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Abstract
The undifferentiated spermatogonia of adult mouse testes are composed of both true stem cells and
committed progenitors. It is unclear what normally prevents these adult germ cells from manifesting
multipotency. The critical elements of the spermatogonial stem cell niche, while poorly understood,
are thought to be composed of Sertoli cells with several other somatic cell types in close proximity.
We recently discovered a novel orphan G-protein coupled receptor (GPR125) that is restricted to
undifferentiated spermatogonia within the testis. GPR125 expression was maintained when the
progenitor cells were extracted from the in vivo niche and propagated under growth conditions that
recapitulate key elements of the niche. Such conditions preserved the ability of the cells to generate
multipotent derivatives, known as multipotent adult spermatogonial derived progenitor cells
(MASCs). Upon differentiation, the latter produced a variety tissues including functional
endothelium, illustrating the potential applications of such cells. Thus, GPR125 represents a novel
target for purifying adult stem and progenitors from tissues, with the goal of developing autologous
multipotent cell lines.
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Introduction
Mammalian spermatogonial stem cells (SSCs) in vivo reside in a niche comprised of Sertoli
cells, peritubular cells, and a complex array of matrix proteins. Through signals provided by
adhesion molecules and other cell surface receptors, the normal SSC pool is maintained
throughout adulthood. The essential nature of such interactions is underscored by dramatic
phenotypes observed in mouse gene knockout studies (e.g., for GDNF or ERM).1,2 It is a matter
of speculation about whether cell types other than Sertoli cells, such as endothelial cells or
tissue macrophages, can make transient direct contact with SSCs and influence the cell fate
decision about whether to remain quiescent, to self-renew, or to begin the process of
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differentiation. However, the fact that self-renewing SSCs can be propagated in vitro implies
that certain critical elements of the niche can be simulated using a culture system.

The stem cells and the most primitive type A spermatogonia in vivo are collectively referred
to as undifferentiated spermatogonia. Historically, the hierarchy of germ cell types in the adult
testis was delineated using morphological criteria.3,4 However, recent evidence obtained using
genetic lineage tracing has suggested that the concept of the spermatogonial stem cell as the
only long-term self-renewing cell type may be too rigid.5,6 We recently discovered that
undifferentiated spermatogonia in vivo express a novel orphan G-protein coupled receptor
known as GPR125.7 As discussed below, expression of GPR125 is maintained in long-term
germ cell cultures and even after a remarkable transition—the conversion in vitro into
multipotent adult spermatogonial derived stem cells (MASCs), which can form functional
differentiated tissues.

The SSC Niche In Vivo
The number of SSCs in the adult mammalian testis has been estimated based on a combination
of morphological studies and transplantation experiments.8–10 However, due to the indirect
nature of these measurements, the exact number is unknown. Also, the utility of morphologic
criteria, such as the significance of spermatogonia in chains,4 has recently been questioned.
11,12 The most immature spermatogonial population, containing the putative stem cells, resides
along the basement membrane of the seminiferous tubule,13 with a large fraction of the cell
membrane in direct contact with the Sertoli cell.14 A smaller fraction of the spermatogonial
cell membrane is in direct contact with extracellular matrix components (e.g., laminin) of the
basement membrane or possibly the peritubular cells.14 While the role of peritubular cells in
stem cell homeostasis is unclear, the important role of Sertoli cells is well documented.

Several lines of genetic evidence reveal a crucial role of Sertoli cell derived factors. Glial cell
line-derived neurotrophic factor (GDNF) is a key germ cell growth factor produced by Sertoli
cells in vivo.1 Remarkably, the loss of even a single allele of GDNF results in a significant
disruption of spermatogonial cell proliferation in mice,1 consistent with the dramatic effect of
GDNF on SSCs grown in vitro (see below).15 In mice lacking the ets-related transcription
factor ERM, the SSCs are rapidly lost at maturity.2 In that study, expression of ERM was found
to be exclusively in the somatic (Sertoli) cell compartment,2 suggesting the germline stem cell
loss was entirely dependent on a non-cell autonomous niche effect. However, these results
were recently called into question when ERM was found not only in Sertoli cells but also in
germ cells both in vitro and in vivo.16

While the functional borders of the SSC niche have been historically viewed as confined within
the seminiferous tubule, recent data suggest that factors extrinsic to the individual tubule may
be quite important. Using a genetic fluorescent reporter system, Yoshida et al. (2007) recently
examined the distribution of ngn3-positive undifferentiated spermatogonia, comprising the
SSCs, relative to interstitial components.17 They found a striking correlation between the
location of intertubular blood vessels and undifferentiated spermatogonia, such that the latter
preferentially localized adjacent to blood vessels. Although neither the mechanisms nor
functional significance for these phenomena are known, the link between endothelial cells and
SSCs is intriguing. This concept closely parallels the evolving notion that other adult stem
cells, including hematopoietic and neural stem cells reside in what has been termed the
“vascular niche.”18–20

In Vitro Culture of Germline Stem and Progenitor Cells
Recent technological advances combining different culture media, growth factors, and feeders
cells have enabled the study of SSCs using in vitro culture systems.15,21 However, the fraction
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of spermatogonia in long-term culture that retain spermatogenesis reconstituting activity upon
transplantation is very low.22 At the same time, it has been found that spermatogonial
progenitor cells with transit-amplifying activity in vivo can change their fate and function as
actual stem cells in situations in which stem cell loss is induced, such as after busulfan
treatment.12,6 Based on these data, we employ the designation of spermatogonial progenitor
cells (SPCs) to refer primarily to the pool of undifferentiated spermatogonia that retain long-
term clonagenic self-renewal potential in vitro and transplantation ability in vivo. A key feature
of this population is the maintenance of GPR125 expression in vitro (see below).

It was previously thought that testicular somatic cells had an unequivocally deleterious effect
on SSC culture by inducing cell differentiation.23 Therefore, a large effort has been undertaken
by various groups to develop means for isolating fresh spermatogonial stem cells from testes
of different ages. These efforts have ranged from utilizing cell surface proteins, such as α6
integrin, CD9 or GFRα1, to functional properties of stem cells, such as side population activity.
24–27 For the purposes of immediate analysis of freshly purified SSCs, it is abundantly clear
that multiple surface markers are required to obtain a highly enriched population. However,
the case for derivation of adult SPC lines is quite different.

While somatic cells contaminating juvenile testis cultures can easily out-compete germline
stem cells, we have found, in contrast, that the use of mitomycin-inactivated testicular somatic
feeder cells greatly facilitates the derivation of adult SPC lines. Whereas prior studies have
found a 30–50% efficiency of deriving adult germline stem cell lines using either from
unselected testicular cells28 or using CD9 selection29 by employing mouse embryo fibroblast
(MEF) feeders, we were unable to initiate similar cultures using MEF in conjunction with a
previously described highly-supplemented growth medium.15

We therefore tested the hypothesis that testicular somatic cell-derived factors supporting stem
cell maintenance and proliferation would dominate over those driving differentiation or
apoptosis. To this end, we developed primary adult mouse testicular stroma (mTS) cell cultures
using high serum medium (Fig. 1). Under high serum conditions, the germ cell colony
formation is suppressed.22 The outgrowth contains a mixed population of CD34+, α-smooth
muscle actin+ and vimentin+ cells, although the true fraction of CD34+ cells is difficult to
estimate due to the cyclic nature of CD34 expression in vitro.30 Prior to use as feeders, the
mTS were then inactivated in a similar fashion to MEFs, using mitomycin-C, which inhibits
cell proliferation. By plating fresh adult testicular cell suspensions, on the inactivated mTS,
we were able to derive long-term SPC lines in >90% of attempts. Using ubiquitously GFP-
labeled testicular cells to derive the SPCs, we determined that serial passaging resulted in near
total elimination of contaminating somatic cells from the culture. While the functional
significance of CD34 expression on cultured mTS is not currently known, we have confirmed
the intriguing results of Kuroda et al. (2004), who found that CD34+ stromal cells exist in close
association with peritubular myoid cells in vivo and that peritubular myoid cells may also
express CD34.31

Our experience with deriving and propagating SPCs differs significantly from certain other
published studies involving germline stem cell cultures. While others have found that SSCs
can be propagated under feeder-free conditions,22 our cultures underwent massive apoptosis
within 10–14 days of removal from feeders (unpublished data). Multiple studies have found
GDNF to be important for SSC culture,15,32 although a recent study contradicted this.33 In the
latter study, however, it is not clear whether long-term cultures of in vitro and in vivo
repopulating germline stem cells were derived. In contrast, the in vitro self-renewal potential
of SPCs in our hands was lost over 10–14 days if GDNF was omitted but SPCs could be
propagated >1 year in the presence of GDNF (unpublished data). Therefore, SPC lines are
dependent on both GDNF and somatic feeder cells for their propagation in vitro.
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G-Protein Coupled Receptor 125 (GPR125) in the Testis
As discussed above, the array of known cell surface markers for SSCs is quite limited. In the
course of a larger screen to identify novel G-protein coupled receptors associated with stem
cells and angiogenesis, we evaluated a potential marker for undifferentiated spermatogonia,
known as GPR125. A member of the adhesion family of G-protein coupled receptors,34 little
was previously known about GPR125 (Tem5-like/PGR21), except that it was identified as a
binding partner in vitro for human Drosophila discs large homolog (hDlg).35 Additionally,
gene expression studies have identified GPR125 as downregulated in colon cancer36 or in
PTEN−/− MEFs37 and associated with the CD133+ fraction of umbilical cord blood cells.38

We employed highly sensitive means of detecting GPR125 expression in vivo, by knocking
the E. coli LacZ gene into the mouse GPR125 locus, downstream and in-frame with respect to
the putative first extracellular and first transmembrane domains, such that the full, endogenous
complement of regulatory elements drive expression of the reporter (Fig. 2).7,39 In GPR125-
LacZ testes, GPR125 was expressed only within the seminiferous tubules from the neonatal
period to adulthood (Fig. 3). In pre-pubertal and adult tubules, expression was restricted to a
zone along the basement membrane, in close proximity to peritubular cells and CD34+ stromal
cells. This raised the possibility that GPR125 is expressed on SSCs. To assess this, we
developed long term cultures of GPR125-LacZ SPCs and found that they maintained GPR125
expression even after months in culture and even after cloning of single cells. Importantly,
these cells could reconstitute spermatogenesis when transplanted into busulfan-treated mice
and also maintained GPR125 expression under those conditions.

Multipotency in Adult Mammalian Germ Line Stem Cells
The ability of normal post-natal germline stem cells to exhibit pluripotency was first identified
in neonatal cultures.29 It was subsequently speculated that the failure of previous efforts to
obtain pluripotent cells from cultured germ cells was due to the use of heterogeneous starting
material.40 We found that oct4+ MASCs arose in culture among SPCs after several months of
passaging. MASCs were competent in formation of classical teratomas in NOD-SCID mice
and could contribute to embryonic chimeras when microinjected into early blastocysts (see
Fig. 4). The appearance of MASCs in SPC cultures occurred in spite of the heterogeneous
nature of the testicular cells plated at the initiation of the culture (passage zero). Furthermore,
as noted above, the MASCs, which also express GPR125, appeared in the course of expanding
SPCs on mTS, which itself is composed of somatic testicular cells. Taken together, these data
suggest that the prior failure to obtain multipotent cell lines from germline stem cell cultures
is not due to the presence of inhibitory somatic cell-derived factors. On the contrary, our data
suggest that the presence of contaminating somatic cells in early passages of SSCs preserves
the inherent cellular potential for multipotency.

Gene expression microarray analysis and subsequent quantitative PCR revealed that MASCs
strongly express certain canonical embryonic stem cell-associated multipotency genes, such
as oct4, nanog and sox2 but not others (e.g., rex1, esg1 and gdf3). These data suggest that
MASCs have both significant molecular similarities and differences compared to embryonic
stem cells. Nonetheless, the mechanisms by which SPC cultures give rise to MASCs and by
which the latter maintain their multipotent phenotype are not known.

A recent study observed the appearance of multipotent embryonic-like stem cells following
short term culture of Stra8-GFP selected testicular cells.33 While our data, too, support the
concept that adult male germ cells, like neonatal germ cells, are predisposed to multipotency,
there are several major differences between the prior study and ours, complicating the direct
comparison of MASCs and maGSCs. (1) We employed a reporter driven by the full endogenous
promoter (for GPR125) and all of its associated regulatory factors, as opposed to a transgenic
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promoter fragment. (2) The GDNF-dependant SPCs had been in long-term culture (greater
than or equal to three months) prior to the appearance of MASCs. (3) Unlike the maGSCs
described in the prior study, MASCs contain nuclear (not cytoplasmic) oct4. Given these
differences, it is difficult to make a direct comparison between MASCs and maGSCs, although
both are multipotent and could be applied toward studies of tissue/organ regeneration.
However, future studies of human SSCs or SPCs and MASCs will necessitate use of molecular
markers that are present on the cell surface (as opposed to transcription factors), since surface
molecules are amenable for cell sorting. Hence, GPR125 is an attractive target molecule,
especially for species like humans for which transgenic strategies are not available.

Therapeutic Implementation of MASCs
Recent proof-of-principle for the therapeutic use of germ cell-derived multipotent cells has
been published. Baba et al. (2007) utilized an OP9 co-culture system to compare mGS, ES and
embryonic germ cells and found a comparable yield in vitro of mesodermal derivatives
including endothelial and cardiac cells from mGS, although the derivative cell types were not
assessed for function in vivo.41 Another study found that maGSCs could form functional
cardiac cells in vitro but the fate of these cells in vivo is less clear since only a transient
fluorescent cell label (CM-DiI) was employed.42 We similarly found that MASCs
spontaneously differentiate into mesodermal derivatives, including contractile cardiac tissue.
To assess endothelial differentiation, we produced a lentiviral construct in which GFP
expression is driven by a fragment of the endothelial-specific VE-cadherin promoter (VE-cad-
GFP). By transducing MASCs with the VE-cad-GFP lentivirus, emergence of endothelial cells
during differentiation could be easily visualized (see Fig. 4). To demonstrate functionality of
donor-derived endothelial cells in vivo, we formed teratomas with VE-cad-GFP MASCs in
NOD-SCID mice and, prior to sacrifice of the animals, labeled the circulatory system by
perfusion with a red fluorophore-conjugated lectin. Confocal analysis of teratoma tissue
revealed vessels that were GFP+ and bound by lectin, confirming the presence of functional
MASC-derived blood vessels.

Conclusions and Open Questions
Spermatogonial stem cells in the testis are localized at the border between the tubular lumen
and the interstitial space and are therefore exposed to signals coming from both sides of the
basement membrane. Inside the tubule, Sertoli cells have a major role in regulating SSC fate
by production of factors such as GDNF and ERM.1,2 In parallel, evidence has emerged that
intertubular blood vessels or surrounding Leydig cells also have a role. For example, it has
been shown by live imaging that undifferentiated spermatogonia start proliferating in close
proximity to the blood vessels but then move away from them when differentiation takes place.
17

We partially reproduced in vitro the spermatogonial stem cell niche, by using a mixed culture
of testicular somatic cells in which cells expressing α-actin, CD34 and vimentin are present
(see Fig. 4). Such feeders induce proliferation of undifferentiated (c-kit-negative)
spermatogonia (including SSCs) that, in these conditions, can self-renew and reconstitute
spermatogenesis when transplanted into sterile recipients. Employing the same feeders, we
also observed spontaneous formation of multipotent cells from SPC cultures. Most likely, these
multipotent cells (MASCs) originate by conversion from SPCs (which are, by definition, of
germline origin), since the appearance of MASCs occurred after several passages, when
virtually all contaminating somatic cells had disappeared from the cultures. Moreover, all the
colonies show the typical appearance of SPCs before conversion, and we observed a
morphologic change in some SPC colonies during the conversion (transitional colonies) and
both SPCs and MASCs express GPR125. However, a final proof of the origin of MASCs will
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require their derivation from single-cell subcloned SPCs with concomitant lineage tracing, to
rule out the possibility that contaminating somatic cells, which theoretically persist as dormant/
quiescent cells for many months in culture—and after serial passaging—are the actual source
of MASCs, an explanation that we believe is very unlikely.

It is important to highlight that although MASCs share some pluripotency-related genes with
ESC, certain others (e.g., rex1, esg1 and gdf3) are either low or undetectable in MASCs. This
finding distinguishes MASCs also from neonatal GS cells and adult maGSCs.29,33 The
significance of these differences is not known, although the data suggest that MASCs constitute
an unique category of multipotent cell. It is possible that maGSCs and MASC are actually
derived from different cells. This hypothesis is supported by the fact that the culture conditions
used for deriving maGSCs are quite different and that maGSC precursors do not seem to require
GDNF for their in vitro maintenance, while SPCs are completely dependent on GDNF and
undergo cell death when this cytokine is withdrawn. An alternative hypothesis is that the
differences in the culture conditions used to generate maGSCs and MASCs have influenced
the outcome of the conversion process, even though they originate from a common precursor.
If pluripotent or multipotent cells derived from the testis really reflect the consequence of
reprogramming of SSCs to an embryonic phenotype, one can hypothesize that this conversion
involves a multi-step process that can be either partial or complete. In other words, MASCs
could represent an intermediate form between SSCs and ESCs, and therefore only some ESC
genes may have been transcriptionally activated. Even if the precise origin of testis-derived
pluri/multipotent cells is not fully established yet, recent evidence suggests that they offer a
viable alternative to ESCs for regenerative medicine. In this respect, GPR125 represents a good
candidate for the prospective isolation of SPCs from human testis.
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Figure 1.
Derivation of spermatogonial progenitor cell (SPC) cultures using testicular stroma. (A) Testes
are mechanically and enzymatically dissociated. Stromal cultures are prepared by expansion
in high serum medium and inactivated with mitomycin-C before use as feeders. SPCs are
derived on the inactivated stroma in low serum medium by serial non-enzymatic passaging to
dilute out contaminating somatic cells. (B–D) Testicular stroma is characterized by
morphologically heterogeneous adherent cells (B), containing CD34+ cells (C) and α-smooth
muscle actin+ cells (D). Robust SPC colonies formed with in several weeks of first plating (E).
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Figure 2.
Structure of wild type GPR125 and engineered N-terminally truncated GPR125 fused to β-
galactosidase in GPR125-LacZ mice. (A) Only the first extracellular domain (ECD1) and the
first transmembrane domain (TM) of GPR125 are retained in the in-frame fusion to β-
galactosidase, with exons 16–19 of the gene deleted. (B) Schematic of putative structure of
WT GPR125 and GPR125-LacZ in the plasma membrane.
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Figure 3.
Restricted expression of GPR125 along the tubular basement membrane in GPR125-lacZ
mouse testes. X-gal staining was employed for detection of β-galacto-sidase in cryosections
take from post-natal day 7 (A and B), day 21 (C and D), and adult testes (E and F). Staining
was seen only in areas occupied by undifferentiated spermatogonia. No staining was seen in
the intertubular instititium or in WT negative controls (not shown).
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Figure 4.
Schematic showing origin and multipotency of multipotent spermatogonial derived stem cells
(MASCs) from GPR125+ SPCs (adapted from Seandel et al. [Nature, 2007])7. GPR125
expression (blue-green) staining is maintained when SPCs are extracted from the niche in vivo
(A) and expanded in vitro (B, middle and bottom). Transplanted GFP-labeled GPR125+ SPCs
repopulated busulfan-treated WT mouse testes (B, top). (C) MASCs formed spontaneously in
vitro after several months of SPC culture and exhibited nuclear oct4 protein (green stain with
red nuclear counterstain). (D) MASCs differentiated into derivates of all three germ layers in
vitro and in vivo. Bronchial epithelium stained for mucin (red) in upper panel. Endothelium
stained with anti-VE-cadherin (green, middle). Morphologically neuronal-type tissue stained
with H&E is depicted in the lower panel and contained GFAP+ and NeuN+ cells (not shown).
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