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Recent studies have demonstrated that somatic stem cells have a more flexible potential than expected,
whether put into tissue or cultured under different conditions. Bone marrow (BM)-derived stem cells can
transdifferentiate into multilineage cells, such as muscle of mesoderm, lung and liver of endoderm, and brain
and skin of ectoderm origin. Here we show that BM stem cells are able to transdifferentiate into male germ cells.
For derivation of male germ cells from adult BM stem (BMS) cells, we used the Stra8-enhanced green
fluoresence protein (EGFP) transgenic mouse line expressing EGFP specifically in male germ cells. BMS cell-
derived germ cells expressed the known molecular markers of primordial germ cells, such as fragilis, stella,
Rnf17, Mvh and Oct4; as well as molecular markers of spermatogonial stem cells and spermatogonia including
Rbm, c-Kit, Tex18, Stra8, Piwil2, Dazl, Hsp90a, b1- and a6-integrins. Our ability to derive male germ cells from
BMS cells reveals novel aspects of germ cell development and opens the possibilities for use of these cells in
reproductive medicine.
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Male germ cells are derived from a founder popu-
lation of primordial germ cells (PGC) that are set
aside early in embryogenesis.1,2 PGC arise from
the proximal epiblast, a region of the early mouse
embryo that also contributes to the first blood
lineages of the embryonic yolk sac.1 PGCs migrate
through the dorsal mesentery and enter the deve-
loping fetal gonad, the genital ridge, between E10.5
and E12.5. Once they arrive in the genital ridge,
the PGCs are enclosed by somatic Sertoli cells and
become gonocytes.3 The gonocytes proliferate for
a few days and then arrest in G0/G1 phase until birth.
Within a few days after birth, the gonocytes resume
proliferation to initiate spermatogenesis. By day 6
postpartum, these cells migrate to the basement
membrane of seminiferous tubules and become
undifferentiated type A spermatogonia, the spermato-
gonial stem cells (SSCs). SSCs normally divide
asymmetrically, giving rise to one stem cell and one
spermatogonia, which initiates differentiation to

produce spermatozoa.4,5 In the different stages of
male germ cell differentiation, several molecular
markers were identified, such as fragilis,6 stella,6

Rnf17,7 mouse vasa homolog (Mvh)8 and Oct49 for
PGCs; and Rbm,10 c-Kit,11 Tex18,7 Stra8,12 Piwil2,13

Dazl,14 Hsp90a,15 b1- and a6-integrins16 for spermato-
gonia and SSCs.

An area of research that generates great optimism
is the use of stem cells for treatment of human
diseases. Much of the excitement centers on em-
bryonic stem cells (ES), but this approach remains
controversial for ethical reasons; moreover, routine
clinical application of this strategy is many years
away.17,18 By contrast, bone marrow (BM) stem
(BMS) cells from adult BM are well characterized
and have long been used therapeutically.17 Accu-
mulated evidence suggests that in addition to
haematopoietic stem cells hematopoeitic stem cells,
BM also harbors endothelial stem cells (ESC),
mesenchymal stem cells (MSC), and multipotential
adult progenitor cells. Adult bone-marrow-derived
MSC are capable of differentiation along several
tissue-forming cells such as bone, cartilage, fat,
muscle, tendon, liver, kidney, heart, and even brain
cells.19,20

In present study, we used the transgenic mouse
line Stra8-enhanced green fluoresence protein
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(EGFP), expressing EGFP specifically in male germ-
line stem cells,21 to isolate for the first time male
germline stem cells from MSC.

Materials and methods

Mouse Strain

The transgenic mouse line used for isolation of BM
was described previously.21

Isolation of BMS Cells

BM cells were collected by flushing the femurs from
8 to 12-week-old male Stra8-EGFP transgenic mice
with phosphate-buffered saline (PBS) supplemented
with 2% fetal bovine serum (Gibco, Paisley, UK).
Cells were plated in murine mesenchymal stem cell
medium, MesenCult, with murine mesenchymal
stem cell stimulatory supplements (Stem Cell
Technologies, Vancouver, Canada), further supple-
mented with 100 IU/ml penicillin and 100 mg/ml
streptomycin (Gibco). Nonadherent cells were elimi-
nated by a half medium change at day 3 and the
whole medium was replaced weekly with fresh

medium. The cells were grown for 2–3 weeks until
attaining almost confluency. The whole adherent
fraction was then detached by trypsinization and
replated using a 1:3 dilution factor.

Isolation of EGFP-Positive Cells from Testis

Cell suspensions were prepared from testis of
Stra8-EGFP transgenic mice according to published
protocol.5 EGFP-positive cells, which contain SSCs,
were sorted by fluorescence-activated cell sorting
(FACS) as previously described.21

Fluorescence-Activated Cell Sorting

BM cells were grown in murine mesenchymal stem
cell medium at a density of approximately 1�2� 104

cells per cm2. Nonadherent cells were removed after
3–4 days and medium was replaced. Cultures were
maintained in the above medium for an additional
2 weeks and then medium was changed by above
medium containing retinoic acid (RA) (Sigma) at a
final concentration of 10�6M for different times.
Approximately 3% of all cells showed GFP expres-
sion 24h after RA treatment. Positive cells were

Figure 1 Fluorescence-activated cell sorting (FACS) analysis of cells isolated from Stra8-EGFP transgenic mice. (a) About 11% of cells
isolated from testis were EGFP positive without retinoic acid treatment. (b) FACS analysis of adherent bone cells cultured under
conditions for mesenchymal stem cells present 3% EGFP-positive cells after 24h RA treatment. (c) FACS analysis of bone marrow
stem cells without RA treatment, no positive cells could be isolated. (d and e) Fibroblast (d) and hematopoetic stem (e) cells show no
EGFP-positive cells after RA treatment.
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sorted by FACS as previously described. Briefly,
cells were dissociated with 0.25% trypsin/EDTA,
neutralized with DMEM with 10% FCS, washed
twice with PBS and then resuspended in PBS
containing 0.5% bovine serum albumin (BSA).
Approximately 2� 106 cells/ml in PBS/BSA were
used for sorting. The flow cytometry was performed
on a FACStar Plus (Becton Dickinson) equipped
with dual 488-nm argon and 633-nm helium neon
lasers.

RT-PCR and Immunohistochemical Analysis

RNA isolation, RT-PCR and immunohistochemical
analyses were performed as described previously.21

For confocal microscopical analysis, cells were
grown for 21 days and EGFP-positive cell colonies
were analyzed using a CarlZeiss confocal micro-
scope.

Transplantation and Analysis of Transplanted Testes

BSC-derived germ cells were transplanted in semi-
niferous tubuli of busulfan-treated mice. Cell concen-
tration for transplantation was 5–10� 106 cells/ml.
Approximately 10 ml of cell suspension was trans-

planted as described previously. Testis cell suspen-
sion was prepared from Stra8-EGFP males and
EGFP-positive cells were transplanted. As control,
busulfan-treated nontransplanted males were used.
After 8–12 months, recipient mice were killed and
testes were examined by immunhistochemistry and
RT-PCR analysis.21

Results

In addition to playing a fundamental role in very
diverse processes such as vision and the growth and
differentiation of numerous types of cells, vitamin A
(retinol) and its principal biologically active deriva-
tive, RA, are clearly involved in the regulation of
testicular functions in rodents. An excess of vitamin
A leads to testicular lesions and spermatogenetic
disorders, and a deficiency induces early cessation
of spermatogenesis and adversely affects testoster-
one secretion. Here, we report that adherent BMS
cells are able to differentiate to male germ cells by
RA. We isolated and cultured these cells from
transgenic mouse line Stra8-EGFP-expressing EGFP
specifically in male germline stem cells.21 These
cells (11%) could be isolated from testicular cell
suspension using fluorescence-activated cell sorting

Figure 2 Development of EGFP-positive cells. (a) Hemalaun–eosin (HE) staining of adherent bone marrow stem (BMS) cells treated with
retinoic acid (RA) for 24h, � 600. (c) Fluorescence image of HE-stained BMS cells shows a few EGFP-positive cells (marked), indicating
differentiation of BMS cells to EGFP-positive cells, �600. (c–e) HE staining of BMS cells after treatment with RA for 7, 14 and 21 days,
� 200. (f) From day 14, colonies of EGFP-positive cells were observed (red arrow), �200. (g) Higher magnification of one of the EGFP-
positive colonies is shown, �400. (h) The GFP-positive colonies express alkaline phosphatase. (i) GFP-positive cells (green) show
positive immunoreaction with antibody against Mvh (red), in lower part a merged image is shown.
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(FACS) (Figure 1a). We isolated and cultured BM
cells using a procedure which supports expansion of
MSC. After induction with RA (final concentration
10�6M for 24h), we identified a small population
of cells (3%) within cultured adherent BM cells
that showed EGFP expression (Figures 1b, 2a and b),
an indication for differentiation of BMS cells to male
germ cells. In noninduced BMS cells, no expression
of EGFP was observed (Figure 1c). In contrast, we
detected no EGFP-positive cells within cultured
fibroblast cells hematopoetic stem cells (CD45 posi-
tive) isolated from Stra8-EGFP transgenic mice after
RA treatment (same conditions) (Figure 1d and e).
To investigate the effects of RA treatment on BMS
cell differentiation, we treated cells for various
periods of time with RA: 7 days (Figure 2c), 14 days
(Figure 2d) and 21 days (Figure 2e). Large colonies
of cells positive for EGFP (Figure 2f and g) were
observed that express alkaline phosphatase (Figure
2h) after 14 days of RA treatment. Using immuno-
histochemical analysis, Mvh was found in EGFP-
positive cells (Figure 2i). After RA induction for

21 days, the positive cells were selected using FACS
and designated as BMS-GC (BMS cells derived germ
cells). After sorting, the cells were characterized
by determining the expression of different markers
for PGCs, SSCs and spermatogonia.

Immunohistochemistry and RT-PCR showed an
enhanced expression of the POU domain transcrip-
tion factor Oct4 in BMS-GC cells (Figures 3 and 4).
Oct4 is expressed in pluripotent embryonic cells
and after gastrulation, Oct4 is expressed in PGCs.9

In male mice, the expression of Oct4 is restricted
to undifferentiated spermatogonia.9 A low level
of Oct4 expression was observed in untreated BMS
cells (Figure 4). Oct4 is primarily expressed in
pluripotent lineages and regarded to have a role
in germ cell development. Furthermore, we used
RT-PCR to detect expression of fragilis, stella, Mvh;
and Rnf17 genes, which are expressed in early stage
of male germ cell development.6–8,22 All four genes
were expressed in BMS-GC, but not in untreated
BMS (Figure 4). Fragilis is the first gene to mark
the onset of germ cell competence, and it follows

Figure 3 Immunohistochemical analysis of BMS derived EGFP-positive cells after 7 days RA treatment. Specific antibodies (Ab) against
Oct4, spermatogonial stem cell markers, integrin b1 (Ingb1) and integrin a6 (Inga6), spermatogonia markers, c-kit, heat-shock protein 90a
(Hsp90a), Piwil2, Stra8 and Dazl were used (red). Nuclei are shown in blue, DAPI (40,60-diamidino-2-phenylindole) staining. Using Dazl
antibody, cytoplasmic localization is demonstrated.
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a pattern consistent with the eventual segregation of
germ cells from allantoic precursors.6 It was shown
that cells with the highest expression of fragilis
subsequently express stella, a gene that we detected
exclusively in lineage-restricted germ cells. Fragilis
and stella are involved in initiating germ cell
competence and specification, and in the demarca-
tion of PGCs from their somatic neighbors.6 Mvh,
which encodes an ATP-dependent RNA helicase, is

specific for differentiating germ cells from the
late migration stage to the postmeiotic stage.8 Loss
of Mvh function causes a deficiency in the pro-
liferation and differentiation of male germ cells.22

These results indicate that a subpopulation of BSC-
derived cells can be characterized as PGCs.

Previously it was demonstrated that ES can
differentiate to PGCs in vitro and these cells under-
go further differentiation into functional haploid
gametes.23 To investigate whether BMS-GC undergo
also further differentiation in vitro, we analyzed
expression of known molecular markers of spermato-
gonia (Dazl, Piwil2, Stra8, Rbm, Hsp90a, c-kit), and
the b1- and a6-integrins characteristic of the stem
cell fraction. BMS-GC showed expression of these
markers (Figures 3 and 4). Members of the deleted in
azoospermia (dazl) gene family, which are also used
as markers for germ cell identification, are expressed
exclusively in germ cells.14 One of the protein
products of the dazl gene is expressed throughout
most of the life of germ cells and is required for
the development of PGCs and for the differentiation
and maturation of germ cells from PGCs onwards.24

Dazl protein is present in both the nuclei and
cytoplasm of fetal gonocytes and in spermatogonial
nuclei. The proteins relocate to the cytoplasm
during male meiosis.25 All three expression patterns,
cytoplasmic, nucleic and both, were observed in
BMS-GC cells. Cytoplasmic location of Dazl protein
is shown in Figure 3 which is an indication for
differentiation of these cells through SSCs into
differentaited spermatogonia. To investigate the
differentiation pathway of EGFP-positive colonies,
these colonies were analyzed using confocal stereo-
logy and three-dimensional analysis. In first cell
layer, EGFP-positive cells were observed (about 63%
in Figure 5h–p) which differentiate to (EGFPþ/
c-kitþ ) in next layers (about 27% in Figure 5b–g).
These cells differentiate finally to (EGFP�/c-kitþ ) in
upper layers (about 10% in Figure 5a). In considera-
tion of expression pattern of Stra8-GFP and c-kit in
male germ cells, these results suggest that the first
fraction (GFPþ/c-kit�) correspond to prospermato-
gonia and SSCs, the cells expressing both GFP and
c-kit (GFPþ/c-kitþ ) may represent type A spermato-
gonia and the cells (GFP�/c-kitþ ) which did not
express GFP but c-kit likely represent differentiated
spermatogonia (from Aal to B spermatogonia). Pre-
sence of SSC was confiremd by expression of inte-
grin a6 and integrin b1 by immunohistochemistry,
which are cell surface markers for SSC. BMS-GC
cells were negative for synaptonemal complex
protein 3,26 phosphoglycerate kinase 2 (Pgk2),27

acrosin28 and transition protein 2,28 which are
markers for meiotic and postmeiotic germ cells (data
not shown). This is an indication for differentiation
arrest of BSC-derived germ cells at the premeiotic
stages in vitro.

To investigate spermatogonial stem cell capacity
and further development of BMS-GC cells in vivo,
cells were transplantated into the testes of germ

Figure 4 Expression analysis of BMS-GC. RNAwas prepared from
EGFP-sorted cells (BMS-GC), from adherent bone marrow stem
cells without RA treatment (BMS) and from adult wild-type testis
and processed for RT-PCR. GAPDH served as a control. C, no-
template control.
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cell-depleted recipient mice. Four independent
BMS-GC cultures were transplanted into the 12
busulfan-tretated mice. After 8–12 months, BMS-GC
cells were able to proliferate and migrate to the base-
ment membrane and colonize the tubules of four
mice (33.3%) (Figure 6). Cell concentration for
transplantation was 5–10� 106 cells/ml. Approxi-

mately 10 ml of cell suspension was transplanted.
Therefore, a maximum of 105 cells were trans-
planted into testis. Colonization of BMS-GC was
evaluated by histological sectioning. Each slide was
viewed at a magnification of � 400 for the analysis.
To assess proliferation and differentiation in the
recipient testis, the numbers of tubule cross-sections

Figure 5 Confocal microscopical analysis of a EGFP-positive cell (after 21 days RA treatment) colony (green) with an immunoreactivity
to c-kit antibody (red) in different cell layers beginning from bottom of cell colony show EGFP-positive cells in first cell layers (h–p)
which differentiated to cell layers positive for both EGFP and c-kit (b–g) and finally to cells positive only for c-kit (a). (q) Graphical
representation of differentiation pathway of cells within cell colonies. This revealed that cell colony consisted of layers of 63% EGFPþ/
c-kit� (prospermatogonia, SSC), 27% EGFPþ/c-kitþ (spermatogonia A) and 10% EGFP�/c-kitþ cells (spermatogonia Aal and B).
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with evidence of proliferation and differentiation
(defined as the presence of multiple layers of germ
cells in the entire circumference of the seminiferous
tubule) were recorded for 10 sections from each
testis, and at least 55 seminiferous tubules were
counted. In the sections of treated nontransplanted
testis, no GFP-positive cells were observed. In trans-
planted testis, three to five colonies per 1� 107 GFP-
positive cells were found. This finding indicates
that from 105 transplanted cells 3–5� 107 are
produced. This is 3–5� 102-fold over the number
of transplanted cells, which is evidence for in vivo
proliferation of BMS-GC after transplantation. As
shown in Figure 6b, GFP-positive cells differen-
tiated to GFP-negative cells in vivo. It is known that
Stra8 is expressed in spermatogonia. Differetiation
of GFP-positive cells to GFP-negative cells after

transplantation are an indication for in vivo differ-
entiation of GFP-positive BMS-GC cells.

Although we observed a proliferation of EGFP-
positive spermatogonia (Figure 6a) and in some
seminiferous tubuli premeiotic spermatocytes could
be seen (Figure 6a, g and j), no further differentiation
was detected in vivo. Premeiotic germ cells could
also be detected using immunohistological analysis
of testicular section with two premeiotic antobodies
against Dazl (Figure 7a) and piwil2 (Figure 7a),
however, no staining was observed with antibodies
against postmeiotic proteins transition protein 2
and outer acrosomal membrane protein OAM
(data not shown). These results are further evidence
for differentiation of BMS-GC to premeiotic germ
cells and arrest of differentiation in this stage. No
regeneration of spermatogenesis was observed in

Figure 6 Analysis of BMS-GC differentiation in vivo. (a–c) Fluorescence image of a section of a transplanted testis with BMS-GC (a) and
with GFP-positive cells from testis which contain spermatogonial stem cells (SSC) (b). (c) Section of a nontransplanted testis, � 200. (d–f)
the corresponding DAPI staining. (g–h) Hemalaun–eosin staining of a section of a testis transplanted with BMS-GC (g) with SSC (h).
(i) Section of a nontransplanted testis, � 200. (j–l) Higher magnification (� 600) of HE-stained section shows spermatogonial
proliferation and partial differentiation (red arrow) of BMS-GC (j) and differentiation of transplanted SSC (k) to sperm (black arrow),
no regeneration of spermatogenesis was observed in nontransplanted testis (l).
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nontransplanted control testes (Figures 6c and 7a).
As control, we isolated EGFP-positive cells from
testis of Stra8-EGFP mouse line using FACS, which
contain SSCs, and transplanted these cells into
seminiferous tubuli of germ cell-depleted mice.
After 8–12 months, regeneration of spermatogenesis
and differentiation to sperm was found (Figures 6b
and 7a).

Formation of the male gamete occurs in sequential
mitotic, meiotic and postmeiotic phases. Many germ
cell-specific transcripts are produced during this
process. Their expression is developmentally regu-
lated and stage specific. To further substantiate
in vivo differentiation of BMS-GC on the molecular
level, we examined expression of different stage-
specific genes in transplanted testes. As shown
by RT-PCR, the transplanted testes with BMS-GC
cells were positive for all premeiotic genes (Tex18,

Stra8, Piwil2, Rbm and Dazl) but not positive for
postmeiotic genes (acrosin, Pgk2, Tp2 and Prm1)
(Figure 7b) providing an additional evidence for
differentiation arrest in premeiotic stage. While
no RT-PCR products for premeiotic and postmeiotic
germ cells were detected in nontransplanted germ
cell-depleted testes, testes transplated with SSCs
showed expression of genes in all differentiation
stages (Figure 7b).

Discussion

Our finding addresses one of the critically important
questions in the field of stem cell plasticity. We
demonstrated that a somatic adult stem cell can
differentiate to male germ cells. We demonstrated
that BMS cells are able to differentiate to early germ

Figure 7 (a) Immunohistological analysis of section of testis transplanted with BMS-GC shows expression of germ cell-specific Dazl (red)
and Piwil2 proteins. Fluorescence staining of a nontransplanted testis (NTR), no regeneration of spermatogenesis was observed. Positive
staining of premeiotic cells was observed after transplantation of SSC (see Figure 6h and k). (b) RT-PCR analysis of testis transplanted
with BMS-GC compared with testis transplanted with testicular EGFP-positive cells (SSC) using premeiotic and postmeiotic genes. NTR,
RT-PCR with RNA isolated from a nontransplanted testis. C, no-template control.
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cells, PGCs and even SSC and spermatogonia
in vitro and in vivo.

Four studies published in recent months have
dramatically changed the outlook on infertility and
germ cell development, as the message they deliv-
ered is that male and female gametes can be pro-
duced in vitro from embryonic or teratocarcinoma
stem cells.21,23,29,30 These studies have used embryo-
nic or teratocarcinoma stem cells to establish a
population of primordial germ cell-like cells, which,
either by transplantation into the testes or by
extending cultures, established differentiation into
male or female gametes. One of the important but
unresolved questions in our study is differentiation
arrest of BMS-GC at premeiotic stage which should
be investigated in further studies. It indicates failure
in the meiotic program of BMS-GC. No embryoid
body (EB) was observed in our differentiated
adherent BM cell culture which was present in
differentiated ES cell cultures. Given our obser-
vation of male germ cell development, we speculate
that EBs may preserve more of the tissue organiza-
tion reflective of the embryonic gonadal ridge,
thereby enabling male germ lineage specification.
EBs support a program of male germ cell differen-
tiation, culminating in the formation of haploid
cells that manifest the morphology and fertiliza-
tion potential of male haploid germ cells of the
round spermatid stage.23 Microarray cDNA analysis
between ES derived and BMS-GC gives more insight
in differences in molecular profiling of these two
types of germ cells, especially in differences in
genes involved in meiosis. Furthermore, coculture
of BMS-derived germ cells and EBs might also
support further differentiation of BMS-GC.

Johnson et al reported that mammalian ovaries
possess persisting large germline stem cells, which
allegedly enable follicular renewal in adult females.31

Recently, the same research group reported that
mammalian oocytes originate from putative germ
cells in BM and are distributed by peripheral blood
to the ovaries.32 Irrespective of their origin, BMS-GC
provides important information of potential clinical
applications in reproductive medicine. In contrast to
ES cells, BMS-GC can be selected from autologous
BM and might be used for therapeutical approaches
in the future.
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