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Mouse differentiating spermatogonia can generate

germinal stem cells in vivo

Vilma Barroca'?, Bruno Lassalle'?, Mathieu Coureuil, Jean Paul Louis? Florence Le Page', Jacques Testart’,

Isabelle Allemand’, Lydia Riou' and Pierre Fouchet'*

In adults, stem cells are responsible for the maintenance of
many actively renewing tissues, such as haematopoietic, skin,
gut and germinal tissues. These stem cells can self-renew or

be committed to becoming progenitors. Stem-cell commitment
is thought to be irreversible but in male and female Drosophila
melanogaster, it was shown recently that differentiating germ
cells can revert to functional stem cells that can restore germinal
lineage!2. Whether progenitors are also able to generate stem
cells in mammals remains unknown. Here we show that purified
mouse spermatogonial progenitors committed to differentiation
can generate functional germinal stem cells that can repopulate
germ-cell-depleted testes when transplanted into adult mice.
We found that GDNF, a key regulator of the stem-cell niche, and
FGF2 are able to reprogram in vitro spermatogonial progenitors
for reverse differentiation. This study supports the emerging
concept that the stem-cell identity is not restricted in adults to
a definite pool of cells that self-renew, but that stemness could
be acquired by differentiating progenitors after tissue injury and
throughout life.

In adult mouse testes, germinal stem cells (GSCs), also called A

single

(A)
spermatogonia, are located on the basal membrane of seminiferous
tubules. GSCs can self-renew or produce A_, ,
successive divisions, AP spermatogonia differentiate and form chains of

(AP) spermatogonia. After

4, 8 or 16 aligned spermatogonia (A ) and migrate along the basal mem-
brane. On the basis of morphological criteria, GSCs and committed Ap
and A | spermatogonia are classically called undifferentiated spermato-
gonia, although this classification can be confusing because this popula-
tion contains progenitors undergoing differentiation. A | spermatogonia
differentiate into more committed A, spermatogonia that will divide and
differentiate into ALALA, intermediate and B spermatogonia, which will
undergo meiosis after a final mitosis’. ‘Undifferentiated’ (GSC-AS, AP and
Aal) and differentiating’ (A . ALALA, intermediate and B) spermatogonia
differ according to the expression of genes for the receptor tyrosine kinase
c-kit, the HMG transcription factor Sox3, the bHLH transcription factor

neurogenin-3 (Ngn3) and E-cadherin (E-cadh) (Fig. 1a)*®. In particular,
GSCs do not express c-kit, as shown by transplantation of c-kit-negative
and c-kit-positive cells from adult mouse cryptorchid testes in which c-kit-
positive differentiating spermatogonia are absent’.

We assessed the potential of mouse spermatogonial progenitors to
regenerate spermatogenesis after transplantation. c-kit-positive dif-
ferentiating spermatogonia from enhanced green fluorescent protein
(EGFP)-transgenic mice were purified and transplanted into seminifer-
ous tubules of y-irradiated germ-cell-depleted testes. Ten weeks later, the
donor EGFP-c-kit-positive cells had colonized the seminiferous tubules
of the recipient testes (Fig. 1b). In testicular single-cell suspensions,
EGFP-positive cells could easily be distinguished from recipient cells by
flow cytometry (Fig. 1c). They showed the Hoechst 33342 profile, which
characterizes normal spermatogenesis'®", and included meiotic and
haploid spermatid cells (Fig. 1d). Elongated spermatids were observed
by histology in EGFP-positive tubules (Fig. 1e). Thus, c-kit positive cells
were able to colonize, proliferate and differentiate in recipient testes.
Spermatogonial transplantation provides a functional and quantitative
assay to estimate GSC activity, by the formation of a clonal spermatoge-
netic colony’. The number of EGFP-positive spermatogenic colonies
generated 10 weeks after transplantation of total testicular cells and
c-kit-positive cells was compared (Fig. 1f). The colony-forming activ-
ity of c-kit-positive cells was 1.57-fold higher than the activity of total
cells (Fig. 1g, P < 0.02). Consistent with this result, previous work has
suggested that c-kit-positive germ cells, purified using immunomag-
netic microbeads, retained colony-forming activity that was slightly
higher (1.7-fold higher) than total cells, although this increase was not
statistically significant'®. We then checked whether the selected c-kit-
positive donor cells simultaneously expressed the GSC markers, Thy-1
and a-6 integrin®*. GSCs were present at a very low frequency in this
fraction and, therefore, were not responsible for the observed regen-
eration (Supplementary Information, Fig. S1). These results show that
adult c-kit-positive spermatogonial progenitors, although committed
to differentiate, retain the potential to regenerate spermatogenesis after
transplantation, but with a low efficiency.
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Figure 1 Adult c-kit-positive spermatogonial progenitors selected by MACS
have the potential to regenerate spermatogenesis after transplantation

in germ-cell depleted testis. (a) Diagram showing the first steps of the
differentiation process of GSCs and spermatogonia, and the expression
pattern of several markers of differentiation. (b) Detection by fluorescence
microscopy of fluorescent seminiferous tubules in a recipient testis 10
weeks after transplantation with germinal EGFP—c-kit positive cells. Scale
bar, 1 mm. (c) EGFP and propidium iodide (PI) fluorescence analysis

of testicular cell suspension from a recipient testis. EGFP-positive cells
(EGFP) and TruCount fluorescent beads (FB) are indicated. (d) Hoechst
fluorescence (red/blue Hoechst fluorescence) analysis of EGFP-positive
cells in a recipient testis gated from c. Side Population (SP), meiotic

We have previously shown that GSCs and spermatogonial progenitors
in adult mice express a-6 integrin and harbour the side population (SP)
phenotype, based on the Hoechst 33342 efflux by the ABC transporter
Berp1'®!. To further characterize the c-kit-positive cells responsible for
regeneration, we analysed testicular populations according to Hoechst
staining, a-6 integrin and c-kit expression (Fig. 2a—c). a-6*c-kit*cells and
a-6*c-kit"v cells represented 55 + 9% and 10 + 2%, respectively, of the
SP. SP a-6*c-kit*cells and SPa-6*c-kit " cells were sorted and the expres-
sion of sox3, E-cadh, and ngn3 markers®® confirmed that the SPa-6*c-
kit”"" fraction consisted of undifferentiated spermatogonia (Fig. 2d).
The absence of expression of these markers in the SPa-6*c-kit* fraction
further indicated that these cells were differentiating spermatogonia.

As expected, SPa-6*c-kit”" undifferentiated spermatogonia cells,
which contain GSCs, showed a regenerative potential when transplanted
into the seminiferous tubules of germ-cell-depleted testes. EGFP-donor
SPa-6*c-kit™" cells colonized the seminiferous tubules of the recipient
testes after ten weeks (Fig. 2e) and produced normal spermatogenesis
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spermatocytes | (4N) and spermatocytes Il (2N), and postmeiotic
spermatids (N) are indicated. (e) Frozen section of a colony derived

from EGFP-c-kit positive cells, analysed for EGFP (upper left) and DAPI
staining (right and lower left). Arrows show elongated spermatids. Scale
bar, 0.1 mm (left) and 25 um (right). (f) Typical whole-mount EGFP
fluorescence (left) and brightfield (right) observation of some seminiferous
tubules from recipient testes 2 months after transplantation (asterisks
indicate EGFP-positive colonies). Scale bar, 1 mm. (g) Colonization of a
recipient testis by transplanted c-kit positive fraction, compared with total.
The colonization efficiency is represented by the number of EGFP-positive
spermatogenic colonies generated per 10° cells injected. The values are
mean + s.e.m. (n =9 testes).

(Fig. 2f). We observed a 50-fold increase in the colony-forming activity
of SPa-6*c-kit"" cells, compared with total cells (Fig. 2g-2h; P = 0.003).
Given that 151 clones were generated per 10° donor cells, and that coloni-
zation efficiency is around 5% in the GSC transplantation assay”, it means
that 1 in 33 SPa-6*c-kit°" cells (10°/151 x 20) is GSC. The stem-cell
activity of this population (151 colonies/10° donor cells) is very close to
previously published data of transplantation with adult wild-type MHC-I
Thy-1*a-6* donor cells (162 colonies/10° donor cells)'. These data show
that SPa-6"c-kit"" population is highly enriched in GSCs and confirm
our previous data and other data showing that SP contains the GSCs in
normal adult and immature mice''°, although it has been reported that
SP does not contain GSCs in the cryptorchid mouse model".
Transplanted SPa-6*c-kit" cells, that is, differentiating spermatogo-
nia, from EGFP-transgenic mice also showed a regenerative potential,
colonized the seminiferous tubules of the recipient testes (Fig. 3a) and
generated normal spermatogenesis (Fig. 3b). The colony-forming activ-
ity was about 5-fold higher in SPa-6*c-kit* cells, compared with total
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Figure 2 Flow cytometric analysis of c-kit and stem-cell activity in
SPa-6*c-kit"*" subpopulation of wild-type adult testes cells. (a) Blue
Hoechst 33342 fluorescence/forward scatter analysis of viable cells.
Diploid (2N), meiotic (4N) and postmeiotic (N) cells are indicated, as
elongated spermatids (ES). A fraction of the population was gated (R1) to
discard elongated cells from further analysis. (b) Red/blue Hoechst 33342
fluorescence of cells gated in R1. Side population (SP) is indicated. (c)
a-6 integrin and c-kit expression of the SP cells. SPa-6*c-kit* and SPa-6*c-
kit" populations, and cell distribution are indicated (mean + s.e.m.,
n=6). (d) RT-PCR analysis of sox3, E-cadh, ngn3 markers of SPa-6+c-
kit+ (+) and SPa-6*c-kit"°" (-) populations. (e) Detection of fluorescent

cells (Fig. 3¢; P < 0.002). To evaluate the production of differentiated
daughter cells by stem cells and the expansion of the colony, we calcu-
lated the number of spermatids generated per clone for each recipient
testis. The clones generated by SPa-6*c-kit" cells showed a lower capacity
to produce spermatids, compared with clones derived from total cells 10
weeks after transplantation (P < 0.02; Fig. 3d), suggesting that colonies
generated from c-kit-positive cells should expand with less efficiency.
To exclude the possibility that the sorted SPa-6*c-kit* fraction was con-
taminated with GSCs, we determined the percentage of SPa-6*c-kit”
low (containing GSCs) in these sorted fractions before transplantation
(Supplementary Information, Fig. S2). The frequency of SPa-6*c-kit """
cells was 0.35 + 0.04% (mean * s.e.m., n = 7), corresponding to 350 cells
for 10° donor cells. This number of SPa-6*c-kit”*"-contaminating cells
generated only 0.5 clones (350 x 151/10° clones), a minor contribution
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seminiferous tubules in a recipient testis transplanted with EGFP SPa-6*c-
kitov cells 10 weeks after transplantation. Scale bar, 1 mm. (f) Red/

blue Hoechst 33342 fluorescence analysis of EGFP-positive cells in a
recipient testis. (g) Whole-mount EGFP fluorescence (left) and brightfield
(right) observation of some seminiferous tubules from recipient testis 2
months after transplantation (asterisks indicate EGFP-positive colonies).
Scale bar, 1 mm. (h) Enhanced colonization of recipient testis by
transplanted SPa-6*c-kit”*" (n = 7) fraction, compared with total (n = 9).
The colonization efficiency is represented by the number of EGFP-positive
spermatogenic colonies generated per 10° cells transplanted (values are
mean + s.e.m.).

when compared with the 14 clones generated for 10° SPa-6*c-kit* donor
cells. Hence, the contamination by GSCs cannot be responsible for the
regeneration that we observed for differentiating spermatogonia. These
data confirm that the late spermatogonial progenitors, the differentiating
spermatogonia SPa-6*c-kit*, which are already committed to differenti-
ate, still retain regenerative potential.

The regeneration of spermatogenesis by differentiating c-kit-positive
spermatogonia could result from at least two mechanisms. Differentiating
spermatogonia could pursue their differentiation process after transplan-
tation and produce meiotic and postmeiotic cells, a process that could
be compared with short-term repopulating processes of progenitors in
haematopoiesis. However, we analysed the testes repopulation 10 weeks
after transplantation. This interval corresponds to two cycles of sperma-
togenesis, which means that the differentiated postmeiotic spermatids
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Figure 3 Adult SPa6*c-kit* cells differentiating spermatogonia have the
potential to regenerate spermatogenesis after transplantation.

(a) Typical whole-mount EGFP fluorescence of some seminiferous tubules
from a recipient testis 2 months after transplantation (asterisks indicate
EGFP-positive colonies; scale bar, 1 mm). (b) Red/blue Hoechst 33342
fluorescence analysis of EGFP-positive cells in recipient testes. (c)
Enhanced colonization of recipient testes by transplanted SPa6*c-kit*
fraction (n=7), compared with total (n = 9). The colonization efficiency

are derived from cells with self-renewal potential and that a steady-state
spermatogenesis is established. Consistent with this, we have observed
EGFP-donor-derived spermatogenesis one year after transplantation
with donor EGFP-c-kit-positive fraction (Fig. 4a), and spermatogenetic
colonies could be clearly identified (Fig. 4b). Spermatogenesis regen-
eration could also result from a de-differentiation process of differenti-
ated germ cells to revert to stem cells, as previously observed in genetic
models of male and female Drosophila'?. To test this hypothesis, the
EGFP-c-kit positive fraction was transplanted into depleted recipient
testes and ten weeks later, EGFP-positive cells were analysed according
to the SP phenotype, a-6 integrin and c-kit expression. We found that
30 + 4% (mean * s.e.m., n = 3) of EGFP-positive SP cells did not express
the c-kit receptor (Fig. 4c), demonstrating that differentiating spermato-
gonia reverted to early undifferentiated spermatogonia during the regen-
erative process after transplantation. This observation was strengthened
by the detection of a subpopulation (26 + 4%) that expresses the GSCs
markers SP, a-6 integrin and Thy-1 (Fig. 4d).

Serial transplantations were also performed to examine the self-renewal
capacity of cells derived from transplanted EGFP c-kit-positive differ-
entiating spermatogonia. Total EGFP-positive cells from two primary
recipient testes were transplanted into new germ-cell-depleted recipient
testes. Colonization of seminiferous tubules of the secondary recipient
by EGFP-donor c-kit-positive derived cells from the primary recipient
was observed ten weeks after transplantation (Fig. 4e); diploid, meiotic
tetraploid and haploid spermatid cells were detected after DNA staining
of EGFP cells (Fig. 4f). These serial transplantations demonstrated the
long-term repopulating ability and the self-renewal of cells derived from
the c-kit-positive spermatogonia transplanted in the first recipient testis.
Together, our data demonstrate that c-kit-positive differentiating sperma-
togonia de-differentiate in functional stem cells after transplantation.

Stem cells reside in a local tissue microenvironment or niche,
which regulates their cell fate. The somatic Sertoli cells are a major
component of the GSC niche, and factors produced by these cells,
such as the glial-cell-derived neurotrophic factor (GDNF) and the
transcription factor ets-related molecule (ERM), are crucial for GSC
maintenance'®". The tyrosine kinase receptor c-kit and its ligand KitL,
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is represented by the number of EGFP-positive spermatogenic colonies
generated per 10° cells injected (values are mean + s.e.m.). (d) Levels

of production of spermatids per colonies in recipient testes transplanted
with SPa6*c-kit* fraction (n = 7) and total population (n = 9). For each
transplanted testis, the number of EGFP-positive spermatids per recipient
testis was determined by flow cytometry, and was divided by the number of
EGFP-positive colonies generated (number of spermatids produced/number
of colonies generated; values are mean + s.e.m.).

which is expressed by the Sertoli cells as a soluble or transmembrane
isoform, have been previously shown to be involved in proliferation,
survival and migration of gonocytes and spermatogonia®. Moreover,
soluble KitL, released after cleavage by MMP-9, has a role in direct-
ing haematopoietic stem- and progenitor-cell recruitment, promoting
haematopoietic reconstitution?. Hence, we investigated whether KitL
and c-kit are involved in the recruitment of differentiating sperma-
togonia to the testicular stem-cell niche. First, we examined in vitro
the influence of KitL on the migration of c-kit-positive spermatogo-
nia using Transwell chambers. When the lower chamber was loaded
with 10 or 40 ng ml~' of KitL, we observed an increase in chemotactic
migration of differentiating spermatogonia, which was impaired by
the addition of the ACK45 antibody, which neutralizes c-kit (Fig. 5a).
A weak chemokinetic response (enhanced cellular motility) was noted
when the lower and upper chambers were loaded with KitL. Thus, KitL
acts mainly as a chemoattractant to differentiating spermatogonia. We
studied the effects of c-kit/KitL interaction in vivo by transplantation
of SPa-6*c-kit* pre-treated with the ACK45 neutralizing antibody to
c-kit. We did not observe any effects of c-kit neutralization on the
regenerative potential by this strategy (data not shown).

GSCs can be maintained and propagated in long-term culture in
serum-free medium in the presence of specific growth factors'**. The
in vitro germinal cluster formation assay provides a reliable technique
to detect GSCs and to study the effects of specific components of the
niche?. We developed a culture method on a MEF feeder that supports
long-term growth of adult GSCs in presence of GDNFE, FGF2 and GFRal
(Supplementary Information, Fig. S3). We examined the potential of
SPa6*c-kit* differentiating spermatogonia to grow and form germ-cell
clumps in long-term culture. EGFP-SPa6*c-kit" were sorted and seeded
on the MEF feeder in GSC medium. After 2 weeks, germ-cell clumps
were clearly observed in cultures of EGFP-SPa6*c-kit" cells (Fig. 5b).
However, the capacity of SPa-6*c-kit* cells (K*) to form germ-cell clumps
was low, compared with the GSC-enriched SPa-6*c-kit”*" population
(K°), (2 clusters/500 cells versus 46 clusters/500 cells, respectively; Fig. 5¢).
Contamination with SPa-6*c-kit™" cells of the sorted SPa-6*c-kit* frac-
tion should only contribute to 0.16 cluster ([0.35 x 500/100] x [46/500]
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clusters) and, therefore, is not responsible for the observed germ-cell
clumps (Supplementary Information, Table S1). Five hundred cells from
SPa-6*c-kit" and SPa-6*c-kit”" 2-week cultures were seeded on new
feeders. Two weeks later, cells derived from SPa-6*c-kit" (DK*) continued
to form germ-cell clumps, showing their long-term growth and main-
tenance. They also showed a capacity to generate cell clusters similar to
SPa-6*c-kit™" cells (DK") (Fig. 5¢). In a culture experiment, germ-cell
clumps derived from SPa-6*c-kit* after 4 weeks of culture were collected
and cells were transplanted into seminiferous tubules of germ-cell-
depleted testes. They colonized the seminiferous tubules of the recipi-
ent testes (Fig. 5d), and normal spermatogenesis was observed with the
presence of spermatids (Fig. 5e). Hence, differentiating spermatogonia
could be reprogrammed in vitro in the presence of GDNF and FGF2 to
acquire the same capacity of GSCs to grow and form germ-cell clumps in
the long-term, and regenerate spermatogenesis after transplantation. In
addition, we observed that two other growth factors, KITL and LIF, did
not improve in vitro the formation of germinal cluster, and therefore seem
not to be involved in the reprogramming of SPa-6*c-kit* cells (Fig. 5f).

Undifferentiated spermatogonia Ap-Al, which are considered to be
early steps of differentiation, could still retain stem-cell properties when
the intracellular cytoplasmic bridges are broken after irradiation®*. A
recent study suggested that actual and potential stem cells could be found
in this compartment and that potential stem cells should be the immedi-
ate descendants of the stem cells, that is, a fraction of A, and AP spermato-
gonia®. However, mouse differentiating spermatogonia are considered so
far to be irreversibly committed to differentiation, leading to meiosis and
production of spermatozoa’. Here we show that c-kit-positive differenti-
ating spermatogonia can reverse their differentiation program and act as
functional stem cells, contributing to clonogenic activity and regeneration
of spermatogenesis after transplantation in depleted recipient testes.

Recent landmark studies reported the possibility of reprogramming
differentiated cells to pluripotency after genetic modification®**. Our
results underscore the remarkable plasticity of the late c-kit transit-
amplifying progenitors in mouse and the conservation of the de-differ-
entiation ability of spermatogonial progenitors between Drosophila and
mouse’. The testicular niche, which controls the fate of GSCs, could also
modulate reversibility of the commitment process of spermatogonial
progenitors, notably in the case of tissue injury. After busulphan treat-
ment, damaged testes devoid of germ cells showed a strong increase in
GDNEF expression®, which appears to be a crucial factor in the in vitro
reprogramming of differentiating spermatogonia that we observed. c-kit/
KitL could also have a role in the chemotactic migration of differentiat-
ing spermatogonia to the niche. In addition, it will be interesting to test
the regenerative potential of the A | progenitors of the undifferentiated
spermatogonia population, when specific markers are available.

Many unanswered questions remain about the contribution of
progenitors to regeneration of the stem-cell pool in normal steady
spermatogenesis, about the regenerative potential of specific differen-
tiation stages among the pool of spermatogonial progenitors, and their
potential use as an alternative source of cells for regenerative medicine.
Moreover, mechanisms regulating this reprogramming are unknown.
In this regard, the acquisition of long-term reconstitution capacity
by multipotent progenitors in the haematopoietic lineage from triple
p16"4p1947Trp53 mutant mice is promising®. Whether the ability of
spermatogonial progenitors to de-differentiate could be shared by other
mammalian self-renewing tissues, remains to be further investigated.
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Figure 4 Differentiating c-kit-positive spermatogonia de-differentiate

and act as functional GSCs after transplantation. (a, b) Macroscopic
observation of fluorescence in recipient testes (a) and whole-mount
observation of the seminiferous tubules (b) 1 year after transplantation
with donor EGFP c-kit positive spermatogonia (asterisks indicate donor-
derived EGFP-positive spermatogenic colonies; scale bar, 1 mm). (c, d)
SP/EGFP-positive cells from recipient testes showing a-6 integrin and

c-kit expression (c), and a-6 integrin and thy-1 (d) expression 10 weeks
after transplantation with donor EGFP—c-kit positive spermatogonia. a6*c-
kit*, a-6*c-kit"" and a-6*thy-1* populations are indicated, as the cell
distribution of a-6*c-kit"" and a-6*thy-1* populations (mean + s.e.m.,
n=7). (e) Detection of fluorescent seminiferous tubules in a secondary
recipient testis after serial transplantation of cells from a primary recipient
transplanted with c-kit positive differentiating spermatogonia. Scale bar,

1 mm. (f) Hoechst fluorescence analysis of EGFP-positive cells from the
secondary recipient testis after serial transplantation. Diploid (2N), meiotic
(4N) and postmeiotic (N) cells are indicated.

Nevertheless, the germinal lineage seems to have a remarkable and sin-
gular plasticity, compared with other tissues in mice, as also shown by
the recent derivation of pluripotent embyonic stem-like cells from adult
spermatogonia®>’!, and the switch of developmental fate of spermato-
gonia into cells with mammary epithelial progenitor properties when
transplanted into mammary fat pads®.

METHODS

Mice. Adult male C57BL/6 (Charles River) and EGFP-transgenic mice®
(C57BL/6-TgN(B-act-EGFP)010sb, a gift from M. Okabe, Research Institute
for Microbial Diseases, Osaka, Japan) were raised in our animal facility. All animal
procedures reported in this paper were carried out in accordance with French
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Figure 5 Chemoattraction of c-kit positive spermatogonia by KitL in vitro,
and generation of germ-cell clusters with long-term clonogenic activity
from c-kit positive spermatogonia in culture in presence of GDNF and
FGF2. (a) /n vitro migration assay. KitL concentrations in upper and lower
chambers are indicated, as well as the addition of ACK45 neutralizing
antibody to c-kit in the upper chamber (+). Mean + s.e.m. of triplicate
measurements are shown. Differences are significant (*P < 0.01) between
0/0 (control) and 0/10, 0/40, 40/40 conditions. Inhibition with the
ACK45 neutralizing antibody was significant (**P < 0.002) in 0/10, 0/40
conditions (one-way ANOVA test with Fisher’s LSD post-hoc). (b) /n vitro
cluster formation assay. Phase microscopic (left) and EGFP fluorescence
(right) appearance of a germ-cell cluster after 2 weeks of culture of sorted
EGFP-positive SPa6*c-kit* cellsin presence of GDNF and FGF2 on feeder

Government regulations (Services Vétérinaires de la Santé et de la Production
Animale, Ministere de 'Agriculture).

Flow cytometry analysis, immunomagnetic and flow-cell sorting. Testicular
single-cell suspensions from 2-3-month-old mice were obtained as described
previously''. MACS (Miltenyi Biotech) c-kit-positive fraction of cells was
obtained using anti-c-kit microbeads according to the manufacturer’s protocol.
Hoechst staining of cell suspensions was performed as described previously'.
Cells were then labelled with monoclonal antibodies (1 pg per 10° cells) from
BD Pharmingen: anti-c-Kit-biotin (2B8), anti-CD45-PC5 or FITC (30-F11),
anti-Thy-1-APC (53-2.1) and anti—a-6 integrin-PE (GoH3). Analyses and cell-
sorting were performed on ARIA, LSR and LSR II flow cytometers (Becton
Dickinson).

Testicular transplantation and analysis of recipient mice. Flow- and MACS-sorted
cellular fractions obtained from EGFP-transgenic males as donors were transplanted
through the efferent ductules into testes of C57BL6 germ-cell-depleted recipient
mice, except for conditioning of recipient mice, and analysed ten weeks after trans-
plantation, as described previously'®"'. y-irradiation (**’Cs source, IBL637; CIS
Biointernational) with a total dose of 10 Gy was used for recipient conditioning of
10-week-old mice, as a substitute to busulphan treatment. Total bone marrow (10°
cells) transplantation was performed to support haematopoiesis 24 h after irradia-
tion. The recipient testes were transplanted 4 weeks after irradiation. Efficiency of
this conditioning was verified (Supplementary Information, Fig. S4). For serial trans-
plantations, two recipient testes transplanted with EGFP-c-kit-positive cells were
removed, and reconstitution was determined. Then, EGEP cells were flow-sorted and
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cells. Scale bar, 50 um. (c) Number of germ-cell clusters generated after 2
weeks from sorted SPa-6*c-kit* (K*) and SPa-6*c-kit"" (K-) cells (n = 10),
and from 2-week cultures derived SPa-6*c-kit* cells (DK*) and SPa-6*c-
kit"ov cells (DK") after two weeks, that is, 4 weeks after the initial seeding
(mean of n=2). (d) Macroscopic observation of fluorescence in recipient
testes 10 weeks after transplantation with 4-week-culture cells derived
from EGFP-positive SPa-6*c-kit* spermatogonia. Scale bar, 100 um. (e)
Hoechst fluorescence analysis of EGFP-positive cells from the recipient
testis after transplantation. Diploid (2N), meiotic (4N) and postmeiotic
(N) cells are indicated. (f) Number of germ-cell clusters generated from
sorted SPa-6+*c-kit* cultivated in presence of GDNF and FGF2 (T, n = 8),
GDNF, FGF2 and LIF (LIF, n=8), GDNF, FGF2 and KitL (KitL, n=4).
Mean + s.e.m. are shown.

25,000 EGFP cells were transplanted into the testis of a second irradiated recipient.

Reconstitution was monitored 10 weeks after transplantation and recipient
testes were collected. Individual EGFP-positive stretches of spermatogenesis are
spermatogenetic colonies derived from one single EGFP donor GSC, as previ-
ously reported”'?. Dissection of the testes and spread-out of the seminiferous
tubules were performed under a fluorescent microscope and EGFP colonies were
counted. Seminiferous tubules were then collected and cell suspensions were
obtained for Hoechst 33342 flow cytometric analysis, as previously described
using TruCount microbeads'!. Statistical analysis was performed using Student’s
t test (unpaired, one-tailed).

RT-PCR. mRNAs were prepared from flow-sorted SPa-6*c-kit* and SPa-6*c-
kit cells using microMACS mRNA isolation kit (Miltenyi), and reverse-tran-
scribed using Quantitect enzyme (Qiagen). The cDNA was then amplified by
PCR using the following primers: Sox3 (U ACAACTCCGAGATCAGCAAGC, L
CTTGAGCAGCGTCTTGGTCTT), NgN3 (U AACAGGCCCAAGAGCGAGTT,L
GCCGAGTTGAGGTTGTGCAT), E-Cad (UTGAAGGGACGGTCAACAACTG,L
GCTCTTTGACCACCGTTCTCC), GAPDH (U GAGCGAGACCCCACTAACAT,
LTTCACACCCATCACAAACAT). RT-PCR assays were performed twice on each
subpopulation purified from three independent sorting experiments.

Migration experiments. Transwell chambers (Costar) were used to assess cell
migration through filters (pore size 8 pm). The c-kit-positive spermatogonial
fraction was purified by MACS after a negative enrichment using the dead-cell
removal kit (Miltenyi). For ligand-dependent cell migration, 10° cells were plated
with Stemspan medium (Stemcell Technologies) supplemented with B27 (Gibco)
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onto polycarbonate filters pre-coated with laminin (4 pg/cm? Sigma). KitL was
added to the bottom chamber or to both bottom and top chambers at either 10 or
40 ng ml™'. ACK45 neutralizing antibody to c-kit (5 pg ml™') was added to the
top chamber when necessary. After a 12-h incubation, cells in the bottom of the
chamber were stained with Hoechst 33342 (5 pg ml™') and spermatogonial cell
number was quantified by flow cytometry using the TruCount (BD Biosciences)
methodology. Elongated spermatids were eliminated by FSC-gating. Each experi-
ment was repeated three times in triplicate.

Long-term in vitro culture of adult GSCs and c-kit-positive spermatogonial
fractions. We developed a culture method for adult GSC based on previous
work?, with slight modifications. For the in vitro cluster formation assay, sorted
EGFP-positive SPa-6*c-kit* and SPa-6*c-kit"" were cultured in 96-well tissue
culture plates on a feeder layer of mouse embryonic fibroblasts, mitotically inac-
tivated after mitomycin C (1 ug ml™) treatment. The GSC medium was composed
of StemSpan (Stem cell) and B27 supplement (Invitrogen). Recombinant human
GDNF (40 ng ml™, R&D Systems), recombinant rat GFRal (300 ng ml™', R&D
Systems) and FGF2 (1 ng ml™, Invitrogen) were added, as described previously?.
KitL (100 ng ml™', R&D Systems) and mouse LIF (1000 U ml-, Millipore) were
added when indicated. SPa-6*c-kit”** and SPa-6*c-kit* cells (500 and 2000,
respectively) were flow-sorted and seeded per well. After 2 weeks of culture,
EGFP cell clusters were counted. Cell clusters were then digested using 0.25%
trypsin-EDTA and subcultured by direct flow-sorting of cells according to EGFP
fluorescence in 96-well tissue culture plates (500 cells per well) and cultured for
an additional 2 weeks.

Note: Supplementary Information is available on the Nature Cell Biology website.
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Figure S1 GSCs are found at a very low frequency in the MACS c-kit-positive cell
population as shown by the absence of the joint expression of the GSC markers
Thy-1 and a-6 integrin. Thy-1 and -6 integrin expression in CD45 negative
MACS c-kit-positive cell population (a) and CD45 negative MACS c-kit-negative
cell population (b). As expected, Thy-1* a-6* positive cells were present at a low
frequency (3%) in the c-kit-negative fraction. Quadrants were placed according
to the IgG controls. Flow cytometry data are representative of three independent
experiments. (c). c-kit and a -6 integrin expression in MACS c-kit-positive cell
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population gated on the Side Population. The frequency of SPa-6*c-kit "1V cells
was 0.23 + 0.04 % (n=4), corresponding to 230 cells for 10° donor cells. Given
that the stem cell activity of the SPa-6*c-kit"°" is 151 colonies/10° donor cells
(see Figure 2), 230 SPa-6*c-kit 7'°% contaminating cells would generate only
0.35 clone (230 X 151 /105 clones), and this contribution is minor compared
to the 4.7 clones generated from 105 SPa-6*c-kit* donor cells. Therefore, the
contamination by GSCs cannot be responsible for the regeneration that we
observed for differentiating spermatogonia.
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Figure S2 Analysis by flow cytometry of the sorted SPa-6*c-kit * fraction  transplantation. Cells are gated on SP. a6+c-kit+ and a-6*c-kit”/low

according to a-6 integrin and c-kit expression, in order to determine populations and cell distribution are indicated (mean + SEM ,
the contamination by SPa-6*c-kit”1°% cells (containing GSC) before n=7).
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Figure S3 Long term growth of adult GSC. a, a-6 integrin and CD45
expression analysis of MACS Thy-1 positive cell fraction from adult testis.
Thy-1*a-6*cd45  cells were flow sorted and cultivated on MEF feeder in the
GSC medium supplemented with GDNF, GFRalphal and FGF2. b, Observation
of three dimensional germ cell cluster after 1 month of culture. Upper, phase
microscopy. Lower, EGFP fluorescence. (Scale bar, 50 um). ¢, Adult GSCs
after two months of culture have the potential to regenerate spermatogenesis.

SUPPLEMENTARY INFORMATION

o
[=3 =
2]
8 2]
c 27
(0] ]
8 ]
—
O 27
O p
=) ]
(=t g_
o -
I ]
o 2]
=R
o ]
O. T

0 200 400 600 800 1000

Red Ho fluorescence

Detection of fluorescent seminiferous tubules in a recipient testis transplanted
with EGFP GSC cultivated two months as determined by fluorescence
microscopic analysis of whole testis 10 weeks after transplantation. (Scale
bar, 1 mm). d, Hoechst fluorescence (red/blue Hoechst fluorescence) analysis
of EGFP positive cells in recipient testis from Fig. 1c shows that regenerated
spermatogenesis is normal. Side Population (SP), meiotic spermatocytes |
(4N) and spermatocytes Il (2N) and postmeiotic spermatids (N) are indicated.
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Figure S4 Efficiency of the y-irradiation conditioning of recipient testis (EGFP) are boxed ¢, Hoechst fluorescence (red/blue Hoecsht fluorescence)
for the transplantation and regeneration of spermatogenesis. a, Detection analysis of EGFP positive cells in recipient testis gated from Fig. S4b. Side
of fluorescent seminiferous tubules in a recipient testis transplanted with Population (SP), meiotic spermatocytes | (4N) and spermatocytes Il (2N)
EGFP total testicular cells 10 weeks after transplantation. (Scale bar, and postmeiotic spermatids (N) are indicated. d, Enhanced colonization of
1mm). b, EGFP and propidium iodide (PI) fluorescence analysis of testicular recipient testis by transplanted SP cells compared to total population. EGFP
cell suspension from recipient testis in order to determine EGFP positive positive cell number per recipient testis was normalized to 10° cells injected.
cell number per recipient testis by flow cytometry. EGFP positive cells The values are mean + SEM (n=3). The difference is significant (P < 0.03).
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Number of EGFP Number of Contamination Number of EGFP
SPa-6*c-kit"ow cells SPa-6*c-kit* cells level (%) clusters/500 cells
(mean + SEM)
8 2000 04 0.12 + 0.04

Table S1 Number of clusters generated after 8 days of culture by SPa-6*c-kit'°" cells in a mixture of C57BI6J SPa-6*c-kit* and EGFP SPa-6*c-kit”o" cells.
This mixture reproduces the level of contamination (0.4 %) by SPa-6*c-kit"1 cells in flow sorted SPa-6*c-kit* experiments. The cells were cultivated on
MEF feeder which supports long term growth of adult GSCs in presence of GDNF, FGF2, and GFRalphal, as in vitro germinal cluster formation assay provides
a reliable technique to detect GSCs within one week 23. After 8 days of culture, the number of EGFP germ cell clumps was determined. The frequency of
EGFP clones was 0.12 + 0.04 (n=15). Thus, SPa-6*c-kit”1°% contamination can not be responsible for the formation of the germ cell clumps observed with
SPa-6*c-kit* cells (2 + 0.3 clusters/500 cells).

This result (0.12 clusters/500 input cells) is very close to the expected contribution of the contamination with SPa-6*c-kit”°% cells that we calculated: 0.16
cluster/500 input cells ([0.35 X 500/100] X [46/500] clusters). Hence, it validates our methodology to calculate the expected contribution of the SPa-6%c-
kit’1ow cells contamination to the cluster formation assay and to the regenerative capacity of the SPa-6*c-kit* cells.
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	Figure 1 Adult c‑kit-positive spermatogonial progenitors selected by MACS have the potential to regenerate spermatogenesis after transplantation in germ-cell depleted testis. (a) Diagram showing the first steps of the differentiation process of GSCs and spermatogonia, and the expression pattern of several markers of differentiation. (b) Detection by fluorescence microscopy of fluorescent seminiferous tubules in a recipient testis 10 weeks after transplantation with germinal EGFP–c‑kit positive cells. Scale bar, 1 mm. (c) EGFP and propidium iodide (PI) fluorescence analysis of testicular cell suspension from a recipient testis. EGFP-positive cells (EGFP) and TruCount fluorescent beads (FB) are indicated. (d) Hoechst fluorescence (red/blue Hoechst fluorescence) analysis of EGFP-positive cells in a recipient testis gated from c. Side Population (SP), meiotic spermatocytes I (4N) and spermatocytes II (2N), and postmeiotic spermatids (N) are indicated. (e) Frozen section of a colony derived from EGFP–c‑kit positive cells, analysed for EGFP (upper left) and DAPI staining (right and lower left). Arrows show elongated spermatids. Scale bar, 0.1 mm (left) and 25 μm (right). (f) Typical whole-mount EGFP ﬂuorescence (left) and brightfield (right) observation of some seminiferous tubules from recipient testes 2 months after transplantation (asterisks indicate EGFP-positive colonies). Scale bar, 1 mm. (g) Colonization of a recipient testis by transplanted c‑kit positive fraction, compared with total. The colonization efficiency is represented by the number of EGFP-positive spermatogenic colonies generated per 105 cells injected. The values are mean ± s.e.m. (n = 9 testes).
	Figure 2 Flow cytometric analysis of c‑kit and stem-cell activity in SPα‑6+c-kit–/low subpopulation of wild-type adult testes cells. (a) Blue Hoechst 33342 fluorescence/forward scatter analysis of viable cells. Diploid (2N), meiotic (4N) and postmeiotic (N) cells are indicated, as elongated spermatids (ES). A fraction of the population was gated (R1) to discard elongated cells from further analysis. (b) Red/blue Hoechst 33342 fluorescence of cells gated in R1. Side population (SP) is indicated. (c) α‑6 integrin and c‑kit expression of the SP cells. SPα‑6+c-kit+ and SPα‑6+c-kit–/low populations, and cell distribution are indicated (mean ± s.e.m., n = 6). (d) RT–PCR analysis of sox3, E‑cadh, ngn3 markers of SPα‑6+c-kit+ (+) and SPα‑6+c-kit–/low (‑) populations. (e) Detection of fluorescent seminiferous tubules in a recipient testis transplanted with EGFP SPα‑6+c-kit–/low cells 10 weeks after transplantation. Scale bar, 1 mm. (f) Red/blue Hoechst 33342 fluorescence analysis of EGFP-positive cells in a recipient testis. (g) Whole-mount EGFP ﬂuorescence (left) and brightfield (right) observation of some seminiferous tubules from recipient testis 2 months after transplantation (asterisks indicate EGFP-positive colonies). Scale bar, 1 mm. (h) Enhanced colonization of recipient testis by transplanted SPα‑6+c-kit–/low (n = 7) fraction, compared with total (n = 9). The colonization efficiency is represented by the number of EGFP-positive spermatogenic colonies generated per 105 cells transplanted (values are mean ± s.e.m.).
	Figure 3 Adult SPα6+c-kit+ cells differentiating spermatogonia have the potential to regenerate spermatogenesis after transplantation. (a) Typical whole-mount EGFP ﬂuorescence of some seminiferous tubules from a recipient testis 2 months after transplantation (asterisks indicate EGFP-positive colonies; scale bar, 1 mm). (b) Red/blue Hoechst 33342 fluorescence analysis of EGFP-positive cells in recipient testes. (c) Enhanced colonization of recipient testes by transplanted SPα6+c-kit+ fraction (n = 7), compared with total (n = 9). The colonization efficiency is represented by the number of EGFP-positive spermatogenic colonies generated per 105 cells injected (values are mean ± s.e.m.). (d) Levels of production of spermatids per colonies in recipient testes transplanted with SPα6+c-kit+ fraction (n = 7) and total population (n = 9). For each transplanted testis, the number of EGFP-positive spermatids per recipient testis was determined by flow cytometry, and was divided by the number of EGFP-positive colonies generated (number of spermatids produced/number of colonies generated; values are mean ± s.e.m.).
	Figure 4 Differentiating c‑kit-positive spermatogonia de-differentiate and act as functional GSCs after transplantation. (a, b) Macroscopic observation of fluorescence in recipient testes (a) and whole-mount observation of the seminiferous tubules (b) 1 year after transplantation with donor EGFP c‑kit positive spermatogonia (asterisks indicate donor-derived EGFP-positive spermatogenic colonies; scale bar, 1 mm). (c, d) SP/EGFP-positive cells from recipient testes showing α‑6 integrin and c‑kit expression (c), and α‑6 integrin and thy‑1 (d) expression 10 weeks after transplantation with donor EGFP–c‑kit positive spermatogonia. α6+c-kit+, α‑6+c-kit–/low and α‑6+thy‑1+ populations are indicated, as the cell distribution of α‑6+c-kit–/low and α‑6+thy‑1+ populations (mean ± s.e.m., n = 7). (e) Detection of fluorescent seminiferous tubules in a secondary recipient testis after serial transplantation of cells from a primary recipient transplanted with c‑kit positive differentiating spermatogonia. Scale bar, 1 mm. (f) Hoechst fluorescence analysis of EGFP-positive cells from the secondary recipient testis after serial transplantation. Diploid (2N), meiotic (4N) and postmeiotic (N) cells are indicated.
	Figure 5 Chemoattraction of c‑kit positive spermatogonia by KitL in vitro, and generation of germ-cell clusters with long-term clonogenic activity from c‑kit positive spermatogonia in culture in presence of GDNF and FGF2. (a) In vitro migration assay. KitL concentrations in upper and lower chambers are indicated, as well as the addition of ACK45 neutralizing antibody to c‑kit in the upper chamber (+). Mean ± s.e.m. of triplicate measurements are shown. Differences are significant (*P ≤ 0.01) between 0/0 (control) and 0/10, 0/40, 40/40 conditions. Inhibition with the ACK45 neutralizing antibody was significant (**P < 0.002) in 0/10, 0/40 conditions (one-way ANOVA test with Fisher’s LSD post-hoc). (b) In vitro cluster formation assay. Phase microscopic (left) and EGFP fluorescence (right) appearance of a germ-cell cluster after 2 weeks of culture of sorted EGFP-positive SPα6+c-kit+ cells in presence of GDNF and FGF2 on feeder cells. Scale bar, 50 μm. (c) Number of germ-cell clusters generated after 2 weeks from sorted SPα‑6+c-kit+ (K+) and SPα‑6+c-kit–/low (K–) cells (n = 10), and from 2‑week cultures derived SPα‑6+c-kit+ cells (DK+) and SPα‑6+c-kit–/low cells (DK–) after two weeks, that is, 4 weeks after the initial seeding (mean of n = 2).  (d) Macroscopic observation of fluorescence in recipient testes 10 weeks after transplantation with 4‑week-culture cells derived from EGFP-positive SPα‑6+c-kit+ spermatogonia. Scale bar, 100 μm. (e) Hoechst fluorescence analysis of EGFP-positive cells from the recipient testis after transplantation. Diploid (2N), meiotic (4N) and postmeiotic (N) cells are indicated. (f) Number of germ-cell clusters generated from sorted SPα−6+c-kit+ cultivated in presence of GDNF and FGF2 (T, n = 8), GDNF, FGF2 and LIF (LIF, n = 8), GDNF, FGF2 and KitL (KitL, n = 4). Mean ± s.e.m. are shown.

