermatid apoptosis and declining sperm count 
with age. Evidence also indicates that EZH2 is required for 
balanced self-renewal and differentiation of undifferentiated 
spermatogonia [136]. However, the exact mechanisms by 
which EZH2 regulates spermatogonial function remain incom-
pletely understood.

Roles of additional epigenetic regulators in the male ger-
mline including the JUMNOJI (JMJ) family of histone dem-
ethylase proteins have been reported. Surprisingly, conditional 
knockout of the histone H3K27 demethylase Jmjd3 had lit-
tle apparent effect on H3K27me marks and fertility. Instead, 
Jmjd3 deletion disrupted cytoplasmic bridge formation among 
syncytial chains of spermatogonia [137]. Similarly, loss of the 
H3K9 demethylase JMJD1C did not change levels of H3K9me 
in spermatogonia and meiotic spermatocytes [138]. The unaf-
fected chromatin status in these mutants might suggest diverse 

roles played by JMJ proteins in the germline besides epigenetic 
regulation or functional redundancy [137, 138].

Together, these studies highlight the requirement for 
dynamic chromatin remodelling during spermatogenesis 
and demonstrate the importance of epigenetic regulation in 
germline maintenance and spermatogonial function.

Non‑coding RNAs in spermatogenesis

It is appreciated that a large fraction of transcripts does not 
encode for protein, i.e., are non-coding RNAs (ncRNA) 
[123, 139]. Most species of ncRNA are small, between 20 
and 35 nucleotides, and play important roles in regulating 
gene expression. These ncRNAs are divided into microRNA 
(miRNA), small interfering RNA (siRNA), Piwi-interact-
ing RNA (piRNA), and circular RNA (circRNA) [123, 
139–141]. Small ncRNAs have been profiled extensively in 
mouse testis [110, 142–145]. Testis-specific circRNAs were 
identified in germ cells at multiple stages of spermatogen-
esis [145]. CircRNAs lack 5′ and 3′ ends and are produced 
by a distinct type of alternative splicing [145]. However, 
not much is known about this new class of RNAs and their 
functional relevance in the germline [140, 145].

In contrast, miRNAs are abundant in the germline, espe-
cially within Type A spermatogonia of the juvenile testis 
[142]. Characterisation of these miRNAs has provided key 
insight into regulatory mechanisms of spermatogenesis and 
has been summarised in detail elsewhere [139]. Here, we 
highlight a few miRNAs known to be involved in SSC main-
tenance and differentiation. For instance, the expression of 
miRNA-21, 34c, 182, 183, and 146a was found to be selec-
tively enriched in THY1+ undifferentiated spermatogonia. 
Transient inhibition of miRNA-21 in cultured undifferen-
tiated spermatogonia disrupted cell growth [146], consist-
ent with described roles as an anti-apoptotic factor [147]. 
Transplantation of cultured undifferentiated spermatogonia 
transfected with miRNA-21 inhibitor showed a reduction 
in colony-forming efficiency, supporting a role for miRNA-
21 in maintenance of SSC activity [146]. Similarly, in vitro 
analysis of cultured spermatogonia identified miRNA-221, 
miRNA-222 and miRNA-202 as being responsive to the 
self-renewal factor GDNF [148, 149]. Reduced expression of 
these miRNAs results in upregulation of KIT expression and 
reduced self-renewal activity as assessed by transplantation 
[148, 149]. Accordingly, overexpression of miRNA-221/222 
suppressed Kit mRNA translation and blocked spermato-
gonial differentiation [148]. miRNA-202 plays key roles in 
spermatogenesis through direct binding and inhibition of 
translation of transcripts encoding for RNA-binding proteins 
involved in meiotic initiation including Rbfox2 and Cpeb1 
[149]. miRNA-26b is expressed at a substantially higher 
level within c-KIT+ differentiating spermatogonia than 
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undifferentiated spermatogonia and regulates differentiation 
through repressing Plzf expression and allowing Kit induc-
tion [150, 151]. Interestingly, miRNA-26b binds the Tet3 
transcript in cultured germ cells, encoding a critical enzyme 
for converting 5mC to 5hmC for removal of DNAme, sug-
gesting that miRNA-26b regulates spermatogonial differen-
tiation through modulation of 5hmC [151]. Together, these 
studies indicate the diverse mechanisms by which miRNAs 
regulate spermatogenesis.

piRNAs are between 21-32 nucleotides and directly bind 
PIWI family proteins (MIWI, MILI, and MIWI2) to mediate 
regulatory functions [141]. piRNA and PIWI are well-known 
for their role in repressing mobile transposable elements (TEs) 
to preserve germ cell genomic integrity [152–154]. Impor-
tantly, mouse spermatogenesis is dynamically regulated by 
piRNAs and PIWI. Pre-pachytene piRNAs are produced 
before birth plus during early postnatal development and bind 
MIWI2 and MILI for TE suppression [123, 141]. Deletion of 
Piwi family members Miwi2 or Mili resulted in male sterility 
due to increased germ cell apoptosis, defective meiotic initia-
tion, and enhanced TE expression [155–157]. Pachytene piR-
NAs are expressed by meiotic spermatocytes and bind MIWI 
and MILI to regulate spermiogenesis, e.g., Miwi mutants 
display spermatogenesis arrest at the round spermatid stage 
[158]. Subsequently, it has been demonstrated that during late 
spermatogenesis, MIWI is required for development and matu-
ration of spermatids [159, 160]. Therefore, tight regulation of 
the piRNA pathway is crucial for sustaining spermatogenesis. 
Mechanistic insights to the modes of piRNA regulation of 
germline maintenance and development have been reviewed 
previously [123, 141].

Long ncRNAs (lncRNA) are transcribed by RNA polymer-
ase II, typically > 200 bp in length and polyadenylated. lncR-
NAs are known to regulate RNA processing, X-chromosome 
inactivation, and gene imprinting through distinct mecha-
nisms [144]. In contrast to small ncRNAs that are appreci-
ated to play vital roles in mammalian spermatogenesis, little 
is known regarding the functional roles of lncRNA in germline 
maintenance and spermatogenesis. Interestingly, comparative 
analyses suggest that while lncRNA is less abundant than 
mRNA in germ cells at all stages of spermatogenesis, lncRNA 
expression is highly testis-specific compared to mRNAs [110, 
145, 161]. A small number of lncRNAs have characterised 
roles in murine spermatogenesis. Mrhl-lncRNA is involved 
in meiotic initiation and regulation of Wnt signalling in sper-
matogonia through modulation of DDX5, an RNA helicase 
that plays essential roles in germline maintenance and fertility 
[162–164]. Tsx-lncRNA regulates meiotic progression [165], 
Spga-lncRNA is involved in spermatogonial maintenance 
[143], and HongrES2 is required for maturation of sperma-
tozoa [166]. In addition, studies from Drosophila testis con-
firmed functional importance of testis-specific lncRNAs in 
regulating global gene expression during spermatogenesis 

[161]. However, the molecular mechanisms by which lncRNAs 
regulate spermatogenesis and fertility awaits further investi-
gation. Interestingly, high-throughput sequencing approaches 
have uncovered a large number of poorly characterised testis-
specific and spermatogenesis-stage specific lncRNAs [110, 
145], demonstrating the need for further studies in this area.

Spermatogonial differentiation

Mechanisms regulating SSC self-renewal are essential 
for germline maintenance and the focus of many studies. 
However, the ability of undifferentiated spermatogonia to 
differentiate successfully is of critical importance for the 
generation of large cohorts of cells to enter meiosis and the 
process of spermatogenesis [3, 167]. Spermatogonial dif-
ferentiation specifically refers to the irreversible transition 
of undifferentiated spermatogonia (As, Apr, Aal) to differ-
entiating A1-type spermatogonia. Only a subset of undif-
ferentiated spermatogonia is sensitive to differentiation 
stimuli and induced to convert into A1 spermatogonia each 
cycle of the seminiferous epithelium [53]. Transition from 
the undifferentiated to differentiating state is irreversible 
and regulated by retinoic acid (RA). Spermatogonial dif-
ferentiation is marked by cell-surface expression of c-KIT 
and induction of DNA methyltransferases that may silence 
genes involved in undifferentiated cell function [122, 168].

Spermatogonial differentiation involves cyclical regula-
tion by Sertoli cells, which change their gene expression 
pattern and function to support Aal differentiation and 
subsequent steps of spermatogenesis [169]. The critical 
regulator of cyclical spermatogonial differentiation and 
meiotic initiation is RA, an active metabolite of vitamin 
A. When mice and rats are placed on a vitamin A deficient 
(VAD) diet, insufficient RA is produced and the differen-
tiation of Aal–A1 cells is blocked [170, 171]. Importantly, 
re-administration of vitamin A into VAD mice resets the 
seminiferous epithelial cycle to stage VII, suggesting that 
RA signalling peaks at this stage to regulate multiple 
phases of spermatogenesis, particularly Aal–A1 transition 
and meiotic initiation [53, 167, 170].

The pulse of RA production and RA response of germ 
cells between stages VII and IX is regulated by dynamic 
expression of genes associated with RA metabolism and 
differential expression of RARs [53, 170, 172, 173]. RA 
signalling is suppressed in early stages of the cycle (II–VI) 
due to increased expression of RA storage enzymes (Lrat 
and Adfp). In contrast, during the later stages of the 
cycle (VII–I), co-ordinated expression of Stra6 in Ser-
toli cells and Aldh1a2 in spermatocytes promotes RA 
synthesis [170]. In addition, the cytochrome P450 fam-
ily 26 (CYP26) enzymes, which are involved in degrada-
tion of RA, are detected in germ and Sertoli cells in the 
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seminiferous tubules [174]. Knockout of CYP26 isoforms 
Cyp26a1 and Cyp26b1 in both Sertoli cells and germ cells 
results in subfertility [174]. Combined, these studies sup-
port the importance of periodic activation of RA signalling 
in germ cells between stages VII–VIII for the regulation 
of multiple stages of spermatogenesis.

The Aal–A1 spermatogonial transition

The initial step in the spermatogenic pathway involves the fate 
decision of SSCs to adopt a differentiation-primed progenitor 
cell state marked by NGN3 (see above) [55]. Ngn3 expres-
sion within the undifferentiated pool is largely, although not 
entirely, mutually exclusive with that of the SSC-associated 
marker Gfra1 and Aal cells are typically NGN3+ , while the 
majority of As and Apr are GFRα1+ [24, 34]. The differenti-
ation-primed nature of NGN3+ spermatogonia is associated 
with enhanced sensitivity of this population to RA compared 
to the GFRα1+ undifferentiated fraction [53]. Increased sen-
sitivity of NGN3+ vs. GFRα1+ cells to the differentiation-
inducing stimulus RA is found to be dependent on differen-
tial expression of the retinoic acid receptor gamma (RARγ), 
which is predominantly expressed within the NGN3+ undif-
ferentiated fraction [53]. Given the differentiation-destined 
fate of NGN3+ spermatogonia in steady-state testis, but their 
ability to contribute to the stem cell pool under regenerative 
conditions, the NGN3+ fraction can be viewed as a stem cell 
population that has gained differentiation competence rather 
than a transit-amplifying pool [24, 34, 53]. GFRα1+ cells 
have limited RARγ expression and hence are insensitive to 
the key differentiation signal [53]. Importantly, overexpres-
sion of RARγ within GFRα1+ cells in vivo promotes direct 
differentiation of GFRα1+ to c-KIT+ spermatogonia, which 
rarely occurs under homeostatic conditions [53]. These find-
ings highlight key differences between GFRα1+ and NGN3+ 
spermatogonia. Accordingly, RARγ functions as an intrinsic 
factor to regulate the response of undifferentiated spermato-
gonia to differentiation stimuli, and RARγ represents an addi-
tional marker for progenitor/differentiation-primed spermato-
gonia in vivo [53].

Based on the use of ID4 as an SSC marker, an alterna-
tive mechanism has been proposed to account for differing 
response of stem and progenitor fractions within the undif-
ferentiated pool to RA-induced differentiation. Namely, the 
distinct niche microenvironments of these populations dic-
tate RA responsiveness [175]. Both ID4+ and ID4− frac-
tions of Id4-GFP spermatogonial cultures expressed detecta-
ble levels of RA nuclear receptors including RARγ (although 
RARγ levels were substantially higher in ID4− progenitor 
vs. ID4+ stem fractions) and were induced to differentiate 
when treated with RA, arguing that both stem and progenitor 
spermatogonia are intrinsically sensitive to RA stimulation. 
Consistent with this observation, Id4-GFPbright (stem) and 

Id4-GFPdim (progenitor) spermatogonial fractions isolated 
directly from testis responded equivalently to RA ex vivo 
when in single-cell suspension. In contrast, when detuni-
cated but otherwise intact Id4-GFP testis was incubated with 
RA ex vivo, Id4-GFPbright stem cells did not differentiate, 
while Id4-GFPdim progenitors activated differentiation mark-
ers as efficiently as when treated in a single-cell suspension 
[175]. Together, these data indicate that SSCs are inherently 
sensitive to RA, but are selectively protected from this dif-
ferentiation-inducing stimulus by the testicular architecture 
and the microenvironment/niche.

These contrasting observations that cell-intrinsic or 
extrinsic mechanisms dictate the insensitivity of SSCs to RA 
are most likely due to the distinct experimental approaches, 
sources of samples for analysis and the stem/progenitor 
markers used. Ikami et al. primarily used lineage-tracing 
approaches in adults plus a VAD model of RA deprivation 
and vitamin A restimulation, which provides data relevant 
to in vivo homeostatic testis and presumably involved more 
physiological levels of RA stimulation [53]. Regardless, 
these studies provide evidence that the distinct fates of stem 
and progenitor spermatogonia are dictated by their differ-
ential sensitivity to RA, which is likely controlled by cell-
intrinsic and extrinsic mechanisms.

In addition to RARγ, a number of cell-intrinsic transcrip-
tion factors have also been implicated in spermatogonial 
differentiation. For instance, besides marking the differen-
tiation-primed undifferentiated fraction, NGN3 itself has 
been directly linked with SSC differentiation commitment 
downstream STAT3 signalling [54]. The bHLH transcrip-
tion factors SOHLH1 and SOHLH2 are primarily expressed 
in Aal chains and type A differentiating spermatogonia and 
are required for spermatogonial differentiation [176, 177]. 
Genetic loss of both Sohlh1 and Sohlh2 disrupts the transi-
tion from the undifferentiated to differentiating spermato-
gonial states and leads to an accumulation of abnormally 
long chains of GFRα1+ undifferentiated spermatogonia plus 
absence of differentiating c-KIT+ spermatogonia for meiotic 
progression, resulting in infertility [176, 177]. Interestingly, 
studies in neonatal mice demonstrate that endogenous RA 
signalling promotes translation of Sohlh1, Sohlh2, and Kit 
mRNA via activation of the PI3K/AKT/mTORC1 pathway 
[107, 178]. RA also induces expression of Sall4, encoding a 
transcription factor essential for spermatogonial differentia-
tion [179]. Therefore, RA is responsible for inducing multi-
ple distinct intrinsic regulators of differentiation.

Meiotic initiation

Besides promoting spermatogonial differentiation, RA is 
required for meiotic initiation during spermatogenesis [180, 
181]. In mice lacking the RA-responsive gene stimulated by 
retinoic acid 8 (Stra8), germ cell differentiation is blocked 
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at the meiotic prophase, indicating a critical role for RA-
dependent Stra8 expression in induction of meiosis [180]. 
Within adult mice, STRA8 is detected at low levels within 
the spermatogonia compartment (both PLZF+ and c-KIT+ 
cells), but the highest levels of STRA8 are found in prel-
eptotene spermatocytes [100, 181]. Interestingly, maximal 
Stra8 expression is observed during stages VI–VIII, which 
coincides with both induction of spermatogonial differen-
tiation and meiotic initiation [182, 183]. While the strong 
Stra8 expression in pre-meiotic spermatocytes is required for 
meiotic initiation, detection of Stra8 within spermatogonia 
suggests additional roles in promotion of spermatogonial 
differentiation [100, 180, 181]. Accordingly, in Stra8-defi-
cient mice, undifferentiated spermatogonia accumulate and 
differentiating spermatogonia are depleted [184].

While RA-induced Stra8 expression promotes both the 
induction of spermatogonial differentiation and meiotic ini-
tiation in stages VI–VIII, RA induces substantially lower 
levels of Stra8 in spermatogonia compared to pre-meiotic 
spermatocytes. As undifferentiated and B-type differentiat-
ing spermatogonia are presumably exposed to equivalent 
levels of RA during these seminiferous cycle stages, intrinsi-
cally expressed factors in these populations likely modulate 
their differential RA response [173, 181]. One such identi-
fied factor is doublesex and mab-3-related transcription fac-
tor 1 (DMRT1), which is prominently expressed in PLZF+ 
spermatogonia, but downregulated during spermatogonial 
differentiation [183]. Mechanistically, DMRT1 suppresses 
RA signalling and directly inhibits Stra8 expression in undif-
ferentiated spermatogonia while promoting Sohlh1 expres-
sion to drive spermatogonial proliferation and differentia-
tion. In contrast, reduced DMRT1 expression in pre-meiotic 
spermatocytes would allow maximal activation of RA sig-
nalling and Stra8 expression for meiotic initiation. Loss of 
Dmrt1 results in ectopic Stra8 expression in spermatogonia, 
which leads to skipping of the Aal–A1 transition and uncon-
trolled meiotic entry [183]. Therefore, DMRT1 functions as 
a master regulator of pre-meiotic cell transitions and a novel 
intrinsic inhibitor of the response to RA [183].

Germline regeneration

The mammalian male germline is highly sensitive to irradia-
tion and chemical alkylating agents such as busulfan. These 
cytotoxic treatments are commonly used in anti-cancer ther-
apy and place male patients at high risk of infertility. Effects 
of busulfan on the germline have mostly been characterised 
in rodent studies, where it causes rapid apoptosis of SSCs 
plus differentiating germ cells and disrupts spermatogen-
esis. The likelihood of fertility restoration following busul-
fan treatment is heavily dependent on dose of the drug and 
on numbers of surviving SSCs [41, 185]. In mice, very few 

SSCs persist following treatment with the highest non-lethal 
dose of busulfan (approx. 40 mg/kg) and animals essentially 
become infertile [6, 185]. Spermatogenic properties of the 
few SSCs capable of surviving high-dose busulfan are 
reportedly compromised and germ cell transplantation is an 
alternative and effective approach to restore spermatogenesis 
[25, 185]. Transplant studies have unequivocally confirmed 
that germline regeneration in this setting requires functional 
donor SSCs and a supportive recipient niche environment 
to re-establish spermatogenesis and restore fertility [186].

Germline regeneration from endogenous germ cells

Studies focused on the molecular mechanisms responsible 
for SSC-mediated germline regeneration following treatment 
with germ-cell-depleting agents are somewhat limited but an 
area of increasing attention in the field. Regenerative studies 
have primarily used a low dose of busulfan (10 mg/kg) to 
induce depletion of a majority of germ cells, including SSCs 
while leaving a small population of undifferentiated sper-
matogonia to restore the germline (Fig. 5) [6, 24, 34, 36, 41, 
185]. One of the first studies to examine in detail the dynam-
ics and contribution of undifferentiated spermatogonia during 
regeneration focused on the NGN3+ progenitor population 
[24]. Under homeostatic conditions, lineage-marked NGN3+ 
spermatogonia generate long-lived spermatogenic clones 
rarely given their differentiation-primed nature (see above). 
However, when mice were treated with busulfan following 
lineage marking NGN3+ cells, the number of long-lived 
spermatogenic clones increased substantially, indicating that 
the NGN3+ population contributes much more effectively 
to the SSC pool under regenerative vs. homeostatic condi-
tions [24]. Subsequent studies provided further evidence that 
NGN3+ differentiation-primed progenitors can revert back 
to a stem cell state following busulfan treatment and that this 
population makes important contributions to the regenerative 
response [24, 34]. While the direct reversion of NGN3+ to 
GFRα1+ SSCs has been inferred from lineage-tracing data, 
direct observation of this cellular transition from intravital 
imaging remains to be demonstrated [34].

Collectively, these studies demonstrate the fate plasticity 
of progenitors and their ability to regain stem cell activity 
following tissue damage [24, 34]. More recently, a subset 
of NGN3+ spermatogonia were characterised that were 
marked by piRNA-binding protein MIWI2 and comprised 
a large fraction of the GFRα1− undifferentiated cell popu-
lation [36]. Acute diphtheria-toxin (DTx)-mediated deple-
tion of MIWI2+ cells in adult knock-in mice expressing the 
DTx receptor from the Miwi2 locus resulted in dramatic loss 
of c-KIT+ spermatogonia without affecting the GFRα1+ 
SSC-enriched fraction. Accordingly, spermatogenesis was 
transiently disrupted following DTx treatment but ultimately 
recovered [36]. Combined, these data indicate that MIWI2+ 
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cells are not required for long-term germline maintenance 
and represent a transit-amplifying population of spermato-
gonia in homeostatic testis [36]. In contrast, depletion of 
MIWI2+ spermatogonia substantially delayed spermato-
genic recovery following busulfan treatment, indicating that 
the MIWI2+ population is required for effective germline 
regeneration upon damage. Specifically, while the seminifer-
ous epithelium of controls had recovered by 12 weeks post-
busulfan, minimal recovery was observed in mice in which 

MIWI2+ cells had been acutely depleted even at 24 week 
post-injury [36]. This elegant study supports conclusions 
from lineage-tracing studies of NGN3+ spermatogonia that 
undifferentiated cells destined to differentiate in undisturbed 
testis make key contributions to the stem cell compartment 
and germline regeneration following tissue damage [36]. 
While the exact mechanisms by which committed progeni-
tors contribute to testis regeneration remains unclear, it is 

Fig. 5   Germline regeneration following germ  cell depletion. The 
male germline is highly sensitive to radiation, chemotherapeutic 
agents and other genotoxic insults. Busulfan is an alkylating agent 
commonly used in cancer therapy and depletes germline cells includ-
ing SSCs in a dose-dependent manner. In adult male mice, a low 
dose of busulfan (10 mg/kg) depletes the majority of differentiating 
spermatogonia and a large proportion of undifferentiated cells. Ger-
mline regeneration and restoration of fertility are driven by undif-
ferentiated spermatogonia that persist following busulfan treatment. 
Fertility recovery upon extensive SSC depletion can be achieved by 
microinjection of undifferentiated spermatogonia into the seminifer-
ous tubules. Donor SSCs migrate through Sertoli cell tight junctions 
to the niche and can generate long-lived spermatogenic colonies. 
Primitive fractions of undifferentiated spermatogonia, such as those 

marked by ID4, PDX1 and GFRα1 have potent transplantation capa-
bilities. However, differentiation-primed/committed undifferentiated 
fractions marked by NGN3, MIWI2 and an Oct4-GFP transgene also 
generate persistent spermatogenic colonies when transplanted, albeit 
at lower frequency than fractions enriched in steady-state stem cells. 
Cell-intrinsic pathways that regulate SSC-mediated germline regener-
ation are poorly understood. Following germ cell depletion by busul-
fan, production of niche factor GDNF is substantially enhanced and 
is considered critical for effective germline recovery. Spermatogonial 
populations capable of germline regeneration following low dose 
busulfan from endogenous cells (left) and from transplanted donor 
cells after extensive SSC depletion with high-dose busulfan (right) 
are indicated
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proposed that progenitor-to-stem reversion occurs under 
these conditions [24, 34, 36, 187].

Other studies of relevance focused on the role of PAX7+ 
and EOMES+ undifferentiated spermatogonia in germline 
recovery following chemotherapy (busulfan) [6, 60]. Strik-
ingly, PAX7+ and EOMES+ cells appeared selectively 
resistant to genotoxic damage and the population actively 
proliferated and transiently expanded after injury. Impor-
tantly, lineage-tracing analysis confirmed the contribution 
of PAX7+ and EOMES+ spermatogonia to spermatogenic 
recovery following busulfan [6, 60]. Combined, these data 
suggest that PAX7 and EOMES mark “repopulating stem 
cells” that have been proposed to mediate tissue recovery 
following genotoxic damage [188]. While there are limited 
studies focused on SSC dynamics during regeneration, it 
is evident that both stem and progenitor populations resist-
ant to genotoxic damage contribute to germline recovery 
and that spermatogonial behaviour and fate can be dramati-
cally distinct under homeostatic vs. regenerative conditions. 
Importantly, injury-induced plasticity in committed progeni-
tor populations, reversion to a stem cell state and contribu-
tion to tissue regeneration are commonly observed in multi-
ple epithelial tissues of the skin, gastrointestinal tract, lung, 
and stomach (detailed review in [38]).

Germline regeneration from transplanted germ cells

The transplantation assay is regularly used to define SSC 
function and is, in essence, a test of the regenerative capacity 
of exogenous germ cell populations. Following successful 
development of germ cell transplantation in mice [23, 25], 
studies have taken advantage of this assay to characterise 
SSC activity and interactions of SSCs with the niche [33, 
189]. Due to a lack of available markers to purify SSCs 
when the transplantation assay was initially developed, germ 
cells from cryptorchid testis or pups were typically used as 
an effective donor cell source given relative enrichment in 
undifferentiated spermatogonia [33, 190, 191]. Successful 
germline regeneration following transplantation involves 
migration of microinjected donor SSCs from the lumen of 
the seminiferous tubules, across Sertoli cell tight junctions 
to the basement membrane, where self-renewal and differ-
entiation are subsequently initiated. This process of SSC 
homing to the niche microenvironment is highly inefficient 
and it is estimated that only approx. 12% of transplanted 
cells with SSC activity successfully home and generate 
donor spermatogenic colonies [33]. During the first week 
after transplant, approx. 75% of transplanted SSCs are lost, 
potentially through apoptosis. Furthermore, SSCs have to 
migrate through tight junctions between Sertoli cells in a 
direction opposite to that of germ cells in intact testis to 
arrive at the niche, an entirely non-physiological process. 
When SSCs successfully arrive at the basement membrane, 

they actively proliferate and expand laterally and repopulate 
the basal layer by 1-month post-transplant. Depending on the 
niche environment, transplanted SSCs could be short lived or 
function as long-term stem cells [189]. By 2–3 months fol-
lowing transplantation, established colonies have increased 
in length and successfully completed spermatogenesis [33].

Due to the strong dependence of SSCs on a testis niche 
and the key role played by Sertoli cells in forming the niche, 
the functional maturation of Sertoli cells that occurs during 
postnatal testis development has a great impact on colonisa-
tion efficiency of transplanted stem cells. Studies have shown 
that early postnatal testis (5–12 days) provides an optimal 
niche environment for stem cell colonisation. Regardless 
of whether donor cells originated from pup or adult testis, 
when pups rather than adults were used as recipients, SSC 
colonisation efficiency and colony growth were substantially 
enhanced. Specifically, approx. ninefold more colonies were 
formed in pup vs. adult recipient testis and resultant colo-
nies were fourfold larger [32]. This striking difference in 
transplantation efficiency was ascribed to the lack of tight 
junctions between immature Sertoli cells in pup testis, 
which form between 10 and 12 days postnatally and in adults 
impede SSC homing to the niche. In addition, expansion of 
the Sertoli cell population during postnatal development gen-
erates a larger niche environment for stem cell colonisation 
[31, 32]. Interestingly, transplanted germ cells derived from 
neonatal (PND0-2), pup (PND5-12), and cryptorchid adult 
(14–20 weeks) demonstrated a dramatic stepwise increase 
in the number of functional SSCs during development (a 
39-fold increase from neonate to adult), suggesting that adult 
testes are more enriched in SSCs [32]. Collectively, these 
data indicate that during postnatal testis development, acces-
sibility of the niche for transplantation purposes decreases, 
but SSC numbers expand and reach a peak in adulthood [32]. 
It is important to note that successful depletion of endog-
enous germ cells in the recipient testis is critical for efficient 
SSC colonisation as donor SSCs compete with endogenous 
SSCs for access to the niche [31, 32]. Moreover, levels of the 
key niche factor GDNF are significantly elevated upon busul-
fan-mediated germ cell depletion, which will drive homing 
and expansion of donor SSCs [40, 41, 82].

As discussed above, effective germline regeneration is 
dependent on the ability of transplanted SSCs to home to 
a suitable niche in the seminiferous epithelium basal layer. 
The concept of stem cell homing upon transplantation is 
studied extensively in the haematopoietic system, where 
transplanted haematopoietic stem cells (HSCs) find their 
way to the appropriate niche in bone marrow of irradiated 
recipients to restore the whole haematopoietic lineage [192, 
193]. Successful HSC homing involves a variety of adhe-
sion molecules (e.g., CD44, VCAM, and integrin VLA-4), 
extracellular matrix components (e.g., hyaluronic acid), and 
chemokines (e.g., CXCL12) [193]. Based on cell sorting and 
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transplantation studies, SSCs are known to express surface 
markers with roles in adhesion to extracellular matrix and 
cell–cell adhesion including α6-integrin, β1-integrin, and 
E-Cadherin [190, 194]. Both α6-integrin and β1-integrin are 
involved in binding of cultured SSCs to laminin, a core com-
ponent of the seminiferous tubule basement membrane [190, 
194, 195]. Transplantation analysis confirmed essential roles 
of β1-integrin in attachment of exogenous SSCs to the base-
ment membrane in recipient testis. SSCs lacking β1-integrin 
can migrate to the basal lamina, but rapidly disappear from 
the basement membrane [195]. In contrast, the absence of 
E-cadherin expression in transplanted SSCs did not affect 
SSC homing and generation of spermatogenic colonies 
[195]. Following identification of a role for β1-integrin in 
retention of transplanted SSCs at the niche in vivo, involve-
ment of the small GTPase RAC in migration of SSCs across 
Sertoli cell tight junctions and homing was characterised 
[196]. RAC is activated in response to integrin-mediated 
adhesion and is required for HSC homing to the bone mar-
row niche [197]. SSCs lacking RAC were unable to colo-
nize adult recipients; however, the defects in SSC homing 
can be rescued by transplantation into immature pup tes-
tis (PND5-10) lacking Sertoli cell tight junctions [196]. A 
subsequent study that reconstructed the SSC niche in vitro 
identified essential roles for CXCL12-CXCR4 and GDNF-
GFRα1/Ret signalling in SSC homing [82]. PLZF+ As and 
Apr express the CXCR4 receptor, while Sertoli cells express 
ligand CXCL12. Interestingly, while SSCs lacking Cxcr4 or 
expressing dominant negative Ret proliferate at a similar rate 
to WT SSCs in vitro, they produce significantly fewer colo-
nies when transplanted, supporting key roles of CXCL12 and 
GDNF in promoting SSC homing. Importantly, transducing 
Sertoli cells with lentiviral vectors expressing CXCL12 pro-
vide an improved supportive niche for transplanted SSCs, 
resulting in a twofold increase in colony formation compared 
to control recipient testis. Interestingly, however, transduc-
tion of Sertoli cells with a Gdnf-expressing vector did not 
enhance colony formation. Together, these studies indicate 
that GDNF and CXCL12 from Sertoli cells are involved 
in SSC homing [82]. Furthermore, the RAC1 is required 
for migration of transplanted SSCs across Sertoli cell tight 
junctions in adults, while β1-integrin is important for SSC 
attachment to the tubule basement membrane. These data 
support the critical influence of the recipient niche environ-
ment in determining efficiency of SSC colonisation upon 
transplantation [82, 195, 196].

SSCs in humans and other primates

Our current understanding of mammalian spermatogen-
esis and SSC regulation are mainly derived from studies in 
rodents. Similar to the mouse system, type A undifferentiated 

spermatogonia are present on the basement membrane of 
seminiferous tubules in primate testes and spermatogenesis 
operates in a synchronized and cyclic pattern [198]. Undif-
ferentiated spermatogonia in primates are referred to as Adark 
and Apale cells based on nuclear architecture and staining 
intensity for haematoxylin [199–201]. Spermatogonial dif-
ferentiation in rhesus monkeys produces type B1 spermato-
gonia that undergo further rounds of division to produce B2, 
B3, and B4 cells prior to initiating meiosis. Each seminif-
erous epithelial cycle is approximately 10-14 days in non-
human primates and 16 days in man; complete spermatogen-
esis takes 37–47 days and 64 days in non-human primates 
and man, respectively [198]. Furthermore, in comparison 
to the 12 stages in mice, the seminiferous epithelium of pri-
mates can be divided into 9–12 stages in most non-human 
primates, while only six stages have been identified in chim-
panzees and men [198]. In contrast to the highly organised 
spermatogenic layers that are specific to a given stage in 
regions of rodent seminiferous epithelium, the epithelium 
of primates displays multiple stages within a single-tubule 
cross section [198].

Spermatogonial hierarchy and germline 
regeneration in primates

Adark spermatogonia have been proposed to function as 
reserve stem cells due to their low mitotic activity, whereas 
Apale are actively proliferating and thought to function as 
“active stem cells” or “renewing progenitors” [199]. Both 
Adark and Apale were frequently observed as chains of 2 
(20.7%) or 4 (40.7%) cells based on camera lucida drawings 
by Clermont in 1969 [199]. Similar to the GFRα1+ SSC-
enriched undifferentiated population in mice, the number of 
Adark spermatogonia is constant throughout the seminiferous 
cycle in primates, while the number of Apale cells is cycle-
dependent and peaks at stages VI–VIII, coinciding with the 
onset of spermatogonial differentiation. Importantly, Apale 
spermatogonia were found to undergo two rounds of divi-
sion per seminiferous cycle, one to renew the Apale popula-
tion around stage VII and one to generate differentiating B1 
around stage IX [200]. Interestingly, Adark of rhesus testis 
appeared to be resistant to irradiation (X-irradiation), while 
the Apale population was almost entirely depleted by this 
DNA-damaging insult. Regeneration of the seminiferous 
epithelium following irradiation evidently involved differ-
entiation/conversion of Adark to Apale as a dramatic reduc-
tion in numbers of Adark was observed together with a con-
comitant increase in numbers of Apale cells [202]. Together, 
these preliminary studies in primates indicated that Adark 
spermatogonia are reserve stem cells as they are resistant to 
irradiation and activated only under regenerative conditions. 
In contrast, current data suggests that Apale spermatogonia 
support steady-state spermatogenesis and are sensitive to 
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irradiation. It should be noted that Adark and Apale may not 
necessarily represent distinct subpopulations of undifferen-
tiated spermatogonia but could also simply reflect distinct 
mitotic or cellular states [199, 200]. Considering the above 
experiments were primarily observational studies with lim-
ited functional assessment, roles of Adark and Apale under 
steady-state conditions remain poorly understood. Further-
more, a lack of unique molecular markers to distinguish 
Adark and Apale cells hinders analysis of the topological 
arrangement and heterogeneity of primate stem and progeni-
tor spermatogonia.

Functional analysis of primate SSCs

Primate SSCs can be identified retrospectively by xenotrans-
plantation, in which primate testis cells are transplanted 
into immune-deficient nude mice that have been treated 
with busulfan to deplete endogenous germ cells [203]. A 
combination of fluorescence activated cell sorting (FACS) 
and xenotransplantation assays have been used to identify 
SSC-enriched rhesus germ cell populations. Interestingly, a 
subset of juvenile rhesus spermatogonia expresses THY1, a 
cell-surface marker used to isolate mouse SSCs [77, 204]. 
Expression of genes associated with a primitive germ cell 
state including GFRA1 and PLZF are enriched in the 
THY1+ cell fraction from rhesus testis [204]. Importantly, 
when transplanted into immune-deficient mice, THY1+ 
spermatogonia from juvenile rhesus monkeys colonize the 
seminiferous tubule basal layer and form interconnected 
chains of spermatogonia [204]. Similarly, a subset of adult 
rhesus spermatogonia is positive for stage specific embry-
onic antigen 4 (SSEA4) and transplanted SSEA4+ cells suc-
cessfully colonize the basal layer of recipient mouse testis 
[205, 206]. While transplanted rhesus germ cells could not 
complete spermatogenesis in mouse testis presumably due to 
the large evolutionary distance, it is remarkable that primate 
stem cells are still able to successfully migrate to the base-
ment membrane in mouse tubules and that mouse Sertoli 
cells are able to support initial colonisation [203, 204, 206, 
207].

Characterisation of primate stem and progenitor 
spermatogonia

Taking advantage of makers associated with stem, progeni-
tor and differentiating cells identified from mouse testis, 
populations of adult rhesus spermatogonia were found to 
express GFRΑ1, PLZF, NGN3 and KIT [204]. As might 
be expected, the degree of overlap in expression between 
markers varies between rodent and primate spermatogonia 
[204, 207]. In adult rhesus testis, approx. 80% of GFRα1+ 
spermatogonia express PLZF, while NGN3 exhibits limited 
expression within adult PLZF+ spermatogonia but shows 

a high degree of overlap in expression with differentiation 
marker c-KIT (67% of NGN3+ cells are c-KIT +) [204]. 
Importantly, almost all Adark spermatogonia and approx. 
50% of Apale in adult rhesus testis are GFRα1+ PLZF+ 
NGN3− and c-KIT−; a marker combination associated with 
an SSC-enriched population in mice [198, 204]. Assuming 
these genes mark a similar population of spermatogonia in 
primates as in mice, it is proposed that SSCs in primates 
are more abundant than in rodents, possibly due to a more 
limited number of transit-amplifying progenitor spermato-
gonia in primates [204]. Several other markers identified in 
the mouse germline as being associated with SSC fractions 
were confirmed to be expressed in primate undifferenti-
ated (Adark and Apale) spermatogonia, including α6-integrin, 
OCT4, SALL4 and THY1 [204–209].

Xenotransplantation assays demonstrated that stem cell 
activity is enriched in α6-INTEGRIN+ human testis cell 
populations [209]. Similar to non-human primates, SSEA4 is 
also expressed in undifferentiated spermatogonia with trans-
plantation activity in humans [206, 210]. A previous report 
utilised SSEA4 to isolate and characterise molecular features 
of human SSCs by chromatin and single-cell RNA sequenc-
ing approaches [116]. However, while SSEA4+ spermatogo-
nia represent a subset of undifferentiated spermatogonia with 
enriched stem cell activity, it remains unclear whether the 
entire SSC pool in humans is identified by SSEA4 expres-
sion (see below). One of the advantages of single-cell RNA-
Seq analysis is the ability to use algorithms such as Monocle 
to order cells into a predicted developmental pathway (pseu-
dotime) that indicates progression through the differentiation 
pathway [211]. This approach allows mapping of testis cells 
with similar gene expression profiles into discrete clusters, 
representing distinct somatic cell types and differentiation 
stages of germ cells. Accordingly, novel gene expression 
signatures associated with each cell cluster or population 
can be identified [212].

From a recent detailed single-cell study of unselected 
human testis cells, clustering analysis of identified sper-
matogonia (including SSCs and differentiating spermato-
gonia) revealed five distinct transcriptional states. State 
0 and State 1 are predicted to represent human SSCs and 
express ID4, FGFR3, TCF3 plus UTF1, while States 2, 3 
and 4 represent progenitor and differentiating spermatogo-
nia and express MKI67 plus KIT [212]. Interestingly, genes 
associated with differentiation-primed spermatogonia in 
mouse such as Utf1 and Piwil4, are highly upregulated in 
the State 0 population, which is predicted to be a primitive 
and quiescent stem cell state in humans [30, 36, 209, 212]. 
State 0 cells have strong transcriptional similarities with 
infant germ cells, confirming their primitive nature [212]. 
State 0 cells also express low levels of GFRA1 and SSEA4, 
previously used to identify stem cell-enriched fractions in 
primates and expression of these markers is selectively 
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enriched in State 1. RNA velocity analysis and chromatin 
profiling suggest the ability of spermatogonia in States 0, 
1 and 2 to dynamically interconvert, consistent with previ-
ous studies of mouse undifferentiated cell fractions [5, 24, 
30, 34]. Immunostaining analysis confirmed the existence 
of State 0 and State 1 populations marked by GFRα1low/
UTF1high and GFRα1high/UTF1low, respectively. Notably, 
State 2 cells upregulate cell cycle related genes including 
MKI67 indicating they are actively proliferating [115]. 
Therefore, despite some apparent discrepancies in expres-
sion patterns of stem and progenitor cell markers between 
mouse and human male germlines, single-cell RNA-Seq 
is proving a powerful approach to understand transcrip-
tomic landscapes in mammalian spermatogenesis, cellular 
hierarchy and germ cell dynamics. However, functional 
studies are still required to validate these computational 
predictions and place them in a biological context.

Conclusions

Sustained spermatogenesis and adult male fertility are 
critically dependent on the maintenance of SSC function. 
Evidence indicates that SSC activity and fate are tightly 
regulated by a complex array of cell-intrinsic and niche-
derived factors. Advances in molecular analysis tech-
niques plus the development of lineage-tracing models 
and mathematical simulation have provided unique and 
unprecedented insight into the behaviour and dynamics 
of the SSC population. In homeostatic conditions, a strict 
hierarchy appears to operate within the spermatogonial 
population with a small subset of undifferentiated cells 
acting as the self-renewing compartment. However, upon 
activation of an injury-induced regenerative response, pro-
genitor spermatogonia that are differentiation-committed 
in undisturbed tissue can revert back to an SSC state and 
help restore the seminiferous epithelium. The ability of 
committed progenitors to dedifferentiate to a stem cell 
state and contribute to tissue repair and regeneration is 
observed in multiple adult tissues including the epider-
mis, liver and epithelia of gastrointestinal tissue and lung 
[38]. While intrinsic pathways and/or extrinsic niche fac-
tors that regulate fate plasticity of committed progenitors 
in the male germline remain only partially understood, 
such mechanisms ensure that both injury-resistant stem 
cells and progenitors mediate germline regeneration and 
the efficient restoration of fertility. Manipulation of the 
cellular pathways underpinning these dramatic switches in 
spermatogonial fate could provide the basis for therapies 
aimed at enhancing fertility recovery in males following 
treatment with genotoxic drugs.

Acknowledgements  We would like to thank Julien Legrand for helpful 
discussions and comments. An ARC Future Fellowship (FT140101029) 
supported R. M. H. and H. M. L. is supported by an Australian Govern-
ment Research Training Program (RTP) Scholarship. The Australian 
Regenerative Medicine Institute is supported by grants from the State 
Government of Victoria and Australian Government.

References

	 1.	 Russell LD, Ettlin RA, Sinha Hikim AP, Clegg ED 
(1990) Histological  and histopathological  evalua-
tion of the testis. Cache River Press, Clearwater. https​
://doi.org/10.1111/j.1365-2605.1993.tb011​56.x (ISBN: 
0-9627422-0-1)

	 2.	 de Rooij DG, Russell LD (2000) All you wanted to know about 
spermatogonia but were afraid to ask. J Androl 21:776–798

	 3.	 de Rooij DG (2017) The nature and dynamics of spermato-
gonial stem cells. Development 144:3022–3030. https​://doi.
org/10.1242/dev.14657​1

	 4.	 Helsel AR, Yang QE, Oatley MJ, Lord T, Sablitzky F, Oat-
ley JM (2017) ID4 levels dictate the stem cell state in mouse 
spermatogonia. Development 144:624–634. https​://doi.
org/10.1242/dev.14692​8

	 5.	 Hara K, Nakagawa T, Enomoto H, Suzuki M, Yamamoto M, 
Simons BD, Yoshida S (2014) Mouse spermatogenic stem cells 
continually interconvert between equipotent singly isolated 
and syncytial states. Cell Stem Cell 14:658–672. https​://doi.
org/10.1016/j.stem.2014.01.019

	 6.	 Aloisio GM, Nakada Y, Saatcioglu HD, Pena CG, Baker MD, 
Tarnawa ED, Mukherjee J, Manjunath H, Bugde A, Sengupta 
AL, Amatruda JF, Cuevas I, Hamra FK, Castrillon DH (2014) 
PAX7 expression defines germline stem cells in the adult testis. 
J Clin Investig 124:3929–3944. https​://doi.org/10.1172/JCI75​
943

	 7.	 Oatley JM, Brinster RL (2008) Regulation of spermatogonial 
stem cell self-renewal in mammals. Annu Rev Cell Dev Biol 
24:263–286. https​://doi.org/10.1146/annur​ev.cellb​io.24.11070​
7.17535​5

	 8.	 Phillips BT, Gassei K, Orwig KE (2010) Spermatogonial stem 
cell regulation and spermatogenesis. Philos Trans R Soc Lond B 
Biol Sci 365:1663–1678. https​://doi.org/10.1098/rstb.2010.0026

	 9.	 Griswold MD (1998) The central role of Sertoli cells in sper-
matogenesis. Semin Cell Dev Biol 9:411–416. https​://doi.
org/10.1006/scdb.1998.0203

	 10.	 de Rooij DG (2009) The spermatogonial stem cell niche. Microsc 
Res Tech 72:580–585. https​://doi.org/10.1002/jemt.20699​

	 11.	 Oatley MJ, Racicot KE, Oatley JM (2011) Sertoli cells dictate 
spermatogonial stem cell niches in the mouse testis. Biol Reprod 
84:639–645. https​://doi.org/10.1095/biolr​eprod​.110.08732​0

	 12.	 Yoshida S (2010) Stem cells in mammalian spermatogen-
esis. Dev Growth Differ 52:311–317. https​://doi.org/10.1111/
j.1440-169X.2010.01174​.x

	 13.	 de Rooij DG, Grootegoed JA (1998) Spermatogonial stem 
cells. Curr Opin Cell Biol 10:694–701

	 14.	 Lok D, Weenk D, De Rooij DG (1982) Morphology, prolifera-
tion, and differentiation of undifferentiated spermatogonia in 
the Chinese hamster and the ram. Anat Rec 203:83–99. https​
://doi.org/10.1002/ar.10920​30109​

	 15.	 De Rooij DG (1988) Regulation of the proliferation of sper-
matogonial stem cells. J Cell Sci Suppl 10:181–194

	 16.	 de Rooij DG (1998) Stem cells in the testis. Int J Exp Pathol 
79:67–80

https://doi.org/10.1111/j.1365-2605.1993.tb01156.x
https://doi.org/10.1111/j.1365-2605.1993.tb01156.x
https://doi.org/10.1242/dev.146571
https://doi.org/10.1242/dev.146571
https://doi.org/10.1242/dev.146928
https://doi.org/10.1242/dev.146928
https://doi.org/10.1016/j.stem.2014.01.019
https://doi.org/10.1016/j.stem.2014.01.019
https://doi.org/10.1172/JCI75943
https://doi.org/10.1172/JCI75943
https://doi.org/10.1146/annurev.cellbio.24.110707.175355
https://doi.org/10.1146/annurev.cellbio.24.110707.175355
https://doi.org/10.1098/rstb.2010.0026
https://doi.org/10.1006/scdb.1998.0203
https://doi.org/10.1006/scdb.1998.0203
https://doi.org/10.1002/jemt.20699
https://doi.org/10.1095/biolreprod.110.087320
https://doi.org/10.1111/j.1440-169X.2010.01174.x
https://doi.org/10.1111/j.1440-169X.2010.01174.x
https://doi.org/10.1002/ar.1092030109
https://doi.org/10.1002/ar.1092030109


4096	 H. M. La, R. M. Hobbs 

1 3

	 17.	 Oakberg EF (1971) Spermatogonial stem-cell renewal in 
the mouse. Anat Rec 169:515–531. https​://doi.org/10.1002/
ar.10916​90305​

	 18.	 Huckins C (1971) The spermatogonial stem cell population in 
adult rats. I. Their morphology, proliferation and maturation. 
Anat Rec 169:533–557. https​://doi.org/10.1002/ar.10916​90306​

	 19.	 Yoshida S (2018) Regulatory mechanism of spermatogenic stem 
cells in mice: their dynamic and context-dependent behavior. In: 
Kobayash K, Kitano T, Iwao Y, Kondo M (eds) Reproductive and 
developmental strategies. Springer, Tokyo, pp 47–67

	 20.	 Ahmed EA, de Rooij DG (2009) Staging of mouse seminifer-
ous tubule cross-sections. Methods Mol Biol 558:263–277. 
https​://doi.org/10.1007/978-1-60761​-103-5_16

	 21.	 Chan AL, La HM, Legrand JMD, Makela JA, Eichenlaub M, 
De Seram M, Ramialison M, Hobbs RM (2017) Germline stem 
cell activity is sustained by SALL4-dependent silencing of dis-
tinct tumor suppressor genes. Stem Cell Rep 9:956–971. https​
://doi.org/10.1016/j.stemc​r.2017.08.001

	 22.	 Lord T, Oatley JM (2017) A revised Asingle model to explain 
stem cell dynamics in the mouse male germline. Reproduction 
154:R55–R64. https​://doi.org/10.1530/REP-17-0034

	 23.	 Brinster RL, Zimmermann JW (1994) Spermatogenesis follow-
ing male germ-cell transplantation. Proc Natl Acad Sci USA 
91:11298–11302

	 24.	 Nakagawa T, Nabeshima Y, Yoshida S (2007) Functional iden-
tification of the actual and potential stem cell compartments 
in mouse spermatogenesis. Dev Cell 12:195–206. https​://doi.
org/10.1016/j.devce​l.2007.01.002

	 25.	 Brinster RL, Avarbock MR (1994) Germline transmission of 
donor haplotype following spermatogonial transplantation. 
Proc Natl Acad Sci USA 91:11303–11307

	 26.	 Brinster RL (2002) Germline stem cell transplantation and 
transgenesis. Science 296:2174–2176. https​://doi.org/10.1126/
scien​ce.10716​07

	 27.	 Oatley JM, Avarbock MR, Telaranta AI, Fearon DT, Brinster 
RL (2006) Identifying genes important for spermatogonial 
stem cell self-renewal and survival. Proc Natl Acad Sci USA 
103:9524–9529. https​://doi.org/10.1073/pnas.06033​32103​

	 28.	 Oatley MJ, Kaucher AV, Racicot KE, Oatley JM (2011) Inhibi-
tor of DNA binding 4 is expressed selectively by single sper-
matogonia in the male germline and regulates the self-renewal 
of spermatogonial stem cells in mice. Biol Reprod 85:347–356. 
https​://doi.org/10.1095/biolr​eprod​.111.09133​0

	 29.	 Garbuzov A, Pech MF, Hasegawa K, Sukhwani M, Zhang RJ, 
Orwig KE, Artandi SE (2018) Purification of GFRalpha1+ 
and GFRalpha1− spermatogonial stem cells reveals a niche-
dependent mechanism for fate determination. Stem Cell Rep 
10:553–567. https​://doi.org/10.1016/j.stemc​r.2017.12.009

	 30.	 La HM, Makela JA, Chan AL, Rossello FJ, Nefzger CM, 
Legrand JMD, De Seram M, Polo JM, Hobbs RM (2018) 
Identification of dynamic undifferentiated cell states within the 
male germline. Nat Commun 9:2819. https​://doi.org/10.1038/
s4146​7-018-04827​-z

	 31.	 Shinohara T, Orwig KE, Avarbock MR, Brinster RL (2002) 
Germ line stem cell competition in postnatal mouse testes. Biol 
Reprod 66:1491–1497

	 32.	 Shinohara T, Orwig KE, Avarbock MR, Brinster RL (2001) 
Remodeling of the postnatal mouse testis is accompanied 
by dramatic changes in stem cell number and niche acces-
sibility. Proc Natl Acad Sci USA 98:6186–6191. https​://doi.
org/10.1073/pnas.11115​8198

	 33.	 Nagano M, Avarbock MR, Brinster RL (1999) Pattern and 
kinetics of mouse donor spermatogonial stem cell coloniza-
tion in recipient testes. Biol Reprod 60:1429–1436

	 34.	 Nakagawa T, Sharma M, Nabeshima Y, Braun RE, Yoshida S 
(2010) Functional hierarchy and reversibility within the murine 

spermatogenic stem cell compartment. Science 328:62–67. 
https​://doi.org/10.1126/scien​ce.11828​68

	 35.	 Gradwohl G, Dierich A, LeMeur M, Guillemot F (2000) neu-
rogenin3 is required for the development of the four endo-
crine cell lineages of the pancreas. Proc Natl Acad Sci USA 
97:1607–1611

	 36.	 Carrieri C, Comazzetto S, Grover A, Morgan M, Buness A, 
Nerlov C, O’Carroll D (2017) A transit-amplifying population 
underpins the efficient regenerative capacity of the testis. J Exp 
Med 214:1631–1641. https​://doi.org/10.1084/jem.20161​371

	 37.	 Vasiliauskaite L, Berrens RV, Ivanova I, Carrieri C, Reik W, 
Enright AJ, O’Carroll D (2018) Defective germline reprogram-
ming rewires the spermatogonial transcriptome. Nat Struct Mol 
Biol 25:394–404. https​://doi.org/10.1038/s4159​4-018-0058-0

	 38.	 Wells JM, Watt FM (2018) Diverse mechanisms for endogenous 
regeneration and repair in mammalian organs. Nature 557:322–
328. https​://doi.org/10.1038/s4158​6-018-0073-7

	 39.	 Snippert HJ, Clevers H (2011) Tracking adult stem cells. EMBO 
Rep 12:113–122. https​://doi.org/10.1038/embor​.2010.216

	 40.	 Ryu BY, Orwig KE, Oatley JM, Avarbock MR, Brinster RL 
(2006) Effects of aging and niche microenvironment on sper-
matogonial stem cell self-renewal. Stem Cells 24:1505–1511. 
https​://doi.org/10.1634/stemc​ells.2005-0580

	 41.	 Zohni K, Zhang X, Tan SL, Chan P, Nagano MC (2012) The 
efficiency of male fertility restoration is dependent on the recov-
ery kinetics of spermatogonial stem cells after cytotoxic treat-
ment with busulfan in mice. Hum Reprod 27:44–53. https​://doi.
org/10.1093/humre​p/der35​7

	 42.	 Sakai M, Masaki K, Aiba S, Tone M, Takashima S (2018) 
Expression dynamics of self-renewal factors for spermatogonial 
stem cells in the mouse testis. J Reprod Dev 64:267–275. https​
://doi.org/10.1262/jrd.2018-015

	 43.	 Hsu YC (2015) Theory and practice of lineage tracing. Stem 
Cells 33:3197–3204. https​://doi.org/10.1002/stem.2123

	 44.	 Simons BD, Clevers H (2011) Strategies for homeostatic stem 
cell self-renewal in adult tissues. Cell 145:851–862. https​://doi.
org/10.1016/j.cell.2011.05.033

	 45.	 Hayashi S, McMahon AP (2002) Efficient recombination in 
diverse tissues by a tamoxifen-inducible form of Cre: a tool for 
temporally regulated gene activation/inactivation in the mouse. 
Dev Biol 244:305–318. https​://doi.org/10.1006/dbio.2002.0597

	 46.	 Komai Y, Tanaka T, Tokuyama Y, Yanai H, Ohe S, Omachi T, 
Atsumi N, Yoshida N, Kumano K, Hisha H, Matsuda T, Ueno H 
(2014) Bmi1 expression in long-term germ stem cells. Sci Rep 
4:6175. https​://doi.org/10.1038/srep0​6175

	 47.	 Takase HM, Nusse R (2016) Paracrine Wnt/beta-catenin signal-
ing mediates proliferation of undifferentiated spermatogonia in 
the adult mouse testis. Proc Natl Acad Sci USA 113:E1489–
E1497. https​://doi.org/10.1073/pnas.16014​61113​

	 48.	 Sun F, Xu Q, Zhao D, Degui Chen C (2015) Id4 marks spermato-
gonial stem cells in the mouse testis. Sci Rep 5:17594. https​://
doi.org/10.1038/srep1​7594

	 49.	 Sada A, Suzuki A, Suzuki H, Saga Y (2009) The RNA-binding 
protein NANOS2 is required to maintain murine spermatogonial 
stem cells. Science 325:1394–1398. https​://doi.org/10.1126/scien​
ce.11726​45

	 50.	 Klein AM, Simons BD (2011) Universal patterns of stem cell 
fate in cycling adult tissues. Development 138:3103–3111. https​
://doi.org/10.1242/dev.06010​3

	 51.	 Klein AM, Nakagawa T, Ichikawa R, Yoshida S, Simons BD 
(2010) Mouse germ line stem cells undergo rapid and stochastic 
turnover. Cell Stem Cell 7:214–224. https​://doi.org/10.1016/j.
stem.2010.05.017

	 52.	 Watt FM, Hogan BL (2000) Out of Eden: stem cells and their 
niches. Science 287:1427–1430

https://doi.org/10.1002/ar.1091690305
https://doi.org/10.1002/ar.1091690305
https://doi.org/10.1002/ar.1091690306
https://doi.org/10.1007/978-1-60761-103-5_16
https://doi.org/10.1016/j.stemcr.2017.08.001
https://doi.org/10.1016/j.stemcr.2017.08.001
https://doi.org/10.1530/REP-17-0034
https://doi.org/10.1016/j.devcel.2007.01.002
https://doi.org/10.1016/j.devcel.2007.01.002
https://doi.org/10.1126/science.1071607
https://doi.org/10.1126/science.1071607
https://doi.org/10.1073/pnas.0603332103
https://doi.org/10.1095/biolreprod.111.091330
https://doi.org/10.1016/j.stemcr.2017.12.009
https://doi.org/10.1038/s41467-018-04827-z
https://doi.org/10.1038/s41467-018-04827-z
https://doi.org/10.1073/pnas.111158198
https://doi.org/10.1073/pnas.111158198
https://doi.org/10.1126/science.1182868
https://doi.org/10.1084/jem.20161371
https://doi.org/10.1038/s41594-018-0058-0
https://doi.org/10.1038/s41586-018-0073-7
https://doi.org/10.1038/embor.2010.216
https://doi.org/10.1634/stemcells.2005-0580
https://doi.org/10.1093/humrep/der357
https://doi.org/10.1093/humrep/der357
https://doi.org/10.1262/jrd.2018-015
https://doi.org/10.1262/jrd.2018-015
https://doi.org/10.1002/stem.2123
https://doi.org/10.1016/j.cell.2011.05.033
https://doi.org/10.1016/j.cell.2011.05.033
https://doi.org/10.1006/dbio.2002.0597
https://doi.org/10.1038/srep06175
https://doi.org/10.1073/pnas.1601461113
https://doi.org/10.1038/srep17594
https://doi.org/10.1038/srep17594
https://doi.org/10.1126/science.1172645
https://doi.org/10.1126/science.1172645
https://doi.org/10.1242/dev.060103
https://doi.org/10.1242/dev.060103
https://doi.org/10.1016/j.stem.2010.05.017
https://doi.org/10.1016/j.stem.2010.05.017


4097Mechanisms regulating mammalian spermatogenesis and fertility recovery following germ cell…

1 3

	 53.	 Ikami K, Tokue M, Sugimoto R, Noda C, Kobayashi S, Hara 
K, Yoshida S (2015) Hierarchical differentiation competence in 
response to retinoic acid ensures stem cell maintenance during 
mouse spermatogenesis. Development 142:1582–1592. https​://
doi.org/10.1242/dev.11869​5

	 54.	 Kaucher AV, Oatley MJ, Oatley JM (2012) NEUROG3 is a criti-
cal downstream effector for STAT3-regulated differentiation of 
mammalian stem and progenitor spermatogonia. Biol Reprod 
86(164):1–11. https​://doi.org/10.1095/biolr​eprod​.111.09738​6

	 55.	 Yoshida S, Takakura A, Ohbo K, Abe K, Wakabayashi J, 
Yamamoto M, Suda T, Nabeshima Y (2004) Neurogenin3 
delineates the earliest stages of spermatogenesis in the mouse 
testis. Dev Biol 269:447–458. https​://doi.org/10.1016/j.ydbio​
.2004.01.036

	 56.	 Iwamori T, Iwamori N, Ma L, Edson MA, Greenbaum MP, 
Matzuk MM (2010) TEX14 interacts with CEP55 to block cell 
abscission. Mol Cell Biol 30:2280–2292. https​://doi.org/10.1128/
MCB.01392​-09

	 57.	 Niedenberger BA, Cook K, Baena V, Serra ND, Velte EK, Agno 
JE, Litwa KA, Terasaki M, Hermann BP, Matzuk MM, Geyer CB 
(2018) Dynamic cytoplasmic projections connect mammalian 
spermatogonia in vivo. Development. https​://doi.org/10.1242/
dev.16132​3

	 58.	 Chan F, Oatley MJ, Kaucher AV, Yang QE, Bieberich CJ, Sha-
shikant CS, Oatley JM (2014) Functional and molecular features 
of the Id4+ germline stem cell population in mouse testes. Genes 
Dev 28:1351–1362. https​://doi.org/10.1101/gad.24046​5.114

	 59.	 La HM, Chan AL, Legrand JMD, Rossello FJ, Gangemi CG, 
Papa A, Cheng Q, Morand EF, Hobbs RM (2018) GILZ-depend-
ent modulation of mTORC1 regulates spermatogonial mainte-
nance. Development. https​://doi.org/10.1242/dev.16532​4

	 60.	 Sharma M, Srivastava A, Fairfield HE, Bergstrom D, Flynn WF, 
Braun RE (2019) Identification of EOMES-expressing spermato-
gonial stem cells and their regulation by PLZF. Elife. https​://doi.
org/10.7554/elife​.43352​

	 61.	 Stine RR, Matunis EL (2013) Stem cell competition: finding 
balance in the niche. Trends Cell Biol 23:357–364. https​://doi.
org/10.1016/j.tcb.2013.03.001

	 62.	 Brinster RL (2007) Male germline stem cells: from mice to men. 
Science 316:404–405. https​://doi.org/10.1126/scien​ce.11377​41

	 63.	 Qian Y, Liu S, Guan Y, Pan H, Guan X, Qiu Z, Li L, Gao N, 
Zhao Y, Li X, Lu Y, Liu M, Li D (2013) Lgr4-mediated Wnt/
beta-catenin signaling in peritubular myoid cells is essential 
for spermatogenesis. Development 140:1751–1761. https​://doi.
org/10.1242/dev.09364​1

	 64.	 Maekawa M, Kamimura K, Nagano T (1996) Peritubular myoid 
cells in the testis: their structure and function. Arch Histol Cytol 
59:1–13

	 65.	 Chen LY, Willis WD, Eddy EM (2016) Targeting the Gdnf Gene 
in peritubular myoid cells disrupts undifferentiated spermatogo-
nial cell development. Proc Natl Acad Sci USA 113:1829–1834. 
https​://doi.org/10.1073/pnas.15179​94113​

	 66.	 DeFalco T, Potter SJ, Williams AV, Waller B, Kan MJ, Capel 
B (2015) Macrophages contribute to the spermatogonial 
niche in the adult testis. Cell Rep 12:1107–1119. https​://doi.
org/10.1016/j.celre​p.2015.07.015

	 67.	 Oatley JM, Oatley MJ, Avarbock MR, Tobias JW, Brinster RL 
(2009) Colony stimulating factor 1 is an extrinsic stimulator 
of mouse spermatogonial stem cell self-renewal. Development 
136:1191–1199. https​://doi.org/10.1242/dev.03224​3

	 68.	 Yoshida S, Sukeno M, Nabeshima Y (2007) A vasculature-asso-
ciated niche for undifferentiated spermatogonia in the mouse 
testis. Science 317:1722–1726. https​://doi.org/10.1126/scien​
ce.11448​85

	 69.	 Meng X, Lindahl M, Hyvonen ME, Parvinen M, de Rooij DG, 
Hess MW, Raatikainen-Ahokas A, Sainio K, Rauvala H, Lakso 

M, Pichel JG, Westphal H, Saarma M, Sariola H (2000) Regula-
tion of cell fate decision of undifferentiated spermatogonia by 
GDNF. Science 287:1489–1493

	 70.	 Chiarini-Garcia H, Hornick JR, Griswold MD, Russell LD (2001) 
Distribution of type A spermatogonia in the mouse is not ran-
dom. Biol Reprod 65:1179–1185

	 71.	 Bhang DH, Kim BJ, Kim BG, Schadler K, Baek KH, Kim YH, 
Hsiao W, Ding BS, Rafii S, Weiss MJ, Chou ST, Kolon TF, Gins-
berg JP, Ryu BY, Ryeom S (2018) Testicular endothelial cells are 
a critical population in the germline stem cell niche. Nat Com-
mun 9:4379. https​://doi.org/10.1038/s4146​7-018-06881​-z

	 72.	 Kitadate Y, Jorg DJ, Tokue M, Maruyama A, Ichikawa R, 
Tsuchiya S, Segi-Nishida E, Nakagawa T, Uchida A, Kimura-
Yoshida C, Mizuno S, Sugiyama F, Azami T, Ema M, Noda C, 
Kobayashi S, Matsuo I, Kanai Y, Nagasawa T, Sugimoto Y, Taka-
hashi S, Simons BD, Yoshida S (2019) Competition for mito-
gens regulates spermatogenic stem cell homeostasis in an open 
niche. Cell Stem Cell 24(79–92):e6. https​://doi.org/10.1016/j.
stem.2018.11.013

	 73.	 Sharma M, Braun RE (2018) Cyclical expression of GDNF is 
required for spermatogonial stem cell homeostasis. Development. 
https​://doi.org/10.1242/dev.15155​5

	 74.	 Oatley JM, Avarbock MR, Brinster RL (2007) Glial cell line-
derived neurotrophic factor regulation of genes essential for self-
renewal of mouse spermatogonial stem cells is dependent on Src 
family kinase signaling. J Biol Chem 282:25842–25851. https​://
doi.org/10.1074/jbc.M7034​74200​

	 75.	 He Z, Jiang J, Kokkinaki M, Golestaneh N, Hofmann MC, Dym 
M (2008) Gdnf upregulates c-Fos transcription via the Ras/
Erk1/2 pathway to promote mouse spermatogonial stem cell 
proliferation. Stem Cells 26:266–278. https​://doi.org/10.1634/
stemc​ells.2007-0436

	 76.	 Kanatsu-Shinohara M, Ogonuki N, Inoue K, Miki H, Ogura A, 
Toyokuni S, Shinohara T (2003) Long-term proliferation in cul-
ture and germline transmission of mouse male germline stem 
cells. Biol Reprod 69:612–616. https​://doi.org/10.1095/biolr​
eprod​.103.01701​2

	 77.	 Kubota H, Avarbock MR, Brinster RL (2004) Growth factors 
essential for self-renewal and expansion of mouse spermatogo-
nial stem cells. Proc Natl Acad Sci USA 101:16489–16494. https​
://doi.org/10.1073/pnas.04070​63101​

	 78.	 Hobbs RM, Seandel M, Falciatori I, Rafii S, Pandolfi PP (2010) 
Plzf regulates germline progenitor self-renewal by oppos-
ing mTORC1. Cell 142:468–479. https​://doi.org/10.1016/j.
cell.2010.06.041

	 79.	 Ishii K, Kanatsu-Shinohara M, Toyokuni S, Shinohara T (2012) 
FGF2 mediates mouse spermatogonial stem cell self-renewal via 
upregulation of Etv5 and Bcl6b through MAP2K1 activation. 
Development 139:1734–1743. https​://doi.org/10.1242/dev.07653​
9

	 80.	 Takashima S, Kanatsu-Shinohara M, Tanaka T, Morimoto H, 
Inoue K, Ogonuki N, Jijiwa M, Takahashi M, Ogura A, Shino-
hara T (2015) Functional differences between GDNF-dependent 
and FGF2-dependent mouse spermatogonial stem cell self-
renewal. Stem Cell Rep 4:489–502. https​://doi.org/10.1016/j.
stemc​r.2015.01.010

	 81.	 Kanatsu-Shinohara M, Miki H, Inoue K, Ogonuki N, Toyokuni 
S, Ogura A, Shinohara T (2005) Long-term culture of mouse 
male germline stem cells under serum-or feeder-free conditions. 
Biol Reprod 72:985–991. https​://doi.org/10.1095/biolr​eprod​
.104.03640​0

	 82.	 Kanatsu-Shinohara M, Inoue K, Takashima S, Takehashi M, 
Ogonuki N, Morimoto H, Nagasawa T, Ogura A, Shinohara T 
(2012) Reconstitution of mouse spermatogonial stem cell niches 
in culture. Cell Stem Cell 11:567–578. https​://doi.org/10.1016/j.
stem.2012.06.011

https://doi.org/10.1242/dev.118695
https://doi.org/10.1242/dev.118695
https://doi.org/10.1095/biolreprod.111.097386
https://doi.org/10.1016/j.ydbio.2004.01.036
https://doi.org/10.1016/j.ydbio.2004.01.036
https://doi.org/10.1128/MCB.01392-09
https://doi.org/10.1128/MCB.01392-09
https://doi.org/10.1242/dev.161323
https://doi.org/10.1242/dev.161323
https://doi.org/10.1101/gad.240465.114
https://doi.org/10.1242/dev.165324
https://doi.org/10.7554/elife.43352
https://doi.org/10.7554/elife.43352
https://doi.org/10.1016/j.tcb.2013.03.001
https://doi.org/10.1016/j.tcb.2013.03.001
https://doi.org/10.1126/science.1137741
https://doi.org/10.1242/dev.093641
https://doi.org/10.1242/dev.093641
https://doi.org/10.1073/pnas.1517994113
https://doi.org/10.1016/j.celrep.2015.07.015
https://doi.org/10.1016/j.celrep.2015.07.015
https://doi.org/10.1242/dev.032243
https://doi.org/10.1126/science.1144885
https://doi.org/10.1126/science.1144885
https://doi.org/10.1038/s41467-018-06881-z
https://doi.org/10.1016/j.stem.2018.11.013
https://doi.org/10.1016/j.stem.2018.11.013
https://doi.org/10.1242/dev.151555
https://doi.org/10.1074/jbc.M703474200
https://doi.org/10.1074/jbc.M703474200
https://doi.org/10.1634/stemcells.2007-0436
https://doi.org/10.1634/stemcells.2007-0436
https://doi.org/10.1095/biolreprod.103.017012
https://doi.org/10.1095/biolreprod.103.017012
https://doi.org/10.1073/pnas.0407063101
https://doi.org/10.1073/pnas.0407063101
https://doi.org/10.1016/j.cell.2010.06.041
https://doi.org/10.1016/j.cell.2010.06.041
https://doi.org/10.1242/dev.076539
https://doi.org/10.1242/dev.076539
https://doi.org/10.1016/j.stemcr.2015.01.010
https://doi.org/10.1016/j.stemcr.2015.01.010
https://doi.org/10.1095/biolreprod.104.036400
https://doi.org/10.1095/biolreprod.104.036400
https://doi.org/10.1016/j.stem.2012.06.011
https://doi.org/10.1016/j.stem.2012.06.011


4098	 H. M. La, R. M. Hobbs 

1 3

	 83.	 Seandel M, James D, Shmelkov SV, Falciatori I, Kim J, Chavala 
S, Scherr DS, Zhang F, Torres R, Gale NW, Yancopoulos GD, 
Murphy A, Valenzuela DM, Hobbs RM, Pandolfi PP, Rafii S 
(2007) Generation of functional multipotent adult stem cells from 
GPR125+ germline progenitors. Nature 449:346–350. https​://
doi.org/10.1038/natur​e0612​9

	 84.	 Lee J, Kanatsu-Shinohara M, Inoue K, Ogonuki N, Miki 
H, Toyokuni S, Kimura T, Nakano T, Ogura A, Shinohara T 
(2007) Akt mediates self-renewal division of mouse spermato-
gonial stem cells. Development 134:1853–1859. https​://doi.
org/10.1242/dev.00300​4

	 85.	 Lee J, Kanatsu-Shinohara M, Morimoto H, Kazuki Y, Takashima 
S, Oshimura M, Toyokuni S, Shinohara T (2009) Genetic recon-
struction of mouse spermatogonial stem cell self-renewal in vitro 
by Ras-cyclin D2 activation. Cell Stem Cell 5:76–86. https​://doi.
org/10.1016/j.stem.2009.04.020

	 86.	 Goertz MJ, Wu Z, Gallardo TD, Hamra FK, Castrillon DH 
(2011) Foxo1 is required in mouse spermatogonial stem cells 
for their maintenance and the initiation of spermatogenesis. J 
Clin Investig 121:3456–3466. https​://doi.org/10.1172/JCI57​984

	 87.	 Hasegawa K, Namekawa SH, Saga Y (2013) MEK/ERK signal-
ing directly and indirectly contributes to the cyclical self-renewal 
of spermatogonial stem cells. Stem Cells 31:2517–2527. https​://
doi.org/10.1002/stem.1486

	 88.	 Masaki K, Sakai M, Kuroki S, Jo JI, Hoshina K, Fujimori Y, Oka 
K, Amano T, Yamanaka T, Tachibana M, Tabata Y, Shiozawa 
T, Ishizuka O, Hochi S, Takashima S (2018) FGF2 has distinct 
molecular functions from GDNF in the mouse germline niche. 
Stem Cell Rep 10:1782–1792. https​://doi.org/10.1016/j.stemc​
r.2018.03.016

	 89.	 Yeh JR, Zhang X, Nagano MC (2012) Indirect effects of Wnt3a/
beta-catenin signalling support mouse spermatogonial stem 
cells in vitro. PLoS One 7:e40002. https​://doi.org/10.1371/journ​
al.pone.00400​02

	 90.	 Tokue M, Ikami K, Mizuno S, Takagi C, Miyagi A, Takada 
R, Noda C, Kitadate Y, Hara K, Mizuguchi H, Sato T, Taketo 
MM, Sugiyama F, Ogawa T, Kobayashi S, Ueno N, Takahashi 
S, Takada S, Yoshida S (2017) SHISA6 confers resistance to 
differentiation-promoting Wnt/beta-catenin signaling in mouse 
spermatogenic stem cells. Stem Cell Rep 8:561–575. https​://doi.
org/10.1016/j.stemc​r.2017.01.006

	 91.	 Costoya JA, Hobbs RM, Barna M, Cattoretti G, Manova K, 
Sukhwani M, Orwig KE, Wolgemuth DJ, Pandolfi PP (2004) 
Essential role of Plzf in maintenance of spermatogonial stem 
cells. Nat Genet 36:653–659. https​://doi.org/10.1038/ng136​7

	 92.	 Buaas FW, Kirsh AL, Sharma M, McLean DJ, Morris JL, Gris-
wold MD, de Rooij DG, Braun RE (2004) Plzf is required in 
adult male germ cells for stem cell self-renewal. Nat Genet 
36:647–652. https​://doi.org/10.1038/ng136​6

	 93.	 Hobbs RM, Fagoonee S, Papa A, Webster K, Altruda F, Nishi-
nakamura R, Chai L, Pandolfi PP (2012) Functional antagonism 
between Sall4 and Plzf defines germline progenitors. Cell Stem 
Cell 10:284–298. https​://doi.org/10.1016/j.stem.2012.02.004

	 94.	 Laplante M, Sabatini DM (2009) mTOR signaling at a glance. J 
Cell Sci 122:3589–3594. https​://doi.org/10.1242/jcs.05101​1

	 95.	 Zhang J, Tam WL, Tong GQ, Wu Q, Chan HY, Soh BS, Lou 
Y, Yang J, Ma Y, Chai L, Ng HH, Lufkin T, Robson P, Lim B 
(2006) Sall4 modulates embryonic stem cell pluripotency and 
early embryonic development by the transcriptional regulation 
of Pou5f1. Nat Cell Biol 8:1114–1123. https​://doi.org/10.1038/
ncb14​81

	 96.	 Maezawa S, Hasegawa K, Yukawa M, Sakashita A, Alavattam 
KG, Andreassen PR, Vidal M, Koseki H, Barski A, Namekawa 
SH (2017) Polycomb directs timely activation of germline genes 
in spermatogenesis. Genes Dev 31:1693–1703. https​://doi.
org/10.1101/gad.30200​0.117

	 97.	 Lovelace DL, Gao Z, Mutoji K, Song YC, Ruan J, Hermann BP 
(2016) The regulatory repertoire of PLZF and SALL4 in undif-
ferentiated spermatogonia. Development 143:1893–1906. https​
://doi.org/10.1242/dev.13276​1

	 98.	 Zhou Z, Shirakawa T, Ohbo K, Sada A, Wu Q, Hasegawa K, 
Saba R, Saga Y (2015) RNA binding protein Nanos2 organizes 
post-transcriptional buffering system to retain primitive state of 
mouse spermatogonial stem cells. Dev Cell 34:96–107. https​://
doi.org/10.1016/j.devce​l.2015.05.014

	 99.	 Legrand JMD, Hobbs RM (2018) RNA processing in the male 
germline: mechanisms and implications for fertility. Semin 
Cell Dev Biol 79:80–91. https​://doi.org/10.1016/j.semcd​
b.2017.10.006

	100.	 Hobbs RM, La HM, Makela JA, Kobayashi T, Noda T, Pandolfi 
PP (2015) Distinct germline progenitor subsets defined through 
Tsc2–mTORC1 signaling. EMBO Rep 16:467–480. https​://doi.
org/10.15252​/embr.20143​9379

	101.	 Chen C, Liu Y, Liu R, Ikenoue T, Guan KL, Liu Y, Zheng P 
(2008) TSC-mTOR maintains quiescence and function of hemat-
opoietic stem cells by repressing mitochondrial biogenesis and 
reactive oxygen species. J Exp Med 205:2397–2408. https​://doi.
org/10.1084/jem.20081​297

	102.	 Zhang J, Grindley JC, Yin T, Jayasinghe S, He XC, Ross JT, 
Haug JS, Rupp D, Porter-Westpfahl KS, Wiedemann LM, Wu H, 
Li L (2006) PTEN maintains haematopoietic stem cells and acts 
in lineage choice and leukaemia prevention. Nature 441:518–
522. https​://doi.org/10.1038/natur​e0474​7

	103.	 Lee JY, Nakada D, Yilmaz OH, Tothova Z, Joseph NM, Lim 
MS, Gilliland DG, Morrison SJ (2010) mTOR activation induces 
tumor suppressors that inhibit leukemogenesis and deplete 
hematopoietic stem cells after Pten deletion. Cell Stem Cell 
7:593–605. https​://doi.org/10.1016/j.stem.2010.09.015

	104.	 Gan B, Sahin E, Jiang S, Sanchez-Aguilera A, Scott KL, Chin L, 
Williams DA, Kwiatkowski DJ, DePinho RA (2008) mTORC1-
dependent and -independent regulation of stem cell renewal, 
differentiation, and mobilization. Proc Natl Acad Sci USA 
105:19384–19389. https​://doi.org/10.1073/pnas.08105​84105​

	105.	 Rodgers JT, King KY, Brett JO, Cromie MJ, Charville GW, 
Maguire KK, Brunson C, Mastey N, Liu L, Tsai CR, Goodell 
MA, Rando TA (2014) mTORC1 controls the adaptive transition 
of quiescent stem cells from G0 to G(Alert). Nature 510:393–
396. https​://doi.org/10.1038/natur​e1325​5

	106.	 Wang C, Wang Z, Xiong Z, Dai H, Zou Z, Jia C, Bai X, Chen Z 
(2016) mTORC1 activation promotes spermatogonial differentia-
tion and causes subfertility in mice. Biol Reprod 95:97. https​://
doi.org/10.1095/biolr​eprod​.116.14094​7

	107.	 Busada JT, Niedenberger BA, Velte EK, Keiper BD, Geyer CB 
(2015) Mammalian target of rapamycin complex 1 (mTORC1) 
Is required for mouse spermatogonial differentiation in vivo. Dev 
Biol 407:90–102. https​://doi.org/10.1016/j.ydbio​.2015.08.004

	108.	 Serra ND, Velte EK, Niedenberger BA, Kirsanov O, Geyer CB 
(2017) Cell-autonomous requirement for mammalian target of 
rapamycin (Mtor) in spermatogonial proliferation and differentia-
tion in the mousedagger. Biol Reprod 96:816–828. https​://doi.
org/10.1093/biolr​e/iox02​2

	109.	 Serra N, Velte EK, Niedenberger BA, Kirsanov O, Geyer CB 
(2018) The mTORC1 component RPTOR is required for mainte-
nance of the foundational spermatogonial stem cell pool in mice. 
Biol Reprod. https​://doi.org/10.1093/biolr​e/ioy19​8

	110.	 Hammoud SS, Low DH, Yi C, Carrell DT, Guccione E, Cairns 
BR (2014) Chromatin and transcription transitions of mamma-
lian adult germline stem cells and spermatogenesis. Cell Stem 
Cell 15:239–253. https​://doi.org/10.1016/j.stem.2014.04.006

	111.	 McSwiggin HM, O’Doherty AM (2018) Epigenetic reprogram-
ming during spermatogenesis and male factor infertility. Repro-
duction 156:R9–R21. https​://doi.org/10.1530/REP-18-0009

https://doi.org/10.1038/nature06129
https://doi.org/10.1038/nature06129
https://doi.org/10.1242/dev.003004
https://doi.org/10.1242/dev.003004
https://doi.org/10.1016/j.stem.2009.04.020
https://doi.org/10.1016/j.stem.2009.04.020
https://doi.org/10.1172/JCI57984
https://doi.org/10.1002/stem.1486
https://doi.org/10.1002/stem.1486
https://doi.org/10.1016/j.stemcr.2018.03.016
https://doi.org/10.1016/j.stemcr.2018.03.016
https://doi.org/10.1371/journal.pone.0040002
https://doi.org/10.1371/journal.pone.0040002
https://doi.org/10.1016/j.stemcr.2017.01.006
https://doi.org/10.1016/j.stemcr.2017.01.006
https://doi.org/10.1038/ng1367
https://doi.org/10.1038/ng1366
https://doi.org/10.1016/j.stem.2012.02.004
https://doi.org/10.1242/jcs.051011
https://doi.org/10.1038/ncb1481
https://doi.org/10.1038/ncb1481
https://doi.org/10.1101/gad.302000.117
https://doi.org/10.1101/gad.302000.117
https://doi.org/10.1242/dev.132761
https://doi.org/10.1242/dev.132761
https://doi.org/10.1016/j.devcel.2015.05.014
https://doi.org/10.1016/j.devcel.2015.05.014
https://doi.org/10.1016/j.semcdb.2017.10.006
https://doi.org/10.1016/j.semcdb.2017.10.006
https://doi.org/10.15252/embr.201439379
https://doi.org/10.15252/embr.201439379
https://doi.org/10.1084/jem.20081297
https://doi.org/10.1084/jem.20081297
https://doi.org/10.1038/nature04747
https://doi.org/10.1016/j.stem.2010.09.015
https://doi.org/10.1073/pnas.0810584105
https://doi.org/10.1038/nature13255
https://doi.org/10.1095/biolreprod.116.140947
https://doi.org/10.1095/biolreprod.116.140947
https://doi.org/10.1016/j.ydbio.2015.08.004
https://doi.org/10.1093/biolre/iox022
https://doi.org/10.1093/biolre/iox022
https://doi.org/10.1093/biolre/ioy198
https://doi.org/10.1016/j.stem.2014.04.006
https://doi.org/10.1530/REP-18-0009


4099Mechanisms regulating mammalian spermatogenesis and fertility recovery following germ cell…

1 3

	112.	 Reik W, Dean W, Walter J (2001) Epigenetic reprogramming in 
mammalian development. Science 293:1089–1093. https​://doi.
org/10.1126/scien​ce.10634​43

	113.	 Sasaki H, Matsui Y (2008) Epigenetic events in mammalian 
germ-cell development: reprogramming and beyond. Nat Rev 
Genet 9:129–140. https​://doi.org/10.1038/nrg22​95

	114.	 Lehmann R (2012) Germline stem cells: origin and des-
tiny. Cell Stem Cell 10:729–739. https​://doi.org/10.1016/j.
stem.2012.05.016

	115.	 Guo J, Grow EJ, Mlcochova H, Maher GJ, Lindskog C, Nie X, 
Guo Y, Takei Y, Yun J, Cai L, Kim R, Carrell DT, Goriely A, 
Hotaling JM, Cairns BR (2018) The adult human testis transcrip-
tional cell atlas. Cell Res 28:1141–1157. https​://doi.org/10.1038/
s4142​2-018-0099-2

	116.	 Guo J, Grow EJ, Yi C, Mlcochova H, Maher GJ, Lindskog C, 
Murphy PJ, Wike CL, Carrell DT, Goriely A, Hotaling JM, 
Cairns BR (2017) Chromatin and single-cell RNA-seq profil-
ing reveal dynamic signaling and metabolic transitions during 
human spermatogonial stem cell development. Cell Stem Cell 
21(533–546):e6. https​://doi.org/10.1016/j.stem.2017.09.003

	117.	 Hata K, Okano M, Lei H, Li E (2002) Dnmt3L cooperates with 
the Dnmt3 family of de novo DNA methyltransferases to estab-
lish maternal imprints in mice. Development 129:1983–1993

	118.	 Chedin F, Lieber MR, Hsieh CL (2002) The DNA methyltrans-
ferase-like protein DNMT3L stimulates de novo methylation by 
Dnmt3a. Proc Natl Acad Sci USA 99:16916–16921. https​://doi.
org/10.1073/pnas.26244​3999

	119.	 Bourc’his D, Bestor TH (2004) Meiotic catastrophe and ret-
rotransposon reactivation in male germ cells lacking Dnmt3L. 
Nature 431:96–99. https​://doi.org/10.1038/natur​e0288​6

	120.	 Liao HF, Chen WS, Chen YH, Kao TH, Tseng YT, Lee CY, Chiu 
YC, Lee PL, Lin QJ, Ching YH, Hata K, Cheng WT, Tsai MH, 
Sasaki H, Ho HN, Wu SC, Huang YH, Yen P, Lin SP (2014) 
DNMT3L promotes quiescence in postnatal spermatogonial 
progenitor cells. Development 141:2402–2413. https​://doi.
org/10.1242/dev.10513​0

	121.	 Hata K, Kusumi M, Yokomine T, Li E, Sasaki H (2006) Meiotic 
and epigenetic aberrations in Dnmt3L-deficient male germ cells. 
Mol Reprod Dev 73:116–122. https​://doi.org/10.1002/mrd.20387​

	122.	 Shirakawa T, Yaman-Deveci R, Tomizawa S, Kamizato Y, Naka-
jima K, Sone H, Sato Y, Sharif J, Yamashita A, Takada-Horisawa 
Y, Yoshida S, Ura K, Muto M, Koseki H, Suda T, Ohbo K (2013) 
An epigenetic switch is crucial for spermatogonia to exit the 
undifferentiated state toward a Kit-positive identity. Development 
140:3565–3576. https​://doi.org/10.1242/dev.09404​5

	123.	 Yadav RP, Kotaja N (2014) Small RNAs in spermatogenesis. 
Mol Cell Endocrinol 382:498–508. https​://doi.org/10.1016/j.
mce.2013.04.015

	124.	 Liu Y, Giannopoulou EG, Wen D, Falciatori I, Elemento O, Allis 
CD, Rafii S, Seandel M (2016) Epigenetic profiles signify cell 
fate plasticity in unipotent spermatogonial stem and progenitor 
cells. Nat Commun 7:11275. https​://doi.org/10.1038/ncomm​
s1127​5

	125.	 Pellegrino J, Castrillon DH, David G (2012) Chromatin asso-
ciated Sin3A is essential for male germ cell lineage in the 
mouse. Dev Biol 369:349–355. https​://doi.org/10.1016/j.ydbio​
.2012.07.006

	126.	 Hammoud SS, Low DH, Yi C, Lee CL, Oatley JM, Payne CJ, 
Carrell DT, Guccione E, Cairns BR (2015) Transcription and 
imprinting dynamics in developing postnatal male germline 
stem cells. Genes Dev 29:2312–2324. https​://doi.org/10.1101/
gad.26192​5.115

	127.	 Maezawa S, Yukawa M, Alavattam KG, Barski A, Namekawa 
SH (2018) Dynamic reorganization of open chromatin underlies 
diverse transcriptomes during spermatogenesis. Nucleic Acids 
Res 46:593–608. https​://doi.org/10.1093/nar/gkx10​52

	128.	 Marks P, Rifkind RA, Richon VM, Breslow R, Miller T, Kelly 
WK (2001) Histone deacetylases and cancer: causes and thera-
pies. Nat Rev Cancer 1:194–202. https​://doi.org/10.1038/35106​
079

	129.	 Lahn BT, Tang ZL, Zhou J, Barndt RJ, Parvinen M, Allis CD, 
Page DC (2002) Previously uncharacterized histone acetyl-
transferases implicated in mammalian spermatogenesis. Proc 
Natl Acad Sci USA 99:8707–8712. https​://doi.org/10.1073/
pnas.08224​8899

	130.	 Gallagher SJ, Kofman AE, Huszar JM, Dannenberg JH, DePinho 
RA, Braun RE, Payne CJ (2013) Distinct requirements for Sin3a 
in perinatal male gonocytes and differentiating spermatogonia. 
Dev Biol 373:83–94. https​://doi.org/10.1016/j.ydbio​.2012.10.009

	131.	 Tomizawa SI, Kobayashi Y, Shirakawa T, Watanabe K, Mizo-
guchi K, Hoshi I, Nakajima K, Nakabayashi J, Singh S, Dahl A, 
Alexopoulou D, Seki M, Suzuki Y, Royo H, Peters A, Anastas-
siadis K, Stewart AF, Ohbo K (2018) Kmt2b conveys monovalent 
and bivalent H3K4me3 in mouse spermatogonial stem cells at 
germline and embryonic promoters. Development. https​://doi.
org/10.1242/dev.16910​2

	132.	 Lambrot R, Lafleur C, Kimmins S (2015) The histone demethy-
lase KDM1A is essential for the maintenance and differentiation 
of spermatogonial stem cells and progenitors. FASEB J 29:4402–
4416. https​://doi.org/10.1096/fj.14-26732​8

	133.	 Glaser S, Lubitz S, Loveland KL, Ohbo K, Robb L, Schwenk 
F, Seibler J, Roellig D, Kranz A, Anastassiadis K, Stewart AF 
(2009) The histone 3 lysine 4 methyltransferase, Mll2, is only 
required briefly in development and spermatogenesis. Epigenet 
Chromatin 2:5. https​://doi.org/10.1186/1756-8935-2-5

	134.	 Margueron R, Reinberg D (2011) The Polycomb complex PRC2 
and its mark in life. Nature 469:343–349. https​://doi.org/10.1038/
natur​e0978​4

	135.	 Mu W, Starmer J, Fedoriw AM, Yee D, Magnuson T (2014) 
Repression of the soma-specific transcriptome by Polycomb-
repressive complex 2 promotes male germ cell development. 
Genes Dev 28:2056–2069. https​://doi.org/10.1101/gad.24612​
4.114

	136.	 Jin C, Zhang Y, Wang ZP, Wang XX, Sun TC, Li XY, Tang 
JX, Cheng JM, Li J, Chen SR, Deng SL, Liu YX (2017) EZH2 
deletion promotes spermatogonial differentiation and apop-
tosis. Reproduction 154:615–625. https​://doi.org/10.1530/
REP-17-0302

	137.	 Iwamori N, Iwamori T, Matzuk MM (2013) H3K27 demethylase, 
JMJD3, regulates fragmentation of spermatogonial cysts. PLoS 
One 8:e72689. https​://doi.org/10.1371/journ​al.pone.00726​89

	138.	 Kuroki S, Akiyoshi M, Tokura M, Miyachi H, Nakai Y, Kimura 
H, Shinkai Y, Tachibana M (2013) JMJD1C, a JmjC domain-
containing protein, is required for long-term maintenance of male 
germ cells in mice. Biol Reprod 89:93. https​://doi.org/10.1095/
biolr​eprod​.113.10859​7

	139.	 Kotaja N (2014) MicroRNAs and spermatogenesis. Fertil Steril 
101:1552–1562. https​://doi.org/10.1016/j.fertn​stert​.2014.04.025

	140.	 Quan G, Li J (2018) Circular RNAs: biogenesis, expression and 
their potential roles in reproduction. J Ovarian Res 11:9. https​://
doi.org/10.1186/s1304​8-018-0381-4

	141.	 Rojas-Rios P, Simonelig M (2018) piRNAs and PIWI proteins: 
regulators of gene expression in development and stem cells. 
Development. https​://doi.org/10.1242/dev.16178​6

	142.	 Gan H, Lin X, Zhang Z, Zhang W, Liao S, Wang L, Han C (2011) 
piRNA profiling during specific stages of mouse spermatogen-
esis. RNA 17:1191–1203. https​://doi.org/10.1261/rna.26484​11

	143.	 Lee TL, Xiao A, Rennert OM (2012) Identification of novel long 
noncoding RNA transcripts in male germ cells. Methods Mol 
Biol 825:105–114. https​://doi.org/10.1007/978-1-61779​-436-0_9

	144.	 Luk AC, Chan WY, Rennert OM, Lee TL (2014) Long noncoding 
RNAs in spermatogenesis: insights from recent high-throughput 

https://doi.org/10.1126/science.1063443
https://doi.org/10.1126/science.1063443
https://doi.org/10.1038/nrg2295
https://doi.org/10.1016/j.stem.2012.05.016
https://doi.org/10.1016/j.stem.2012.05.016
https://doi.org/10.1038/s41422-018-0099-2
https://doi.org/10.1038/s41422-018-0099-2
https://doi.org/10.1016/j.stem.2017.09.003
https://doi.org/10.1073/pnas.262443999
https://doi.org/10.1073/pnas.262443999
https://doi.org/10.1038/nature02886
https://doi.org/10.1242/dev.105130
https://doi.org/10.1242/dev.105130
https://doi.org/10.1002/mrd.20387
https://doi.org/10.1242/dev.094045
https://doi.org/10.1016/j.mce.2013.04.015
https://doi.org/10.1016/j.mce.2013.04.015
https://doi.org/10.1038/ncomms11275
https://doi.org/10.1038/ncomms11275
https://doi.org/10.1016/j.ydbio.2012.07.006
https://doi.org/10.1016/j.ydbio.2012.07.006
https://doi.org/10.1101/gad.261925.115
https://doi.org/10.1101/gad.261925.115
https://doi.org/10.1093/nar/gkx1052
https://doi.org/10.1038/35106079
https://doi.org/10.1038/35106079
https://doi.org/10.1073/pnas.082248899
https://doi.org/10.1073/pnas.082248899
https://doi.org/10.1016/j.ydbio.2012.10.009
https://doi.org/10.1242/dev.169102
https://doi.org/10.1242/dev.169102
https://doi.org/10.1096/fj.14-267328
https://doi.org/10.1186/1756-8935-2-5
https://doi.org/10.1038/nature09784
https://doi.org/10.1038/nature09784
https://doi.org/10.1101/gad.246124.114
https://doi.org/10.1101/gad.246124.114
https://doi.org/10.1530/REP-17-0302
https://doi.org/10.1530/REP-17-0302
https://doi.org/10.1371/journal.pone.0072689
https://doi.org/10.1095/biolreprod.113.108597
https://doi.org/10.1095/biolreprod.113.108597
https://doi.org/10.1016/j.fertnstert.2014.04.025
https://doi.org/10.1186/s13048-018-0381-4
https://doi.org/10.1186/s13048-018-0381-4
https://doi.org/10.1242/dev.161786
https://doi.org/10.1261/rna.2648411
https://doi.org/10.1007/978-1-61779-436-0_9


4100	 H. M. La, R. M. Hobbs 

1 3

transcriptome studies. Reproduction 147:R131–R141. https​://doi.
org/10.1530/REP-13-0594

	145.	 Lin X, Han M, Cheng L, Chen J, Zhang Z, Shen T, Wang M, 
Wen B, Ni T, Han C (2016) Expression dynamics, relation-
ships, and transcriptional regulations of diverse transcripts in 
mouse spermatogenic cells. RNA Biol 13:1011–1024. https​://
doi.org/10.1080/15476​286.2016.12185​88

	146.	 Niu Z, Goodyear SM, Rao S, Wu X, Tobias JW, Avarbock MR, 
Brinster RL (2011) MicroRNA-21 regulates the self-renewal 
of mouse spermatogonial stem cells. Proc Natl Acad Sci USA 
108:12740–12745. https​://doi.org/10.1073/pnas.11099​87108​

	147.	 Buscaglia LE, Li Y (2011) Apoptosis and the target genes of 
microRNA-21. Chin J Cancer 30:371–380

	148.	 Yang QE, Racicot KE, Kaucher AV, Oatley MJ, Oatley JM (2013) 
MicroRNAs 221 and 222 regulate the undifferentiated state in 
mammalian male germ cells. Development 140:280–290. https​
://doi.org/10.1242/dev.08740​3

	149.	 Chen J, Cai T, Zheng C, Lin X, Wang G, Liao S, Wang X, Gan 
H, Zhang D, Hu X, Wang S, Li Z, Feng Y, Yang F, Han C (2017) 
MicroRNA-202 maintains spermatogonial stem cells by inhib-
iting cell cycle regulators and RNA binding proteins. Nucleic 
Acids Res 45:4142–4157. https​://doi.org/10.1093/nar/gkw12​87

	150.	 Filipponi D, Hobbs RM, Ottolenghi S, Rossi P, Jannini EA, Pan-
dolfi PP, Dolci S (2007) Repression of kit expression by Plzf in 
germ cells. Mol Cell Biol 27:6770–6781. https​://doi.org/10.1128/
MCB.00479​-07

	151.	 Tu J, Zhang P, Shui Luk AC, Liao J, Chan WY, Qi H, Hoi-Hung 
AC, Lee TL (2018) MicroRNA-26b promotes transition from 
Kit(-) to Kit(+) mouse spermatogonia. Exp Cell Res 373:71–79. 
https​://doi.org/10.1016/j.yexcr​.2018.09.018

	152.	 Brennecke J, Aravin AA, Stark A, Dus M, Kellis M, Sachidanan-
dam R, Hannon GJ (2007) Discrete small RNA-generating loci 
as master regulators of transposon activity in Drosophila. Cell 
128:1089–1103. https​://doi.org/10.1016/j.cell.2007.01.043

	153.	 Vagin VV, Sigova A, Li C, Seitz H, Gvozdev V, Zamore PD 
(2006) A distinct small RNA pathway silences selfish genetic 
elements in the germline. Science 313:320–324. https​://doi.
org/10.1126/scien​ce.11293​33

	154.	 Saito K, Nishida KM, Mori T, Kawamura Y, Miyoshi K, Nagami 
T, Siomi H, Siomi MC (2006) Specific association of Piwi with 
rasiRNAs derived from retrotransposon and heterochromatic 
regions in the Drosophila genome. Genes Dev 20:2214–2222. 
https​://doi.org/10.1101/gad.14548​06

	155.	 Carmell MA, Girard A, van de Kant HJ, Bourc’his D, Bestor TH, 
de Rooij DG, Hannon GJ (2007) MIWI2 is essential for sper-
matogenesis and repression of transposons in the mouse male 
germline. Dev Cell 12:503–514. https​://doi.org/10.1016/j.devce​
l.2007.03.001

	156.	 De Fazio S, Bartonicek N, Di Giacomo M, Abreu-Goodger 
C, Sankar A, Funaya C, Antony C, Moreira PN, Enright AJ, 
O’Carroll D (2011) The endonuclease activity of Mili fuels 
piRNA amplification that silences LINE1 elements. Nature 
480:259–263. https​://doi.org/10.1038/natur​e1054​7

	157.	 Kuramochi-Miyagawa S, Kimura T, Ijiri TW, Isobe T, Asada N, 
Fujita Y, Ikawa M, Iwai N, Okabe M, Deng W, Lin H, Matsuda 
Y, Nakano T (2004) Mili, a mammalian member of piwi family 
gene, is essential for spermatogenesis. Development 131:839–
849. https​://doi.org/10.1242/dev.00973​

	158.	 Deng W, Lin H (2002) miwi, a murine homolog of piwi, encodes 
a cytoplasmic protein essential for spermatogenesis. Dev Cell 
2:819–830

	159.	 Zhang P, Kang JY, Gou LT, Wang J, Xue Y, Skogerboe G, Dai 
P, Huang DW, Chen R, Fu XD, Liu MF, He S (2015) MIWI and 
piRNA-mediated cleavage of messenger RNAs in mouse testes. 
Cell Res 25:193–207. https​://doi.org/10.1038/cr.2015.4

	160.	 Gou LT, Dai P, Yang JH, Xue Y, Hu YP, Zhou Y, Kang JY, Wang 
X, Li H, Hua MM, Zhao S, Hu SD, Wu LG, Shi HJ, Li Y, Fu XD, 
Qu LH, Wang ED, Liu MF (2014) Pachytene piRNAs instruct 
massive mRNA elimination during late spermiogenesis. Cell Res 
24:680–700. https​://doi.org/10.1038/cr.2014.41

	161.	 Wen K, Yang L, Xiong T, Di C, Ma D, Wu M, Xue Z, Zhang 
X, Long L, Zhang W, Zhang J, Bi X, Dai J, Zhang Q, Lu ZJ, 
Gao G (2016) Critical roles of long noncoding RNAs in Dros-
ophila spermatogenesis. Genome Res 26:1233–1244. https​://doi.
org/10.1101/gr.19954​7.115

	162.	 Akhade VS, Dighe SN, Kataruka S, Rao MR (2016) Mechanism 
of Wnt signaling induced down regulation of mrhl long non-
coding RNA in mouse spermatogonial cells. Nucleic Acids Res 
44:387–401. https​://doi.org/10.1093/nar/gkv10​23

	163.	 Arun G, Akhade VS, Donakonda S, Rao MR (2012) mrhl RNA, 
a long noncoding RNA, negatively regulates Wnt signaling 
through its protein partner Ddx5/p68 in mouse spermatogonial 
cells. Mol Cell Biol 32:3140–3152. https​://doi.org/10.1128/
MCB.00006​-12

	164.	 Legrand JMD, Chan AL, La HM, Rossello FJ, Anko ML, Fuller-
Pace FV, Hobbs RM (2019) DDX5 plays essential transcriptional 
and post-transcriptional roles in the maintenance and function of 
spermatogonia. Nat Commun 10:2278. https​://doi.org/10.1038/
s4146​7-019-09972​-7

	165.	 Anguera MC, Ma W, Clift D, Namekawa S, Kelleher RJ 3rd, Lee 
JT (2011) Tsx produces a long noncoding RNA and has general 
functions in the germline, stem cells, and brain. PLoS Genet 
7:e1002248. https​://doi.org/10.1371/journ​al.pgen.10022​48

	166.	 Ni MJ, Hu ZH, Liu Q, Liu MF, Lu MH, Zhang JS, Zhang L, 
Zhang YL (2011) Identification and characterization of a novel 
non-coding RNA involved in sperm maturation. PLoS One 
6:e26053. https​://doi.org/10.1371/journ​al.pone.00260​53

	167.	 Endo T, Freinkman E, de Rooij DG, Page DC (2017) Periodic 
production of retinoic acid by meiotic and somatic cells coor-
dinates four transitions in mouse spermatogenesis. Proc Natl 
Acad Sci USA 114:E10132–E10141. https​://doi.org/10.1073/
pnas.17108​37114​

	168.	 Schrans-Stassen BH, van de Kant HJ, de Rooij DG, van Pelt 
AM (1999) Differential expression of c-kit in mouse undifferen-
tiated and differentiating type A spermatogonia. Endocrinology 
140:5894–5900. https​://doi.org/10.1210/endo.140.12.7172

	169.	 Yomogida K, Ohtani H, Harigae H, Ito E, Nishimune Y, Engel 
JD, Yamamoto M (1994) Developmental stage- and spermato-
genic cycle-specific expression of transcription factor GATA-1 
in mouse Sertoli cells. Development 120:1759–1766

	170.	 Sugimoto R, Nabeshima Y, Yoshida S (2012) Retinoic acid 
metabolism links the periodical differentiation of germ cells with 
the cycle of Sertoli cells in mouse seminiferous epithelium. Mech 
Dev 128:610–624. https​://doi.org/10.1016/j.mod.2011.12.003

	171.	 van Pelt AM, de Rooij DG (1990) Synchronization of the semi-
niferous epithelium after vitamin A replacement in vitamin 
A-deficient mice. Biol Reprod 43:363–367

	172.	 Gely-Pernot A, Raverdeau M, Celebi C, Dennefeld C, Feret B, 
Klopfenstein M, Yoshida S, Ghyselinck NB, Mark M (2012) 
Spermatogonia differentiation requires retinoic acid receptor 
gamma. Endocrinology 153:438–449. https​://doi.org/10.1210/
en.2011-1102

	173.	 Ghyselinck NB, Vernet N, Dennefeld C, Giese N, Nau H, Cham-
bon P, Viville S, Mark M (2006) Retinoids and spermatogenesis: 
lessons from mutant mice lacking the plasma retinol binding 
protein. Dev Dyn 235:1608–1622. https​://doi.org/10.1002/
dvdy.20795​

	174.	 Hogarth CA, Evans E, Onken J, Kent T, Mitchell D, Petko-
vich M, Griswold MD (2015) CYP26 enzymes are necessary 
within the postnatal seminiferous epithelium for normal murine 

https://doi.org/10.1530/REP-13-0594
https://doi.org/10.1530/REP-13-0594
https://doi.org/10.1080/15476286.2016.1218588
https://doi.org/10.1080/15476286.2016.1218588
https://doi.org/10.1073/pnas.1109987108
https://doi.org/10.1242/dev.087403
https://doi.org/10.1242/dev.087403
https://doi.org/10.1093/nar/gkw1287
https://doi.org/10.1128/MCB.00479-07
https://doi.org/10.1128/MCB.00479-07
https://doi.org/10.1016/j.yexcr.2018.09.018
https://doi.org/10.1016/j.cell.2007.01.043
https://doi.org/10.1126/science.1129333
https://doi.org/10.1126/science.1129333
https://doi.org/10.1101/gad.1454806
https://doi.org/10.1016/j.devcel.2007.03.001
https://doi.org/10.1016/j.devcel.2007.03.001
https://doi.org/10.1038/nature10547
https://doi.org/10.1242/dev.00973
https://doi.org/10.1038/cr.2015.4
https://doi.org/10.1038/cr.2014.41
https://doi.org/10.1101/gr.199547.115
https://doi.org/10.1101/gr.199547.115
https://doi.org/10.1093/nar/gkv1023
https://doi.org/10.1128/MCB.00006-12
https://doi.org/10.1128/MCB.00006-12
https://doi.org/10.1038/s41467-019-09972-7
https://doi.org/10.1038/s41467-019-09972-7
https://doi.org/10.1371/journal.pgen.1002248
https://doi.org/10.1371/journal.pone.0026053
https://doi.org/10.1073/pnas.1710837114
https://doi.org/10.1073/pnas.1710837114
https://doi.org/10.1210/endo.140.12.7172
https://doi.org/10.1016/j.mod.2011.12.003
https://doi.org/10.1210/en.2011-1102
https://doi.org/10.1210/en.2011-1102
https://doi.org/10.1002/dvdy.20795
https://doi.org/10.1002/dvdy.20795


4101Mechanisms regulating mammalian spermatogenesis and fertility recovery following germ cell…

1 3

spermatogenesis. Biol Reprod 93:19. https​://doi.org/10.1095/
biolr​eprod​.115.12971​8

	175.	 Lord T, Oatley MJ, Oatley JM (2018) Testicular architecture is 
critical for mediation of retinoic acid responsiveness by undif-
ferentiated spermatogonial subtypes in the mouse. Stem Cell Rep 
10:538–552. https​://doi.org/10.1016/j.stemc​r.2018.01.003

	176.	 Ballow D, Meistrich ML, Matzuk M, Rajkovic A (2006) Sohlh1 
is essential for spermatogonial differentiation. Dev Biol 294:161–
167. https​://doi.org/10.1016/j.ydbio​.2006.02.027

	177.	 Suzuki H, Ahn HW, Chu T, Bowden W, Gassei K, Orwig K, 
Rajkovic A (2012) SOHLH1 and SOHLH2 coordinate sper-
matogonial differentiation. Dev Biol 361:301–312. https​://doi.
org/10.1016/j.ydbio​.2011.10.027

	178.	 Busada JT, Chappell VA, Niedenberger BA, Kaye EP, Keiper BD, 
Hogarth CA, Geyer CB (2015) Retinoic acid regulates Kit trans-
lation during spermatogonial differentiation in the mouse. Dev 
Biol 397:140–149. https​://doi.org/10.1016/j.ydbio​.2014.10.020

	179.	 Gely-Pernot A, Raverdeau M, Teletin M, Vernet N, Feret B, 
Klopfenstein M, Dennefeld C, Davidson I, Benoit G, Mark M, 
Ghyselinck NB (2015) Retinoic acid receptors control spermato-
gonia cell-fate and induce expression of the SALL4A transcrip-
tion factor. PLoS Genet 11:e1005501. https​://doi.org/10.1371/
journ​al.pgen.10055​01

	180.	 Anderson EL, Baltus AE, Roepers-Gajadien HL, Hassold TJ, de 
Rooij DG, van Pelt AM, Page DC (2008) Stra8 and its inducer, 
retinoic acid, regulate meiotic initiation in both spermatogenesis 
and oogenesis in mice. Proc Natl Acad Sci USA 105:14976–
14980. https​://doi.org/10.1073/pnas.08072​97105​

	181.	 Zhou Q, Nie R, Li Y, Friel P, Mitchell D, Hess RA, Small C, 
Griswold MD (2008) Expression of stimulated by retinoic acid 
gene 8 (Stra8) in spermatogenic cells induced by retinoic acid: an 
in vivo study in vitamin A-sufficient postnatal murine testes. Biol 
Reprod 79:35–42. https​://doi.org/10.1095/biolr​eprod​.107.06679​
5

	182.	 Zhou Q, Li Y, Nie R, Friel P, Mitchell D, Evanoff RM, Pouch-
nik D, Banasik B, McCarrey JR, Small C, Griswold MD (2008) 
Expression of stimulated by retinoic acid gene 8 (Stra8) and 
maturation of murine gonocytes and spermatogonia induced 
by retinoic acid in vitro. Biol Reprod 78:537–545. https​://doi.
org/10.1095/biolr​eprod​.107.06433​7

	183.	 Matson CK, Murphy MW, Griswold MD, Yoshida S, Bardwell 
VJ, Zarkower D (2010) The mammalian doublesex homolog 
DMRT1 is a transcriptional gatekeeper that controls the mitosis 
versus meiosis decision in male germ cells. Dev Cell 19:612–
624. https​://doi.org/10.1016/j.devce​l.2010.09.010

	184.	 Endo T, Romer KA, Anderson EL, Baltus AE, de Rooij DG, 
Page DC (2015) Periodic retinoic acid-STRA8 signaling inter-
sects with periodic germ-cell competencies to regulate spermato-
genesis. Proc Natl Acad Sci USA 112:E2347–E2356. https​://doi.
org/10.1073/pnas.15056​83112​

	185.	 Bucci LR, Meistrich ML (1987) Effects of busulfan on murine 
spermatogenesis: cytotoxicity, sterility, sperm abnormalities, and 
dominant lethal mutations. Mutat Res 176:259–268

	186.	 Ogawa T, Dobrinski I, Avarbock MR, Brinster RL (2000) Trans-
plantation of male germ line stem cells restores fertility in infer-
tile mice. Nat Med 6:29–34. https​://doi.org/10.1038/71496​

	187.	 Zhang T, Oatley J, Bardwell VJ, Zarkower D (2016) DMRT1 
is required for mouse spermatogonial stem cell maintenance 
and replenishment. PLoS Genet 12:e1006293. https​://doi.
org/10.1371/journ​al.pgen.10062​93

	188.	 van Keulen CJ, de Rooij DG (1975) Spermatogenetic clones 
developing from repopulating stem cells surviving a high dose 
of an alkylating agent. Cell Tissue Kinet 8:543–551

	189.	 Nagano MC (2003) Homing efficiency and proliferation kinetics 
of male germ line stem cells following transplantation in mice. 

Biol Reprod 69:701–707. https​://doi.org/10.1095/biolr​eprod​
.103.01635​2

	190.	 Shinohara T, Orwig KE, Avarbock MR, Brinster RL (2000) Sper-
matogonial stem cell enrichment by multiparameter selection of 
mouse testis cells. Proc Natl Acad Sci USA 97:8346–8351

	191.	 Shinohara T, Avarbock MR, Brinster RL (2000) Functional 
analysis of spermatogonial stem cells in Steel and cryptorchid 
infertile mouse models. Dev Biol 220:401–411. https​://doi.
org/10.1006/dbio.2000.9655

	192.	 Whetton AD, Graham GJ (1999) Homing and mobilization in the 
stem cell niche. Trends Cell Biol 9:233–238

	193.	 Lapidot T, Dar A, Kollet O (2005) How do stem cells find their 
way home? Blood 106:1901–1910. https​://doi.org/10.1182/blood​
-2005-04-1417

	194.	 Shinohara T, Avarbock MR, Brinster RL (1999) beta1- and 
alpha6-integrin are surface markers on mouse spermatogonial 
stem cells. Proc Natl Acad Sci USA 96:5504–5509

	195.	 Kanatsu-Shinohara M, Takehashi M, Takashima S, Lee J, Mori-
moto H, Chuma S, Raducanu A, Nakatsuji N, Fassler R, Shi-
nohara T (2008) Homing of mouse spermatogonial stem cells 
to germline niche depends on beta1-integrin. Cell Stem Cell 
3:533–542. https​://doi.org/10.1016/j.stem.2008.08.002

	196.	 Takashima S, Kanatsu-Shinohara M, Tanaka T, Takehashi M, 
Morimoto H, Shinohara T (2011) Rac mediates mouse sper-
matogonial stem cell homing to germline niches by regulating 
transmigration through the blood-testis barrier. Cell Stem Cell 
9:463–475. https​://doi.org/10.1016/j.stem.2011.08.011

	197.	 Cancelas JA, Lee AW, Prabhakar R, Stringer KF, Zheng Y, Wil-
liams DA (2005) Rac GTPases differentially integrate signals 
regulating hematopoietic stem cell localization. Nat Med 11:886–
891. https​://doi.org/10.1038/nm127​4

	198.	 Hermann BP, Sukhwani M, Hansel MC, Orwig KE (2010) Sper-
matogonial stem cells in higher primates: are there differences 
from those in rodents? Reproduction 139:479–493. https​://doi.
org/10.1530/REP-09-0255

	199.	 Clermont Y (1969) Two classes of spermatogonial stem cells in 
the monkey (Cercopithecus aethiops). Am J Anat 126:57–71. 
https​://doi.org/10.1002/aja.10012​60106​

	200.	 Clermont Y (1972) Kinetics of spermatogenesis in mammals: 
seminiferous epithelium cycle and spermatogonial renewal. 
Physiol Rev 52:198–236. https​://doi.org/10.1152/physr​
ev.1972.52.1.198

	201.	 Clermont Y, Leblond CP (1959) Differentiation and renewal 
of spermatogonia in the monkey, Macacus rhesus. Am J Anat 
104:237–273. https​://doi.org/10.1002/aja.10010​40204​

	202.	 van Alphen MM, de Rooij DG (1986) Depletion of the seminif-
erous epithelium of the rhesus monkey, Macaca mulatta, after 
X-irradiation. Br J Cancer Suppl 7:102–104

	203.	 Nagano M, Patrizio P, Brinster RL (2002) Long-term survival of 
human spermatogonial stem cells in mouse testes. Fertil Steril 
78:1225–1233

	204.	 Hermann BP, Sukhwani M, Simorangkir DR, Chu T, Plant TM, 
Orwig KE (2009) Molecular dissection of the male germ cell 
lineage identifies putative spermatogonial stem cells in rhesus 
macaques. Hum Reprod 24:1704–1716. https​://doi.org/10.1093/
humre​p/dep07​3

	205.	 Maki CB, Pacchiarotti J, Ramos T, Pascual M, Pham J, Kinjo J, 
Anorve S, Izadyar F (2009) Phenotypic and molecular characteri-
zation of spermatogonial stem cells in adult primate testes. Hum 
Reprod 24:1480–1491. https​://doi.org/10.1093/humre​p/dep03​3

	206.	 Muller T, Eildermann K, Dhir R, Schlatt S, Behr R (2008) Glycan 
stem-cell markers are specifically expressed by spermatogonia in 
the adult non-human primate testis. Hum Reprod 23:2292–2298. 
https​://doi.org/10.1093/humre​p/den25​3

	207.	 Hermann BP, Sukhwani M, Lin CC, Sheng Y, Tomko J, Rodri-
guez M, Shuttleworth JJ, McFarland D, Hobbs RM, Pandolfi PP, 

https://doi.org/10.1095/biolreprod.115.129718
https://doi.org/10.1095/biolreprod.115.129718
https://doi.org/10.1016/j.stemcr.2018.01.003
https://doi.org/10.1016/j.ydbio.2006.02.027
https://doi.org/10.1016/j.ydbio.2011.10.027
https://doi.org/10.1016/j.ydbio.2011.10.027
https://doi.org/10.1016/j.ydbio.2014.10.020
https://doi.org/10.1371/journal.pgen.1005501
https://doi.org/10.1371/journal.pgen.1005501
https://doi.org/10.1073/pnas.0807297105
https://doi.org/10.1095/biolreprod.107.066795
https://doi.org/10.1095/biolreprod.107.066795
https://doi.org/10.1095/biolreprod.107.064337
https://doi.org/10.1095/biolreprod.107.064337
https://doi.org/10.1016/j.devcel.2010.09.010
https://doi.org/10.1073/pnas.1505683112
https://doi.org/10.1073/pnas.1505683112
https://doi.org/10.1038/71496
https://doi.org/10.1371/journal.pgen.1006293
https://doi.org/10.1371/journal.pgen.1006293
https://doi.org/10.1095/biolreprod.103.016352
https://doi.org/10.1095/biolreprod.103.016352
https://doi.org/10.1006/dbio.2000.9655
https://doi.org/10.1006/dbio.2000.9655
https://doi.org/10.1182/blood-2005-04-1417
https://doi.org/10.1182/blood-2005-04-1417
https://doi.org/10.1016/j.stem.2008.08.002
https://doi.org/10.1016/j.stem.2011.08.011
https://doi.org/10.1038/nm1274
https://doi.org/10.1530/REP-09-0255
https://doi.org/10.1530/REP-09-0255
https://doi.org/10.1002/aja.1001260106
https://doi.org/10.1152/physrev.1972.52.1.198
https://doi.org/10.1152/physrev.1972.52.1.198
https://doi.org/10.1002/aja.1001040204
https://doi.org/10.1093/humrep/dep073
https://doi.org/10.1093/humrep/dep073
https://doi.org/10.1093/humrep/dep033
https://doi.org/10.1093/humrep/den253


4102	 H. M. La, R. M. Hobbs 

1 3

Schatten GP, Orwig KE (2007) Characterization, cryopreserva-
tion, and ablation of spermatogonial stem cells in adult rhesus 
macaques. Stem Cells 25:2330–2338. https​://doi.org/10.1634/
stemc​ells.2007-0143

	208.	 Eildermann K, Aeckerle N, Debowski K, Godmann M, Chris-
tiansen H, Heistermann M, Schweyer S, Bergmann M, Kliesch 
S, Gromoll J, Ehmcke J, Schlatt S, Behr R (2012) Develop-
mental expression of the pluripotency factor sal-like protein 4 
in the monkey, human and mouse testis: restriction to premei-
otic germ cells. Cells Tissues Organs 196:206–220. https​://doi.
org/10.1159/00033​5031

	209.	 Valli H, Sukhwani M, Dovey SL, Peters KA, Donohue J, Castro 
CA, Chu T, Marshall GR, Orwig KE (2014) Fluorescence- and 
magnetic-activated cell sorting strategies to isolate and enrich 
human spermatogonial stem cells. Fertil Steril 102(566–580):e7. 
https​://doi.org/10.1016/j.fertn​stert​.2014.04.036

	210.	 Izadyar F, Wong J, Maki C, Pacchiarotti J, Ramos T, Howerton 
K, Yuen C, Greilach S, Zhao HH, Chow M, Chow YC, Rao J, 
Barritt J, Bar-Chama N, Copperman A (2011) Identification and 

characterization of repopulating spermatogonial stem cells from 
the adult human testis. Hum Reprod 26:1296–1306. https​://doi.
org/10.1093/humre​p/der02​6

	211.	 Trapnell C, Cacchiarelli D, Grimsby J, Pokharel P, Li S, Morse 
M, Lennon NJ, Livak KJ, Mikkelsen TS, Rinn JL (2014) The 
dynamics and regulators of cell fate decisions are revealed by 
pseudotemporal ordering of single cells. Nat Biotechnol 32:381–
386. https​://doi.org/10.1038/nbt.2859

	212.	 Guo J, Grow EJ, Mlcochova H, Maher GJ, Lindskog C, Nie X, 
Guo Y, Takei Y, Yun J, Cai L, Kim R, Carrell DT, Goriely A, 
Hotaling JM, Cairns BR (2018) The adult human testis tran-
scriptional cell atlas. Cell Res. https​://doi.org/10.1038/s4142​
2-018-0099-2

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1634/stemcells.2007-0143
https://doi.org/10.1634/stemcells.2007-0143
https://doi.org/10.1159/000335031
https://doi.org/10.1159/000335031
https://doi.org/10.1016/j.fertnstert.2014.04.036
https://doi.org/10.1093/humrep/der026
https://doi.org/10.1093/humrep/der026
https://doi.org/10.1038/nbt.2859
https://doi.org/10.1038/s41422-018-0099-2
https://doi.org/10.1038/s41422-018-0099-2

	Mechanisms regulating mammalian spermatogenesis and fertility recovery following germ cell depletion
	Abstract
	Introduction
	Spermatogonial hierarchy
	SSC functional assessment
	Transplantation assay
	Lineage tracing

	Spermatogonial stem cell models
	Dynamic models of spermatogonial hierarchy and SSC identity
	Revised As model
	Insights from the proposed SSC models

	Regulation of spermatogenesis
	SSC niche microenvironment
	Cellular pathways regulating SSC maintenance
	Intrinsic regulators of undifferentiated spermatogonia
	Role of the mTORC1 pathway in regulating SSC fate

	Epigenetic regulation of spermatogenesis and male fertility
	DNA de novo methylation and demethylation
	Chromatin remodelling

	Non-coding RNAs in spermatogenesis
	Spermatogonial differentiation
	The Aal–A1 spermatogonial transition
	Meiotic initiation

	Germline regeneration
	Germline regeneration from endogenous germ cells
	Germline regeneration from transplanted germ cells

	SSCs in humans and other primates
	Spermatogonial hierarchy and germline regeneration in primates
	Functional analysis of primate SSCs
	Characterisation of primate stem and progenitor spermatogonia

	Conclusions
	Acknowledgements 
	References




