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A A single

Apr A paired

A A aligned

dpp days post partum

E embryonic day

Lu luxoid

PTU  polythiouracil

PGCs  primordial germ cells

RA retinoic acid

SSC spermatogonial stem cell

7.1 Introduction

A fundamental feature of mammalian spermato-
genesis is the continuous production of sperm
within the testis throughout an animal’s entire
reproductive lifetime. It takes many weeks for a
single spermatogonial stem cell (SSC) to become
a functional sperm yet it has been estimated that the
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human testis produces 1,000 sperm with each
heartbeat or about 37 billion sperm per year [1].
To achieve and sustain this immense level of pro-
duction, the pool of SSCs and the commitment of
these cells to differentiation must be carefully
coordinated. Like many other organ stem cell
populations, very little is known about the factors
that regulate the balance between SSC self-
renewal and their commitment to spermatogene-
sis within the testis. This chapter will review our
current understanding of the characteristics of
mammalian SSCs and the transcriptional and
translational controls governing SSC self-renewal
and differentiation. I will focus predominantly on
rodent models, as they have generated the major-
ity of data in this field, however, where possible
I will also comment on the regulation of SSC
pools in other species.

7.2  Spermatogonial Stem Cells

The SSC pool in an adult mouse testis originates
from a small cluster of cells, known as the pri-
mordial germ cells (PGCs), that reside in the
proximal epiblast at embryonic day (E) 6 — E6.5.
The synergistic activity of BMP4 and BMPS,
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Fig. 7.1 Structure and cell types of the mouse testis.
The mammalian testis is composed of seminiferous tubules
intertwined so that the “start” and “end” of these tubules
are both located in the rete testis. (a) Immotile sperm flow
(blue arrows) from the lumen of the seminiferous tubules
into the epididymis via the rete testis. During their passage
through the epididymis to the vas deferens, sperm acquire
their motility (Adapted from Cooke and Saunders [11]) (b)
Histological cross-section through an adult mouse testis
depicting seminiferous tubules, the peritubular myoid
cells, and the interstitium (space between tubules). (¢) The
undifferentiated spermatogonia are derived from the gono-
cytes/prospermatogonia and are first present between 2

produced in the extra-embryonic ectoderm, is
essential for the differentiation of these cells [2]
and by E7-E7.25, they become positive for the
PGC marker alkaline phosphatase [3]. Over a
period of around 4 days, these PGCs proliferate
and then migrate, first passively as the hindgut
invaginates internally during gastrulation, then
actively towards the developing genital ridges
[4]. Tt is estimated that by E12.5 approximately
3,000 PGCs have colonized the differentiating
genital ridges [5] and are awaiting cues from the
gonadal somatic cell environment to begin their
differentiation down the male pathway [6-8].
PGCs that find themselves in a differentiating

and 3 dpp. Expansion of both the undifferentiated, and
differentiating spermatogonia, which first appear at
3—4 dpp, occurs via mitosis. Undifferentiated spermatogo-
nia enter the differentiation pathway at the time of the A to
Al transition. The subsequent conversion of differentiat-
ing spermatogonia to spermatocytes occurs between 8 and
10 dpp and represents the initiation of meiosis. The first
appearance of secondary spermatocytes (m2°m) occurs at
around 18 dpp with the process of spermiogenesis initiat-
ing as soon as the first round spermatids are present.
Elongating spermatids first appear at 30 dpp, with the first
spermatozoa produced by at 35 dpp. Overall, these cellular
events represent with first wave of spermatogenesis

testis develop into gonocytes that continue to
proliferate until approximately E16.5 when they
then enter a period of quiescence until just before
or shortly after birth [9, 10].

Within 2 days of birth, the gonocytes migrate to
the basement membrane of the seminiferous cords,
re-enter the mitotic cell cycle and are globally
termed undifferentiated spermatogonia. This
migration and resumption of mitosis initiates the
first wave of spermatogenesis and a defined
sequence of cell cycle events and morphological
changes ensues before mature spermatozoa are
produced. Figure 7.1 is a schematic representation
of the first wave of spermatogenesis and outlines
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the cell types present at each step and the days post
partum (dpp) at which they appear. The term
“gonocyte” is most often used to refer to germ
cells within an embryonic or newborn testis.
However, it has been proposed that these cells can
also be categorized into three different types of
prospermatogonia  [4]; (M)-prospermatogonia
undergoing proliferation in the embryonic testis,
T1-prospermatogonia entering mitotic arrest in the
embryo, and T2-prospermatogonia representing
the population of gonocytes that resume prolifera-
tion shortly after birth as they migrate to the base-
ment membrane. In any case, it is the gonocytes/
T2-prospermatogonia that colonize the basement
membrane of the newborn testis tubule and
ultimately have one of two fates; either they imme-
diately become differentiating A1 spermatogonia,
representing the initiation of the first wave of
spermatogeneisis, or they remain as undifferentiated
spermatogonia and contribute to either the SSC
pool or eventually commit to spermatogenesis in a
highly regulated fashion [4, 9, 12].

In rodents, undifferentiated spermatogonia,
also known as Type A spermatogonia, exist as
A single (A), A paired (Apr) or A aligned (A )
cells. A, cells are two cells connected by an
intracellular bridge and are the result of incom-
plete cytokinesis after the division of an A_ cell.
The A populations are generated from dividing
APr cells and can consist of chains of up to 4, 8,
16, or on the rare occasion, 32 cells developing in
a syncytium. Currently, it is believed that the true
SSCs are a subpopulation of the A_cells and the
chains of A  cells represent a more differentiated
population (reviewed in [13]). However, it has
recently been postulated that the A | spermatogo-
nia also retain stem cell potential and may con-
tribute to the SSC pool [14—16]. In any case, there
are Type A spermatogonia that eventually become
physiologically competent to respond to environ-
mental cues and are triggered to differentiate to
Type A1l spermatogonia. This differentiation step
is known as the A to A1 transition and represents
the commitment to spermatogenesis. Al sper-
matogonia then progress through a series of
five mitotic divisions, forming the A2, A3,
A4, Intermediate and B spermatogonia, before
becoming the first meiotic cells, the preleptotene
spermatocytes, in the absence of a cell division.
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Two meiotic divisions of the spermatocyte
population take place over a period of about
2 weeks before haploid spermatids appear. These
spermatids undergo dramatic morphological
changes in a process known as spermiogenesis
and ultimately become spermatozoa. This care-
fully controlled series of differentiation steps is
orchestrated into a cycle, known as the cycle of
the seminiferous epithelium, such that specific
types of germ cells are always in association
(known as stages) at any given point along the
tubules within the testis. In addition, the A to A1
transition and release of spermatozoa occurs
simultaneously each time a specific set of germ
cells is present within the tubule (Stage VIII)
(recently reviewed in [17]). This cyclic arrange-
ment of spermatogonial differentiation allows for
the asynchronous production of sperm. In mice,
itis believed that every pair of A_ spermatogonia
can give rise to 8,192 spermatozoa [18]. However,
given that sperm production must continue to
occur for months in rodents and years in humans,
the regulation of SSC numbers must be carefully
regulated (Fig. 7.2).

The model for balancing SSC self-renewal
with differentiation in mammals is constantly
evolving and differs between rodents and humans.
In contrast to the rodent AS/Apr/Aal model, the
current paradigm for spermatogonial differentia-
tion in humans and non-human primates suggests
there are two different categories of spermatogo-
nia; the A, population that act as a “reserve”
pool of SSCs and do not actively contribute to
spermatogenesis, and the Apale spermatogonia
that actively proliferate and balance their divi-
sions between generating new Apa]e cells and pro-
ducing differentiating B spermatogonia (reviewed
in [19]). This two-category model was also once
proposed in rodents [20-22] and while the AJA/
A model is currently favored among researchers
in the field, there are recent data that support the
hypothesis that a quiescent “reserve” pool of
SSCs is present in the mouse testis [23].

The majority of data supporting the models
described above have been derived from high-
resolution morphology analyses and histo-
logical staining for markers of undifferentiated
spermatogonia within whole mount preparations
of seminiferous tubules. While these studies
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Fig. 7.2 Spermatogonial divisions in rodents and
humans. (a) The rodent undifferentiated spermatogonial
populatlon consists of the ASmgle (A), Apzure J (A ) and

A ignea (Ay) spermatogonia. It is currently thought that the
true SSC@ are a subpopulation of the A_ cells and these
cells balance their divisions between self-renewal and dif-
ferentiation to progenitor A, spermatogonia connected by
an intracellular bridge. Usually, A spermatogonia would
then divide simultaneously to generate chains of A | sper-
matogonia consisting of 4, 8 or 16 connected cells. The A |
population is the most likely spermatogonial subtype to
transition to differentiating A1 spermatogonia (thick green
arrows). However, there is recent evidence to suggest that,
if required, a small percentage of A and A_ cells can also
differentiate directly to Al spermatogonia (thin green

have been very informative with regards to inves-
tigating how spermatogonial differentiation
proceeds, there are still large gaps in our under-
standing of the molecular and morphological
characteristics of the true SSCs. Currently, the
only test that determines whether an SSC is
present in a cell population is to transplant undif-
ferentiated spermatogonia into the germ cell-
depleted testis of a recipient mouse (first
described in [24]. If fertility is restored in the
recipient then the donated cell population con-
tained SSCs. There are known protein markers
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arrows), skipping the A | stage of development [12, 14].
It has also been observed that A and A cells can revert
back to the A_ state (red arrows), implying that although
there are more differentiated subpopulations of undiffer-
entiated spermatogonia, their stem cell potential is only
completely lost after the A to A1 transition. (b) In contrast
to the rodent, the human undifferentiated spermatogonial
population is thought to consist of A , (A ) and Amle (Ap)
spermatogonia, which are named for differences 1n their
nuclear morphology. The current model suggests that the
A spermatogonia act as a quiescent reserve pool of stem
cells and only divide when the pool of A cells is depleted.
The A cells actively divide to self-renew or differentiate
to form the B spermatogonia (B), which then divide and
enter meiosis as spermatocytes (Sp)

of undifferentiated spermatogonia that disappear
after the A to Al transition, however, there has
yet to be a gene product identified as SSC-
specific. This chapter will review our current
understanding of the genes expressed by undif-
ferentiated spermatogonia and SSCs within the
rodent testis, assess how close we are to identify-
ing the elusive SSC marker, describe how the
expression of these genes is regulated by exoge-
nous signaling factors, and discuss the specific
small RNAs that have been shown to regulate
translation in undifferentiated spermatogonia.
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7.3  Transcriptional Profiling
of Undifferentiated

Spermatogonia and SSCs

There has been a large research effort by the male
reproductive biology community to identify gene
products only present in SSCs and/or undifferen-
tiated spermatogonia. Techniques used to define
the molecular characteristics of these cells include
sorting spermatogonia based on specific antigens
(utilizing either fluorescence- or magnetic-activated
cell sorting), characterizing GFP-expressing
transgenic and knockout mouse models, and gene
expression profiling arrays. A list of the most
often utilized markers of SSCs and undifferenti-
ated spermatogonia is given in Table 7.1. This
section will overview published gene expression
arrays that have provided insight into the molecu-
lar characteristics of SSCs as well as focus on
those gene products that are most commonly used
as markers of undifferentiated spermatogonia,
those that show variations in expression between
the A, A, and A populations and describe one
that has recently been identified as a potential
marker of only the true SSC population.

7.3.1 The Global Expression

Profile of SSCs

The rapid improvement of technologies associ-
ated with transcriptome profiling of small sam-
ples and the isolation and culture of SSCs has
lead to significant progress toward understanding
the molecular characteristics of SSCs. It is esti-
mated that only one in every 3,000—4,000 cells
within an adult mouse testis is a true SSC [39].
The rarity of these cells and the lack of an
unequivocal SSC marker has made isolation of a
pure population of SSCs impossible. However,
the use of gene knockout mice and localization
studies has advanced our knowledge of markers
of different populations of undifferentiated sper-
matogonia. In addition, an ex vivo system has
been devised to support the self-renewal of SSCs,
enabling the expansion of SSCs within a popula-
tion of cultured undifferentiated spermatogonia
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[40]. Several laboratories have made use of these
markers, culture systems and gene knockouts to
generate global expression profiles of SSCs as
well as identify new gene products essential for
their self-renewal and differentiation. Table 7.2
outlines the current published array analyses of
undifferentiated spermatogonia enriched for
SSCs and outlines their major findings.
Culturing undifferentiated spermatogonia in a
medium which supports the self-renewal of SSCs
has been useful for identifying new gene prod-
ucts that participate in this process. Two studies
examined the effect of GDNF, a growth factor
produced by Sertoli cells that is essential for
SSC self-renewal (discussed in detail below), on
gene expression in cultured spermatogonia.
Oatley et al., first starved SSC cultures of GDNF
overnight, and then collected cell samples at
various timepoints with and without GDNF
replenishment [41]. As expected, removing
GDNF from the culture medium increased the
expression of genes associated with spermatogo-
nial differentiation and downregulated the
expression of genes known to play a role in SSC
self-renewal. In order to select novel candidate
genes that may regulate the pool of SSCs, Oatley
et al., screened the data for those transcripts
whose expression was first decreased by GNDF
withdrawal and then increased after GDNF
replacement. Only six transcripts emerged;
Bcl6b, Egr2, Egr3, Etv5, Lhxl and TspanS.
Further investigation of Bcl6b function using
siRNA knockdown in SSC cultures and analysis
of a knockout mouse model suggested that
BCL6B does play a role in SSC self-renewal
[41]. A second study that cultured rat SSCs in
the presence and absence of GDNF also saw an
upregulation of Bcl6b, Egr2, Egr3, and Etv5 in
GDNF-treated cultures and identified three addi-
tional novel genes, Bhlhe40, Hoxc4 and Tec [46].
Knockdown of Bcl6b, Etv5, Bhlhe40, Hoxc4 and
Tec in SSC cultures resulted in a reduction in
SSC self-renewal as determined by transplanta-
tion experiments post-culture, without altering
total cell numbers. Taken together, these two
studies indicate that the selection of novel candi-
dates via global expression profiling and the use
of transplantation experiments after siRNA
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Table 7.2 Published array analyses profiling SSCs

Experiment

Moue SSCs starved of GDNF
followed by GDNF replacement

Young versus aging GFRa1-
positive mouse spermatogonia

Compared profiles in mouse
THY 1-positive, THY 1-depleted
and cultured THY 1-postive
spermatogonia

Compared profiles in mouse
GFRal-positive versus
GFRal-negative
spermatogonia

Arrays of wild-type, busulfan-
treated and cryptorchid mouse
testes

Rat SSCs cultured with and
without GDNF

Compared profiles in human
testes containing spermatogonia
and Sertoli cells versus Sertoli
cell-only

Compared miRNA profiles in
THY 1-positive versus

THY 1-depleted spermatogonia

Analyzed miRNA profiles in
THY 1-positive spermatogonia
cultured with and without RA

Major findings

6 transcripts decreased after GDNF withdrawl,
increased after replacement: Bclb6, Egr2, Egr3, Etv5,
Lhxl, Tspan$;

Bclb6 involved in SSC self renewal.

Genes overexpressed at 6 dpp but not 8 months:
Gprl07, Tyrobp, Smad4, Ms4a7, Mrcl;

Known progenitor markers such as Gfral not
affected.

202 genes expressed 10-fold or higher in THY 1-
positive compared to THY 1-depleted fraction, most
notably Bcl6b, Gfral, Lhxl, Csflr;

CSFIR and its ligand, CSF1, important for stem cell
self renewal.

639 transcripts differentially expressed, most notably
Lhxl, Bcl6b, Tyrobp, CsflIr.

Ligand of CSFIR, CSF1, promoted spermatogonial
proliferation.

88 genes overexpressed in cryptorchid testes
therefore may be enriched in SSCs; most notably
Crabpl, Dnmt3a, Sall4, Ccl7, Tyrobp, Oct4.
Identified Bcl6b, Etv5, Egr2 and Egr3; 3 novel genes
identified: Bhlhe40, Hoxc4, Tec.

siRNA knockdown of Bclb6, Etv5, Bhlhe40, Hoxc4
and 7ec reduced SSC numbers in culture.

239 best candidates of human spermatogonially
expressed genes, most notably FGFR3, DSG2,
¢-CBL, UTF 1, SNAP91, CTAGIA/B.

Identified miRNAs miR-21, miR-34c, miR-182,
miR-183, miR-146, miR-465a-3p, miR-465b-3p,
miR-465¢-3p and miR-465¢-5p as being enriched in
THY 1-positive cells.

ETVS5 can potentially upregulate miR-21 expression.
miR-21 potentially important for SSC self-renewal.

Identified miR-17-92 and miR-106b-25 as being
downregulated during spermatogonial differentiation.

miR-17-92 knockout mice have smaller testes but
only a mild spermatogenic defect.

m

Reference
Oatley et al. [41]

Kokkinaki et al. [42]

Oatley et al. [43]

Kokkinaki et al. [44]

Orwig et al. [45]

Schmidt et al. [46]

Von Kopylow et al. [47]

Niu et al. [48]

Tong et al. [49]

knockdown of candidates in SSC cultures have
been useful for identifying new gene products
important for SSC self-renewal.

Isolating different subsets of undifferentiated
spermatogonia based on cell surface markers has
also been effective in obtaining enriched popula-
tions of SSCs for global expression analysis. Two
different studies made use of markers known
to be present on SSCs, THY1 and GRFal, and
collected cells from testes at 6 dpp, when sper-
matogonia are the prominent germ cell type

within the testis [43, 44]. Both studies found
Bcl6b and Lhxl, two transcripts that were also
upregulated in undifferentiated spermatogonia
cultured with GDNF [41, 46], to be enriched in
SSCs. In addition, Csflr exhibited the highest
fold change in the SSC-enriched population by
both analyses. Therefore, there is significant
overlap in the global expression profiles of SSC-
enriched cell populations even though different
cell surface markers were being used to isolate
the SSCs in these studies. Further investigation of
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the function of CSFIR revealed that addition of
its ligand, CSF1, to culture medium enhanced
SSC self-renewal [43, 44], indicative of a role for
CSFIR in signaling to the cell to maintain stem-
ness. Also in support of a role in SSC self-
renewal, Oatley et al. reported CSFIR protein to
only be present on individual spermatogonia in
very few testis tubules of 10 dpp testis cross sec-
tions [43]. Given that the true SSCs are thought
to exist as single cells and are few in number, this
staining pattern fits with CSFIR only marking
the SSC population. However, these findings are
in contrast to those of Kokkinaki et al. who were
able to detect three to four CSF1R-positive sper-
matogonia per tubule in 6 dpp testis cross sec-
tions [44]; presumably too many positive cells
for CSFIR to be thought of as a true SSC marker.
Whether this discrepancy is due to a difference in
sample age or is a function of reagents utilized to
assess CSF1R localization has yet to be resolved.
Transplantation analyses with near pure popula-
tions of CSFR1-positive germ cells will be impor-
tant for determining whether that population
contains a higher number of SSCs in comparison
to isolations performed with the markers cur-
rently used for SSC isolation.

Microarray analyses have also been performed
in order to compare SSC gene expression profiles
in young versus old mice [42], in human testes
containing spermatogonia and Sertoli cells ver-
sus Sertoli cell-only [47], and in mouse models
that are highly divergent with respect to stem/
progenitor germ cell content [45]. Interestingly,
even though the starting cell populations in these
studies were very different from the ones
described above, there was overlap in the
identification of SSC-enriched genes. For exam-
ple, the BCL6 signaling network was found to be
over-represented in human spermatogonia [47]
and two transcripts that were identified in the
GFRal-positive population in 6 dpp mice [44],
Tyrobp and Ccl7, were also present in the stem/
progenitor spermatogonia fraction of cryptorchid
testes [45], which are known to contain
significantly higher numbers of SSCs [50]. These
studies also revealed that the SSC population
appears to contain an over-representation of
proteins associated with RNA binding, DNA

C.A.Hogarth

metabolism and protein biosynthesis, suggesting
that post-transcriptional mechanisms play a role
in regulating SSC function.

Global expression arrays have proven to be
very useful for analyzing the molecular charac-
teristics of undifferentiated spermatogonia, and
in some analyses, identifying novel regulators
of SSCs. However, they have provided limited
information specific for SSCs due to the lack
of a specific marker of this population. Technical
advances in our ability to visualize cells within
live tissue and continued identification of
markers of subpopulations of undifferentiated
spermatogonia has enabled researchers to com-
bine multiple lines of evidence in order to keep
narrowing down the list of required molecular
characteristics of a true SSC. This next section will
discuss the genes and proteins most often utilized
as markers of undifferentiated spermatogonia
and how integrating their expression patterns and
functions is broadening our understanding of the
SSC population.

7.3.2 ZincFinger and BTB Domain
Containing 16 (Zbtb16)

Zbtb16, also known as Plzf, was the first gene dis-
covered to be essential for stem cell self-renewal
in the mouse testis [25, 26]. It was identified as
the defective gene in the naturally occurring lux-
oid (lu) mutant mouseline that first arose in the
1950s. These mutants showed limb abnormali-
ties, impaired skeletal differentiation and a pro-
gressive loss of male fertility. The testis of an
8 month old /u mutant contained seminiferous
tubules with highly variable phenotypes ranging
from normal to devoid of all germ cells.
Interestingly, tubules could be found that con-
tained elongating spermatids but no other differ-
entiating germ cell types, suggesting that normal
spermatogenesis was initiated but the store of
stem cells was depleted and further initiation
and spermatogonial differentiation was blocked
[25, 26]. In addition, transplantation experiments
demonstrated that /u mutant spermatogiona can-
not be maintained in an undifferentiated state and
differentiate in an unregulated fashion [25, 26].
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While it is clear that ZBTB16 is important for
maintaining the SSC pool, there is still much to
be learned regarding its function in the testis.
ZBTBI16 is expressed by most stem cell pools
and has been shown to act as a transcriptional
repressor by recruiting polycomb group proteins
and histone deacetylases to chromatin [51]. A
direct link between the repression of C-kit, a
marker of differentiated spermatogonia, and
ZBTB16 has been established both in vitro and
in vivo [52]. In addition, ZBTB16 appears to be
directly responsible for the downregualtion of
mTORCI, a complex of proteins that promote
cellular differentiation and cell growth by phos-
phorylating components of the translational
machinery in SSCs [53]. It is also possible that
ZBTB16 functions by regulating the epigenetic
repression of chromatin in undifferentiated sper-
matogonia as histone methylation patterns are
perturbed in Zbtb16-null germ cells [54].

Further analysis of ZBTB16 function in undif-
ferentiated spermatogonia is required before fully
understanding its role in the self-renewal of these
cells but at present, ZBTB16 has surfaced as the
gold standard marker of SSCs and undifferenti-
ated spermatogonia. Tools for detecting Zbtb16
transcript and/or protein are widely used to dem-
onstrate the presence of undifferentiated sper-
matogonia in tissue/cell samples and histological
sections. It is also often used to localize other
proteins to SSCs and undifferentiated sper-
matogonia in multiple mammalian species (sheep,
bulls, pigs, humans and non-human primates)
and has recently been reported as being a useful
marker in fish [55, 56].

7.3.3 Glial Cell-Derived Neurotrophic
Factor Family Membrane
Receptor Alpha-1 (GFRx1)

GFRal was first shown to be uniquely expressed
within the testis in Type A undifferentiated sper-
matogonia in 2000 [28, 31]. This protein is the
membrane bound receptor for GDNF and regu-
lates cellular differentiation through activation of
RET tyrosine kinase. Because GFRal sits on the
outside of the cell, it can be exploited as a target

of antibodies attached to magnetic beads, allowing
the isolation of undifferentiated spermatogonia
from testis tissue (MACS). Buageaw et al. dem-
onstrated that when MACS was used to collect
GFRal-positive cells from rodent testes, the
resulting cell population was enriched for known
markers of SSCs (ITGA6 and CD?9), depleted of
C-KIT-positive cells, and could repopulate a
germ cell-deficient testis after transplantation,
suggesting that a subset of GFRal-positive cells
are also true SSCs [57]. MACS directed against
GFRal is now common practice in laboratories
attempting to isolate undifferentiated sper-
matogonia from whole testes.

Further evidence to support a role for GFRal
in the maintenance of the SSC pool has stemmed
from studies of the Gfra/-null mouse and knock-
down studies. Mice deficient in Gfral die shortly
after birth due to defects in the development of
their enteric nervous and renal systems. To study
this model, Naughton et al. dissected the testes
from either Gfral-null male mice or their wild-
type siblings on the day of birth and explanted
them subcutaneously into nude mice in order to
investigate whether postnatal germ cell develop-
ment could proceed normally in these testes
[58]. Normal spermatogenesis was observed in
the explanted wild-type testes after 8 weeks.
However, there was a complete absence of germ
cells in the mutant testes at 8 weeks post-surgery,
with a significant decrease in germ cell numbers
seen after 7 days. Immunohistochemical studies
were used to determine that the numbers of SSCs
in the Gfral-deficient testes were comparable to
those in the wild-type animal at birth, indicating
that the reduction in germ cell numbers after
7 days was not due to unequal germ cell numbers
to begin with [58]. Whether germ cell loss was a
result of decreased proliferation, apoptosis or
premature differentiation was not investigated in
the explanted Gfral-null testes. However, studies
on Gdnf- and Ret-deficient testes suggested that
loss of this signaling pathway resulted in a loss of
proliferation of the SSCs and in their advanced
differentiation [58, 59]. This conclusion is also
supported by siRNA knockdown studies of Gfral
in cultures of undifferentiated spermatogonia
[31]. Transfecting Gfral-specific siRNAs into
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Fig.7.3 Undifferentiated Type A spermatogonial pat-
terning. Various markers can be used to distinguish
between the different subpopulations of Type A spermato-
gonia (A, Apr, Aamiw)). Listed below the schematics of
each subpopulation are the markers that can be used to
differentiate between them. The articles from which these
data were derived are given. Size of lettering for each pro-
tein represents its relative expression level across the

cultures of undifferentiated spermatogonia
resulted in a reduction in both the numbers and
size of germ cell clusters due to a decrease in pro-
liferation and excessive differentiation of these
cells. In addition, the phosphorylation of RET
was significantly reduced in cultured cells, dem-
onstrating a block in the GDNF signaling path-
way. Taken together, these data show a
requirement for GFRal in maintaining the pool
of SSCs yet very little work has been performed
to ascertain the downstream targets of signaling
through GFRal. Use of the Cre-Lox gene target-
ing system will be important for further investi-
gation of the downstream effects of GFRal,
specifically in germ cells.

The precise localization pattern for GFRal in
the testis has evolved over the years. GFRal was
thought to be a marker of undifferentiated sper-
matogonia, yet its expression appears to be non-
uniform among the A , Apl_ and A  cell populations
and displays stage-specificity across the cycle of
the seminiferous epithelium. Grisanti et al. noted

different subpopulations, i.e. small lettering equals weak
expression and/or very few positive cells; larger lettering
equals strong expression and/or lots of positive cells. The
black arrows indicate that Type Al differentiating sper-
matogonia can be derived from all three subpopulations
but the thickness of the arrows indicates that this differen-
tiation step is more likely to occur from the A  cells over
the Apr orA,

a heterogeneous pattern of GFRal localization in
A and A cells, with approximately 10 % of A_
spermatogonia being negative for GFRal and
approximately 5 % of Apr chains displaying
asymmetric GFRal staining (one cell positive
and not the other) [60]. The asymmetric staining
of GFRal inA_and A  chains was also observed
in a separate study [36], although the question of
whether asymmetric staining represents function-
ally distinct cells within one cyst or is the result
of capturing a moment in time when the expression
pattern is changing throughout the whole cyst in
a wave-like manner remains unanswered.
Another study has postulated that GFRal
localization, in tandem with the expression pat-
tern of NGN3, another marker of undifferentiated
spermatogonia, can be used to differentiate
between Type A spermatogonia (Fig. 7.3). Whole
mount immunohistochemistry and live tissue
imaging were used to investigate expression
within, and the behavior of, the Type A spermato-
gonial chains [14]. GFRal was only found in a



7 Transcriptional/Translational Regulation of Mammalian Spermatogenic Stem Cells 115

small percentage of undifferentiated sper-
matogonia, with the A and A, cells being the
predominant positive cell types. GFRal-positive
A, cysts were rare [14]. Less than 20 % of the
140 8-cell cysts and none of the 54 16-cell cysts
examined were positive for GFRal and in con-
trast to the studies that reported asymmetric
staining, asymmetric staining was not evident in
A, cysts that were positive [14]. This study also
visualized the fragmentation of long A cysts
into smaller chains and also single cells, suggest-
ing that cells within an A | cyst maybe be able to
recover their stem cell potential. The numbers of
spermatogonial chains found to be positive for
GFRal also appears to vary across the cycle of
seminiferous epithelium [61]. In all stages of the
cycle in the mouse testis, Grasso et al. reported
that GFRal-positive chains of A = cells were
more prevalent than either A_ or A_. However,
significantly fewer GFRal-positive A~ chains
were observed in Stages VII and VIII, the point
in the cycle during which the A to Al transition
is known to occur. Taken together, these data sug-
gest that GFRal is an important marker of the
undifferentiated spermatogonia and may be lost
from these cells as they prepare to differentiate.
Continued advances in live imaging techniques
will resolve whether A and A | chains are truly
asymmetric for GFRal in addition to contribut-
ing to our understanding of whether chained cells
retain stem cell potential.

7.3.4 Neurogenin 3 (NGN3)

NGN3 is a class B basic helix-loop-helix tran-
scription factor that was first identified in undif-
ferentiated spermatogonia using a yeast-2-hybrid
screen for transcription factors in OCT4-positive
germ cells [34]. Transplantation experiments
demonstrated that true SSC cells are present
within populations of Ngn3-positive cells [12]
and a transgenic mouseline expressing GFP under
the control of the Ngn3 promoter has been used
to demonstrate that Ngn3 expression can delin-
eate between the first wave and subsequent waves
of spermatogenesis. Ngn3 is expressed by A, A,
and A | spermatogonia, yet unlike other markers,

is not present in gonocytes [34]. A physical separation
of Ngn3-positive and C-kit-positive cells within
cross sections of juvenile testes was also observed
[12], supporting the theory that differentiating
spermatogonial populations are spatially separate
from the undifferentiated germ cells [62]. Yoshida
et al. were also able to detect gonocytes that never
become Ngn3-positive and differentiate directly
into C-kit-positive spermatogonia [12]. Dual-
labeling transgenic mouselines were utilized to
illustrate that the cells which skip being Ngn3-
positive (the Ngn3-negative lineage) are the cells
that generate the first wave of spermatogenesis
and give rise to the very first spermatozoa [12].
The gonocytes that did transition into Ngn3-
positive undifferentiated spermatogonia (the
NGN3-positive lineage) were those responsible
for producing all subsequent rounds of spermato-
genesis [12]. As a result, in the testis of a fully
mature male mouse, the NGN3-negative lineage
is absent and all spermatozoa originate from the
NGN3-positive cells.

In addition to Ngn3 marking different popula-
tions of germ cells in the neonatal testis, its local-
ization pattern in association with GFRa1 is now
thought to represent how likely a Type A sper-
matogonia is to differentiate in the mature testis
(Fig. 7.3). In the adult, Ngn3 can be detected in
A, Apr and A | populations, however, only 10 %
of A_ cells are Ngn3-positive, with this percent-
age increasing as the length of the chain increases
[14]. In this study, of the 54 16-cell A chains
analyzed, all were Ngn3-positive. Pulse-chase
and live imaging experiments demonstrated that
the small percentage of Ngn3-positive A_ cells
typically divided to become Ap]_ and A chains
rather than generating two new A_ cells, suggest-
ing that Ngn3 may mark the more advanced
undifferentiated spermatogonia [14]. This study
also hypothesized that the very small number of
Ngn3-positive A_cells that do divide and gener-
ate two new single cells are actually transiting
directly into differentiating Al spermatogonia
and not undergoing self-renewal. This conclusion
was based on the presence of single C-KIT-
positive cells only 2 days into their pulse chase
experiments [14]. These data, in combination
with the GFRal localization data discussed
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above, have generated a new model for markers
that distinguish the first wave and subsequent
waves of spermatogenesis and the developmental
transition of A, Apr and A | cells to becoming A1
spermatogonia (Fig. 7.3). This new model sug-
gests that Type A spermatogonia do not always
arise from a linear pathway. A, A_and A  cells
can all transition directly into A1 spermatogonia.
Based on the Ngn3 and GFRal studies, it would
appear the majority of cells in the adult testis do
follow a linear pathway of differentiation and
transition from being GFRal-positive to NGN3-
positive to Al spermatogonia. However, A_cells
can differentiate directly to Al spermatogonia
and cells within a cyst still retain the ability to
self-renew. Further investigation of the transcrip-
tional profile of these different subpopulations of
undifferentiated spermatogonia and the cross-
talk that occurs between individual cells and
cysts is required in order to determine how
these cells balance between self-renewal and
differentiation.

7.3.5 Nanos Homolog 2/Nanos Homolog
3 (NANOS2/NANOS3)

The NANOS family of genes was first identified
as being important for germ cell development from
studies of maternal effect genes in Drosophila
[63]. While only one Nanos gene is present in the
Drosophila genome and its expression is essen-
tial for the formation of functional gametes, three
homologs are expressed in mammals, Nanos 1,
Nanos2 and Nanos3. Only Nanos2 and Nanos3
are known to be essential for normal mamma-
lian spermatogenesis [64]. Both NANOS2 and
NANOS3 are zinc-finger RNA binding proteins
that appear to be able to repress protein produc-
tion either by physically blocking translation or
facilitating the degradation of target mRNAs
[65-67].

A deletion of Nanos2 only affects spermato-
genesis and results in a loss, followed by the
complete absence of germ cells within the testes
of mutant animals by 4 weeks of age [64]. The
decrease in germ cell numbers is first observed in
null male gonads at E15.5 and NANOS2 appears
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to promote germ cell differentiation down the
male pathway while simultaneously inhibiting
the female program (recently reviewed in [68]) in
the normal embryonic testis. Expression analysis
in wild-type testes revealed that NANOS2 was
present in undifferentiated spermatogonia in the
postnatal testis [35], but its function in these cells
was difficult to study given the requirement for
NANOS?2 in the embryonic testis. To counteract
this issue, Sada et al. utilized a tamoxifen-inducible
Cre-Lox system to delete Nanos2 in the adult
mouse testis [35]. A progressive loss of differen-
tiating germ cells was observed in the testes of
the tamoxifen-induced mutant animals, with all
germ cells lost within only a few cycles of the
seminiferous epithelium. Staining for PLZF
expression in the mutant testes revealed a decrease
in the numbers of undifferentiated spermatogonia
by 2 weeks post-tamoxifen treatment, and
GFRal-positive cells were lost almost immedi-
ately after Nanos2 deletion [35]. Sada et al. con-
cluded that the germ cell loss within the
conditional Nanos2-null testes was the result of a
loss of SSCs.

Pulse-chase labeling experiments using a LacZ
reporter gene also demonstrated that stem cells
were present in the Nanos2-expressing popula-
tion of undifferentiated spermatogonia and that
by comparison to a separate but similar study, the
Nanos2-expressing undifferentiated spermatogo-
nial population contained a higher proportion of
stem cells than the Ngn3-expressing population
[12, 35]. Overexpression of NANOS2 in male
germ cells also supports a role for this protein in
the maintenance of the SSC pool [35]. In Nanos2-
overexpressing testes, an increase in the numbers
of PLZF- and GFRal-positive undifferentiated
spermatogonia was detected and these cells dem-
onstrated a slower rate of proliferation. In addi-
tion, these testes contained a higher proportion of
A_and Apr cells and a low percentage of longer
chains of A  spermatogonia. Therefore, Nanos2-
overexpressing male germ cells display proper-
ties similar to what is currently believed to be
the most primitive set of undifferentiated
spermatogonia.

Less is known about the role of NANOS3 in
the postnatal testis. The global deletion of Nanos3
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in mice results in defects during both oogenesis
and spermatogenesis, with all germs cell absent
from both gonads by E15.5 [64]. Expression
analyses have revealed that NANOS3 is present
in undifferentiated spermatogonia and can also
be detected in some differentiating spermatogo-
nia [36]. The role that NANOS3 plays in these
cells is still unclear. Knockdown of Nanos3 in
cultures of differentiating human embryonic
stem cells decreased the expression of germ cell
genes responsible for the maintenance of pluripo-
tency, meiotic initiation and progression [69],
suggesting a role for NANOS3 in the differentia-
tion of spermatogonia. The observation that the
overexpression of Nanos3 in the postnatal testis
leads to a delay in spermatogonial cell cycle pro-
gression also supports this premise [67]. The
investigation of NANOS3 expression across the
cycle of the seminiferous epithelium revealed a
stage-specific localization within the A chains
and differentiating spermatogonia [35]. During
Stages VII and VIII, when the A to Al transition
is taking place, the NANOS3-positive A | sper-
matogonia strongly co-expressed C-KIT, and this
was not the case during other stages of the cycle.
In addition, NANOS3 could be detected, albeit
weakly, in the differentiating A1 and A2 sper-
matogonia from Stage IX through Stage XII yet
this signal was lost from the A3 through B dif-
ferentiating spermatogonia present in Stages I
through IV. In contrast, NANOS3-positive undif-
ferentiated spermatogonia were present through-
out all stages. These expression data imply that
NANOS3 could be important for the A to Al
spermatogonial transition, however, conditional
knockout mouse studies will be required to gain a
more detailed understanding of how NANOS3
functions in the postnatal testis.

The localization pattern of NANOS2 and
NANOS3 aids in extending the evolving theory
of functionally distinct populations of undiffer-
entiated spermatogonia. Using reporter gene-
expressing transgenic mice, Suzuki et al.
investigated the localization of both NANOS2
and NANOS3 in all types of undifferentiated
spermatogonia and colocalized the expression of
these proteins with GFRal and NGN3 [36].
The resulting localization patterns reinforced the

heterogeneity observed within the undifferentiated
spermatogonia and are summarized in Fig. 7.3.
As mentioned above, NANOS2 was found to be
expressed almost exclusively in A and Apr sper-
matogonia, with only very weak signal observed
in the A | chains. NANOS3 localized to undiffer-
entiated spermatogonia of all chain lengths and
some differentiating spermatogonia [32]. When
compared to GFRal and Ngn3 localization,
NANOS2 was more likely to be detected in A
and A, cells that were GFRal-positive/Ngn3-
negative, whereas NANOS3 was more strongly
expressed in A~ chains that were GFRal-
negative/NGN3-positive. In addition, there was a
small population of Type A spermatogonia that
were only positive for GFRal. These data lead
to the conclusion that the undifferentiated
spermatogonia can be classified into 3 basic
categories: (1) GFRa1-positive/NANOS2-positive/
NANOS3-negative/NGN3-negative; (2) GFRal-
positive/NANOS2-positive/NANOS3-positive/
NGN3-negative; and (3) GFRa 1-negative/NANOS2-
negative/NANOS3-positive/NGN3-positive.
Clearly, the molecular factors that uniquely equip
undifferentiated spermatogonia for the A to Al
transition are complex in nature and as more
markers are identified, the model of spermatogo-
nial differentiation will continue to evolve.

The regulation of expression of Nanos2 and
Nanos3 RNAs and the targets of their gene prod-
ucts are beginning to be elucidated. GDNF sig-
naling is essential to maintain the expression of
Nanos2 and ectopic expression of this gene can
help to restore the loss of SSCs seen after Gfral-
depletion [70]. RA is an important regulator of
spermatogonial differentiation and meiotic initia-
tion (reviewed in [17]) and there is evidence to
suggest that it represses the expression of both
Nanos2 and Nanos3 [67, 71]. Nanos2-deficient
gonocytes have been shown to precociously enter
meiosis and overexpression of Nanos2 in fetal
female germ cells prevents meiotic entry, leading
to the conclusion that NANOS2 may act as a mei-
otic inhibitor through a post-transcriptional regu-
latory mechanism. Studies showing NANOS2
can associate with ribonucleoparticles and poly-
somes in both fetal and postnatal male germ
cells and that it can bind two RNA transcripts
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that code for proteins known to be important for
spermatogonial differentiation, Gata2 and Taf7I,
also support this conclusion [71].

7.3.6 Inhibitor of DNA Binding 4 (ID4)
The inhibitor of DNA binding (ID) protein fam-
ily consists of four helix-hoop-helix transcrip-
tional repressors that are often expressed in
populations of undifferentiated cells [72, 73]. It
has been known for nearly 15 years that all mem-
bers of this protein family are present in either
germ or Sertoli cells within the testis [74].
However, it has only recently been demonstrated
that ID4 localizes to a specific subset of A_ sper-
matogonia and may be considered as a possible
marker of the true SSC population [23]. Whole
mount immunofluorescence and analysis of sem-
iniferous tubules isolated from transgenic mice
expressing GFP under the control of the Id4 pro-
moter demonstrated that only A spermatogonia
expressed ID4. Colocalization of the GFP signal
with ZBTB16 revealed that the majority of
ZBTB16-positive cells were negative for 1D4
and about 50 % of ID4-positive cells were
ZBTB16-positive [23]. These results indicate
that ZBTB16 may not be a global marker of all
undifferentiated spermatogonia and imply that
ID4 may mark a previously unidentified subpop-
ulation of these cells. Analysis of Id4-null male
animals revealed a reduction in testis weight and
sperm concentration in the epididymis over an
8 month period and the progressive loss of fertil-
ity [23], all hallmarks of impaired SSC function.
Also, SSC culture and transplantation experi-
ments confirmed that the spermatogenic defect
seen in /d4-null males was the result of a loss of
SSC self-renewal rather than a defect in SSC
proliferation. Spermatogenesis was never com-
pletely blocked in the Id4-null model, as some
male knockout mice were still fertile at 8 months
of age and their testes were found to contain a
few tubules with a full complement of germ
cells. Therefore, further investigation will be
required in order to determine what protein(s)
can partially compensate for the loss of ID4 in
the SSC population.
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Global expression array analyses have made
significant contributions to our understanding of
the molecular characteristics of SSCs. In addi-
tion, continued identification and functional anal-
yses of proteins specific to undifferentiated
spermatogonia are drawing us closer to being
able to definitively pinpoint the true SSCs. ID4 is
an extremely promising candidate and further
colocalization studies will be important for inte-
grating ID4 with the GFRal/Ngn3/Nanos story.
While the search for the elusive true SSC marker
will and should continue, studies into how the
undifferentiated spermatogonia interact with one
another and the surrounding somatic compart-
ment are equally important to the eventual goal of
utilizing SSCs in therapeutics.

7.4 Regulating SSC Self-Renewal
and Differentiation Through

the Germ Cell Niche

The proper expression of SSC proteins that regu-
late their self-renewal and differentiation relies on
signals derived from the surrounding somatic cells.
These cells and signals build what is known as the
germline stem cell niche and ongoing research
efforts hope to dissect how this microenvironment
balances the differentiation of SSCs with the
maintenance of a healthy population of stem cells
(for a recent review see [75]). The defining feature
of each stem cell niche is the milieu of growth
factors that not only home the stem cells to the
niche but also keep them there and then direct
them to either proliferate or differentiate. This sec-
tion will summarize our current understanding
of the growth factors important for testis niche
function and how SSCs localize to their niche
(summarized in Fig. 7.4).

7.4.1 Growth Factor Signals

Promoting SSC Self-Renewal

7.4.1.1 Glial Cell Line-Derived
Neurotrophic Factor (GDNF)

It has been known for over a decade that GDNF

is essential for SSC function in mammals yet the
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Fig. 7.4 Growth factor regulation of the germline
stem cell niche in rodents. Schematic representing the
current model for the growth factors and signaling mol-
ecules involved in regulating the rodent germline stem
cell niche and the cell types responsible for their produc-
tion. Sertoli cells are critical to the formation of the
niche microenvironment and are known to secrete GDNF
and FGF2. These two growth factors both act to support
the self-renewal of the true SSCs and the maintenance of
the progenitor Type A undifferentiated spermatogonia.
CSF1 is produced by the Leydig cells in the testicular

downstream effects of this growth factor on SSCs
are only beginning to be understood. GDNF was
first identified as being secreted by glial cells but
is now known to be produced by several organs
during development (reviewed in [76]). Within
the testis, it is produced and secreted by the
Sertoli cells [77] with a recent report suggesting
that the human peritubular myoid cells may also
make GDNF [78]. The overexpression of GDNF
results in excessive proliferation of undifferenti-
ated spermatogonia, the disappearance of differ-
entiating germ cells, and the formation of germ
cell tumors, whereas mice deficient in GDNF
lose germ cells with aging [79]. While these
mouse models are only suggestive of a role for
GDNEF in SSC self-renewal, in vitro studies have
provided definitive proof. Addition of recombi-
nant GDNF to medium enhanced the ability of

interstitium and there is evidence to suggest that its only
function is to support the self-renewal of the true SSCs
[43]. BMP4, Activin A and Neuroregulin 1, whose site
of production within the testis is currently unknown, act
upon the SSCs to promote their differentiation to the
progenitor Type A spermatogonia, while RA is known to
drive the transition from the progenitor undifferentiated
Type A spermatogonia to the differentiating Type Al
spermatogonia. How RA is generated within the testis is
still under investigation (Adapted from Oatley and
Brinster [75])

cultured undifferentiated spermatogonia to re-
establish spermatogenesis after transplantation
and GDNF is the only supplement required in
serum-free chemically-defined medium to sup-
port the long term expansion of SSCs in popula-
tions of undifferentiated spermatogonia from
DBA/2J mice [40, 80, 81]. In vitro studies with
SSCs from different genetic backgrounds, such
as C57BL/6, have shown that GDNF and either
FGF2 or EGF are required for SSC expansion
[40]. While it is clear that GDNF is essential for
SSC self-renewal, its function is not specific to
SSCs alone. The receptor for GDNF, GFRal, is
expressed by most undifferentiated spermatogo-
nia, suggesting a general role for GDNF in the
maintenance of these cells. Array studies of iso-
lated undifferentiated spermatogonia cultured
with and without GDNF have been a useful tool
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for identifying novel targets of GDNF signaling
in germ cells but dissecting out whether increased
target expression is a direct or indirect result of
the GDNF/GFRa1/RET signaling requires func-
tional studies. Some of the most interesting and
novel targets induced after GDNF signaling in
culture were discussed above, so this section of
the chapter will focus on two signaling pathways
in undifferentiated spermatogonia that are known
to be activated by GDNF.

Through GFRal and RET tyrosine Kkinase,
GDNF can activate the SRC kinases and AKT
intracellular cascades to promote SSC self-renewal
and survival [82, 83]. Several kinases from the
SRC family co-precipitate with RET after GDNF
stimulation of SSCs in culture [82] and the SRC
kinases are thought to play a predominant role in
the immediate response of SSCs to GDNF signal-
ing. As a result of SRC activation, the PI3K/AKT
pathway is triggered in SSCs, leading to the
expression of N-MYC and SSC proliferation [82].
In fact, studies with undifferentiated spermatogo-
nia that constitutively overexpress AKT demon-
strated that although the concentration of SSCs
declined over time, SSC potential was observed
long term in cultures without GDNF as long as
either FGF2 or EGF were present [84]. These data
suggest that GDNF promotes both expansion of
SSC numbers and production of non-stem progen-
itor spermatogonia in vitro.

The second signaling pathway activated by
GDNF is RAS. The RET tyrosine kinase has
been shown to autophosphorylate its intracellular
domain in response to GDNF stimulation [85],
thereby generating numerous docking sites for
many different signaling proteins. One particular
site, Tyr 1062, serves as the docking site for RAS
and as a result, the RAS/ERK1/2 signaling cas-
cade is triggered in SSCs [86]. This pathway ulti-
mately results in the activation of the transcription
factors CREB-1, ATF-1 and CREM-1 as well as
the increased expression of Cyclina and Cdk2,
whose gene products promote the G1/2 phase
mitotic transition, thereby driving the prolifera-
tion of SSCs. Taken together, these signaling
studies indicate that GDNF plays a general role
in the proliferation of undifferentiated spermato-
gonia, including the germline stem cells.
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7.4.1.2 Colony Stimulating Factor 1 (CSF1)
The identification of CSF1 as being an important
growth factor for SSC self-renewal came from
array analyses of genes upregulated in THY1-
enriched undifferentiated spermatogonia [43, 44].
Two different studies identified CSFRI1, the
receptor for CSF1, as being highly expressed in
the THY I-enriched versus the THY 1-depleted
population and addition of recombinant CSF-1 to
cultures of undifferentiated spermatogonia
increased SSC numbers, determined by germ cell
transplantation, but did not affect the prolifera-
tion of these cells [43]. This suggests that CSF1
is a specific regulator of the SSC pool rather than
regulating the general population of progenitor
spermatogonia. However, conflicting reports
regarding the cellular localization of CSFR1 cast
doubt over whether CSF1 can only regulate the
stem cell pool. One study reported CSFRI to be
present on only a small percentage of single sper-
matogonia [43] whereas a second study reported
CSFR1 protein on chained spermatogonia at a
much higher incidence [44] (discussed above).
If the receptor is only present on a small number
of single spermatogonia, then this would provide
additional in vivo evidence to support a specific
role for CSF1 in SSC self-renewal whereas the
detection of CSFR1 within chains of undifferen-
tiated spermatogonia would suggest a more
generalized role in the maintenance of these cells.
Interestingly, unlike GDNF, CSF1 is not produced
by Sertoli cells but instead, this growth factor
appears to be exclusively expressed by Leydig
cells and some peritubular myoid cells, and there-
fore, represents the first direct link between the
interstitium and SSC self-renewal.

7.4.2 Growth Factor Signals
Promoting Differentiation

It is vital, especially during the juvenile period of
testis development, that the SSC pool divides
such that the numbers of cells retaining stem cell
potential is not only maintained, but perhaps
favored. Equally important, however, is that these
cells be regularly triggered to enter their differen-
tiation pathway so that a continuous supply of



7 Transcriptional/Translational Regulation of Mammalian Spermatogenic Stem Cells 121

mature sperm are produced. Deciphering the
growth factors and mechanisms responsible for
driving SSC differentiation has been extremely
difficult due to a lack of markers that distinguish
between the true SSCs and the more differenti-
ated Apr/Aal cells. However, mouse models and
culture systems set up to detect markers of dif-
ferentiating spermatogonia have been useful for
beginning to define the growth factors responsi-
ble for this process.

The TGFp family of growth factors appears to
be important for SSC differentiation, especially
in the juvenile testis. BMP4 has been shown to
increase the expression of C-kit, a marker of dif-
ferentiating spermatogonia [87]. Exposure of
cultured undifferentiated spermatogonia to either
Activin A or BMP4 resulted in decreased SSC
numbers [81]. BMP4 receptors are expressed by
spermatogonia [87], however, a detailed analysis
of which spermatogonial subtypes harbor this
receptor has yet to be performed. In addition,
increased levels of C-kit transcripts were also
detected in a transgenic mouse model designed to
produce lower levels of bioactive Activin A [88].
Collectively, these studies suggest that both
Activin A and BMP4 are important for the
maintenance of progenitor spermatogonia but
stimulate a loss of stem cell maintenance.
Characterization of an immortalized embryonic
fibroblast cell line used as feeder cells for undif-
ferentiated spermatogonia cultures identified
Neuroregulin 1 as a secreted factor that can pro-
mote spermatogonial chain formation [89].
Neuroregulin 1 is a cell-signaling molecule that
acts as a ligand for the ERBB family of receptor
tyrosine kinases and has been shown to play
essential roles in the nervous system, heart and
breast [90]. Work in the newt has shown that
Neuregulin 1 can promote spermatogonial prolif-
eration [91] but there have yet to be any in vivo
studies performed to verify its role in mammalian
spermatogonia.

RA, one of the active metabolites of vitamin
A, is also critical for spermatogonial differentia-
tion. Mammals deficient in vitamin A develop
testis tubules containing only Sertoli cells and
undifferentiated spermatogonia, indicating that
in the absence of RA, the undifferentiated A

spermatogonia are unable to transition to A1 cells
(reviewed in [17]). Treatment of THY 1-enriched
spermatogonia with RA in vitro leads to an
increase in two markers of differentiating sper-
matogonia, C-kit and Stra8 [92], and an inhibitor
of the enzymes required for the production of RA
from retinol, WIN 18,446, has recently been
shown to prevent the expression of Stra8 in cul-
tures of neonatal testes and THY 1-enriched sper-
matogonia [93]. What has yet to be determined,
however, is how spermatogonia become more
susceptible to RA signaling as they move away
from the stem cell niche. Within the testis, RA
signaling is believed to be active at very defined
points along the tubule, and in the adult testis,
these points of activity align with two particular
stages of the seminiferous epithelium, Stages VII
and VIII [17, 94, 95]. It’s possible that the stem
cell niche is located between these points of RA
activity along the tubules so that the germline
stem cells can be shielded from RA until they
receive cues from within the niche to move to
where RA signaling is taking place. The observa-
tion that undifferentiated spermatogonia, both in
the neonatal testis and the adult testis, can respond
to exogenous RA by expressing C-kit and Stra8
prematurely [93-96] supports the theory that the
undifferentiated spermatogonia are prepared to
respond to RA but are shielded from it in some
way. How the production of RA is controlled in
such a precise manner within the testis tubule and
which subtypes of spermatogonia can respond to
RA signaling is still under investigation.

7.4.3 Homing SSCs to the Niche

While secreted signals are essential to the func-
tion of any stem cell niche, how a stem cell knows
to stay within a particular area of an organ is key
to maintaining the balance between self-renewal
and differentiation. The homing of SSCs to the
niche is likely due to a combination of secreted
factors that draw migrating cells to the niche
where adhesion molecules hold them there until
they are triggered to differentiate. Two such
adhesion molecules, a6- and Pl-integrin, are
transmembrane proteins known to bind laminin
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and have been shown to be expressed by SSCs
[97]. Disrupting the expression of Pl-integrin
inhibits the ability of SSCs to regenerate sper-
matogenesis after transplantation [98] even
though migration of the SSCs to the basement of
the recipient testis tubules was normal. This
result suggests that while pl-intergin may be
important for anchoring SSCs to the niche, it is
not necessary for drawing them there. In addi-
tion, the expression of both a6- and p1-integrin is
more widespread in undifferentiated spermatogo-
nia and not localized to only SSCs, therefore
these two proteins most likely play a general role
in retaining spermatogonia at the basement mem-
brane of the seminiferous tubule.

There is also evidence to suggest that germline
niches reside in very specific areas of the semi-
niferous tubule. Histological analyses of mouse
and rat testis cross sections revealed that undif-
ferentiated spermatogonia are localized in higher
concentrations where the basement membrane is
in close association with the interstitium [99, 100].
This observation was recently supported by
Yoshida et al. who performed live imaging track-
ing experiments to map how the undifferentiated
spermatogonia move within the tubule [15]. Their
imaging studies suggested that the male germline
niches reside at the basement membrane areas of
tubules closely associated with the vasculature.
Over time, Yoshida et al. were able to visualize
undifferentiated spermatogonia moving away
from the vasculature upon differentiation.
Whether this cue to move is a direct signal from
the vasculature or whether the vasculature signals
indirectly through the Sertoli cells has yet to be
determined. Indeed, the number of Sertoli cells is
thought to ultimately determine the number of
niches present within a testis. This conclusion
was drawn from the observation that the number
of niches accessible for colonization by trans-
planted SSCs was increased in recipient animals
which had been experimental altered to contain
50 % more Sertoli cells via the use of polythio-
uracil (PTU)-induced transient hypothyroidism
[27]. Importantly, this study found no changes in
the surface area of the PTU-induced tubules in
contact with the interstitial tissue or in the per-
centage of tubules associated with the vascula-
ture, indicating that neither the interstitial cells
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nor the vasculature could have contributed to the
change in the numbers of available niches.

Clearly there is still much to be learned regard-
ing how the somatic support cells of the testis
interact to generate the male germline stem cell
niche. Defining the components of this niche will
be important for furthering our understanding of
how spermatogenesis is founded and how the
SSCs respond to the signals generated within the
niche and its immediate surroundings to balance
between self-renewal and differentiation as a
population.

7.5 Regulating Translation
in Undifferentiated

Spermatogonia

An emerging area of research in testis develop-
ment is the investigation of how small RNAs
regulate transcription, RNA stability and transla-
tion. There are three major classes of small RNAs,
classified based on their biogenesis, mechanism
of action and function: (1) the small interfering
RNAs (siRNAs); exogenous double stranded
RNAs that are known to degrade mRNA or inter-
fere with transcript translation; (2) the microR-
NAs (miRNAs); endogenous single-stranded
RNAs that inhibit translation or result in mRNA
instability; and (3) piwi-interacting RNAs (piR-
NAs); endogenous single-stranded RNAs that are
expressed exclusively in spermatocytes and sper-
matids and are believed to cause gene silencing
through interacting with the PIWI proteins
(reviewed in [101]). Given that piRNAs have, to
date, only been detected in meiotic and post-
meiotic germ cells, and that the use of siRNAs in
the investigation of SSC self-renewal and differ-
entiation has been discussed above, this section
will focus on our current understanding of
the role that miRNAs play in spermatogonial
differentiation.

7.5.1 miRNA Regulation of SSC Self-

Renewal and Differentiation

miRNAs are single-stranded RNAs between 19 and
25 nucleotides in length. They can be transcribed



7 Transcriptional/Translational Regulation of Mammalian Spermatogenic Stem Cells

from all regions of the genome, however, the
majority reside in the introns of genes and their
expression is usually governed by the same fac-
tors controlling the transcription of their host
gene [102]. miRNAs are initially transcribed as
single pri-miRNAs, or in a cluster of multiple pri-
miRNAs, and form stem loop structures that can
be cleaved by DROSHA within the nucleus. This
cleavage event results in the production of pre-
miRNAs that can be transported into the cyto-
plasm. The loop structure of the pre-miRNA is
then cleaved by the endonuclease DICER, known
to be essential for spermatogenesis [103-105], to
form mature double-stranded miRNAs. Mature
miRNAs are then able to associate with a group
of proteins, known as the RISC complex, to medi-
ate the post-transcriptional regulation of mRNA
targets (recently reviewed in [102, 106]). miR-
NAs were first identified in Caenorhabiditis ele-
gans in 1993 [107] but it has only been over
recent years that the scientific community has
begun to understand how they effect mammalian
cell development. Most of our current insight into
how they regulate SSC biology has been gener-
ated by array studies. However, advancements in
SSC transfection and culture has allowed for
more functional miRNA assays to be performed.
There are several publications outlining expres-
sion, microarray or sequence analysis of the miR-
NAs present in the mammalian testis at different
stages of development [48, 49, 108—111]. Each of
these studies was able to identify miRNAs that
appear to be testis-enriched in comparison to other
tissues but most expression studies have been
focused on the miRNAs present in the meiotic and
post-meiotic germ cells. There have only been a
few studies published that have focused on SSCs
or cultured germline stem cells. Jung et al. [109]
performed a real time PCR analysis of two differ-
ent miRNA families in testis-derived germ line
stem cells and identified the members of the Let-7
miRNA family as being enriched in these cells
[109]. This is somewhat contradictory to the
observation that Let-7 family miRNAs are induced
in response to RA treatment of spermatogonia,
suggesting an increase in the expression of miR-
NAs after SSCs have differentiated [112], and so
the role of the Let-7 mirRNA family in SSC func-
tion is the subject of continuing investigations.
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Three different studies have performed
microarray analyses on isolated gonocytes and/or
spermatogonia, with two utilizing THY 1-positive
cell sorting [48, 49, 113]. Mclver et al. [113],
found seven miRNAs that are differentially regu-
lated between gonocytes and spermatogonia and
in silico prediction software identified members
of the PTEN and Wnt signaling pathways as tar-
gets of the miRNAs enriched in gonocytes versus
spermatogonia [113]. These two pathways are
both upstream regulators of Cyclin D, suggesting
that miRNAs may co-ordinate the differentiation
of gonocytes and participate in the maintenance
of pluripotency in germ cells. Using microarray
analyses, Tong et al. [49] identified the miR-17-
92 cluster and miR-106b-25 as both being
significantly downregulated in THY 1-enriched
cells incubated with RA [49]. These results were
confirmed using real time PCR and the authors
went on to characterize a germ-cell specific
knockout of the miR-17-92 cluster. The observa-
tion that these mice had smaller testes but only a
mild spermatogenic defect suggests that there is
some level of compensation between different
miRNAs and that the miR-17-92 cluster is not
essential for spermatogenesis.

The second study to profile miRNA expres-
sion in THY 1-enriched cell populations identified
a potential player in SSC self-renewal. Niu et al.
[48] compared the mature miRNA expression
profile of freshly isolated 6 dpp THY 1-enriched
cells to freshly isolated 6 dpp THY 1-depleted
cells and cultured THY1-enriched cells [48].
This study identified 139 miRNAs that were dif-
ferentially expressed between the freshly isolated
THY 1-enriched and THY 1-depleted samples and
interestingly, while the miRNAs present in the
freshly isolated and cultured THY 1-enriched
samples were similar, there were several tran-
scripts that were present at much higher levels in
the cultured samples, probably due to the propa-
gation and expansion of germ cells in vitro.
Chromatin immunoprecipitation using mouse
germ cell cultures revealed that the expression of
one of these miRNAs, miR-21, may be directly
regulated by ETVS5, a Sertoli cell-expressed pro-
tein know to be essential for SSC self-renewal
[114]. To further investigate the role of miR-21 in
SSC self-renewal, THY l-enriched germ cell
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cultures were transfected with an inhibitor of this
miRNA and recipient testis transplants were per-
formed with the transfected cells [48]. Analysis
of the recipient testes revealed an increase in
apoptosis within the transplanted germ cell pop-
ulation and a reduced number of germ cell colo-
nies, suggesting that the knockdown of miR-21
inhibited the proliferation of SSCs. These data
fit with the fact that miR-21 is a known antiapop-
totic factor and has been shown to inhibit the
production of the p21 tumor suppressor protein,
thereby normally promoting proliferation [115].
In addition, miR-21 has been found to be overex-
pressed in human seminomas and germ cell
tumors, testicular cancers thought to arise from
the overproliferation of primordial germ cells
[116]. Taken together, these data suggest a role
for miR-21 in SSC proliferation, however, there
is still a large amount to be learned with regards
to the mRNAs that this and other miRNAs act
upon to affect translation in SSCs and how
manipulation of translation affects SSC self-
renewal and differentiation.

7.6  Concluding Remarks

Clearly, the reproductive biology scientific com-
munity has made incredible progress over the last
decade with regards to understanding the signals
and factors involved in the balance between SSC
self-renewal and differentiation and how SSCs
respond at the molecular level. Making use of
technical advances in sequencing techniques, e.g.
next generation sequencing, will be extremely
important for the identification of markers of the
true SSC population, for mapping the molecular
characteristics of SSCs in response to different
signals and for investigating miRNA target
mRNAs within SSCs. In addition to defining the
molecular characteristics of SSCs, in vivo studies
are required to further define how the secreted
growth factors and signaling molecules regulate
the niche microenvironment within the testis and
the SSC pool. These data can then be integrated
to provide us with a more detailed understanding
of the niche environments and the resulting
molecular response within SSCs that favors self-
renewal versus differentiation.

C.A.Hogarth
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