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Myogenic potential of mouse primordial germ cells
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ABSTRACT Primordial germ cells are the only stem cells that retain true developmental totipo-

tency after gastrulation, express markers typical of totipotent/pluripotent status and are able both

in vivo and in vitro to give rise to pluripotent stem cells as EC and EG cells. We have therefore

explored the possibility of the trans-differentiation of mouse PGCs to a myogenic lineage by

transplanting them directly or after in vitro culture into a regenerating muscle and by culturing them

on monolayers of differentianting muscle cells. The results obtained suggest that mouse PGCs may

trans-differentiate into myogenic cells, provided that their somatic environment is preserved. This

occurs at an estimated frequency of 0.01%, which is no higher than that reported for stem cells of

adult tissues.

KEY WORDS: primordial germ cells, stem cells, myogenesis, transdifferentiation

Int. J. Dev. Biol. 47: 303-305 (2003)

0214-6282/2003/$25.00
© UBC Press
Printed in Spain
www.ijdb.ehu.es

*Address correspondence to: Prof. Massimo De Felici. Dipartimento di Sanità Pubblica e Biologia Cellulare, Università di Roma “Tor Vergata”, Via Montpellier
1, 00133 Roma, Italy. Fax: +39-06-7259-6172. e-mail: defelici@uniroma2.it

Abbreviations used in this paper: EC, embryonal carcinoma; EG, embryonic
germ; ES, embryonic stem; PGC, primordial germ cell.

The concept that tissue-specific stem cells can give rise to cells
of heterologous lineages has gained support from recent stud-
ies. For example: (1) bone marrow-derived cells can undergo
myogenic differentiation (Ferrari et al., 1998; Bittner et al.,
1999), can produce differentiated cell types in the brain (Mezey
et al., 2001) or form hepatocytes in the liver (Petersen et al.,
1999; Theise et al., 2000); (2) neural stem cells can form blood-
forming and muscle tissue (Bjonson et al., 1999; Galli et al.,
2000) and a large variety of tissues when injected into early
embryos (Clarke et al., 2000); (3) hemopoietic stem cells can
generate muscle, liver and multiple epithelial tissues (for a
review, see Goodell, 2001); (4) skin stem cells can make
neurons, glia, smooth muscle and adipocytes (Toma et al.,
2001).

Primordial germ cells (PGCs) are the embryonic precursors
of the gametes of adult animals and are considered as the stem
cells of the germline. Two important properties of PGCs are that
they retain pluripotency (for a review, see Donovan and Gearhart,
2001) and possess a special capacity for epigenetic modifica-
tions of the genome (for a review, see Surani, 2001). Moreover,
PGCs express markers typical of totipotent/pluripotent status,
including the Oct-4 transcription factor (Yeom et al., 1996;
Nichols et al., 1998), the gene stella (Saitou et al., 2002) and
KIT and LIF receptors (Matsui et al., 1992; Cheng et al., 1994).
However, when mouse PGCs are introduced into a host blasto-
cyst, they do not appear to contribute to either the germline or
the soma, suggesting that they are normally restricted in devel-
opmental potency (McLaren and Durcova, 2001). On the other

hand, when transplanted in vivo, PGCs give rise to pluripotent
embryonal carcinoma (EC) cells that generate teratomas -
benign tumors containing derivates of the three primary germ
layers. Similarly, PGCs isolated from embryonic gonads onto
feeder layers will, i n the presence of serum and certain growth
factors, form pluripotent embryonic germ (EG) cells that are
morphologically indistinguishable from EC cells or embryonic
stem (ES) cells; these EG cells are capable of giving rise to
somatic and germline chimeras (for a review, see Donovan,
1998). Collectively, these results suggest that PGC differentia-
tion fate can be switched upon introduction into certain environ-
ments. If PGCs can be induced to exit the germ lineage and
directly trans-differentiate into diverse cell types with a fre-
quency higher than that of other apparently restricted stem cells
(around 0.1 to 0.01%, for a review see Goodell, 2001), they
could provide a relatively more accessible source of pluripotent
stem cells for therapeutic use.

In the present paper, we have explored the potential of
mouse PGCs to transdifferentiate into a myogenic lineage by
culturing them on monolayers of differentiating muscle cells, or
by transplanting them directly, or after expansion in vitro, into a
regenerating muscle.

Serial tissue sections of tibialis anterior (TA) muscle 2 or 3
weeks after injection of total gonadal cells obtained from MLC1F/
3F-nLacZ mice revealed fibers containing β-gal aligned nuclei (4
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out of 8 muscles examined) (Fig. 1A). Only sporadic single blue
nuclei were observed in 2 out of 6 muscles injected with purified
PGCs while no staining was observed in muscles injected with
somatic cells. In the experiments in which TA muscles were
injected with total gonadal cells cultured for 2-3 days on STO cell
monolayers, the frequency of muscles containing β-gal positive
cells was increased (5 out of 6). No blue nuclei were observed in
6 TA muscles injected with total gonadal cells cultured without
forskolin (FRSK) and growth factors, or injected with purified
cultured PGCs. Collectively these results indicate that in the total
gonadal cell population there are cells with myogenic ability. β-gal
positive fibers were found only when whole gonadal cell popula-
tions were injected, while only rare β-gal positive cells were found
when purified PGCs were injected and none following somatic cell
injection. This suggests that the myogenic cells originate from
PGCs, but the PGCs need their gonadal somatic cells in order to
survive and form myogenic cells in the regenerating muscle. This
is also supported by the finding that β-gal positive cells were seen
in TA muscles injected with PGCs from MLC1F/3F-nLacZ mice
combined with somatic cells from wild type mice but not with
somatic cells from blue mice combined with wild type PGCs (data

not shown). The origin of β-gal positive cells from PGCs is also
supported by the finding that the culture of total gonadal cells in the
presence of FRSK and growth factors such as stem cell factor
(SCF) and leukemia inhibitor factor (LIF), known to specifically
favour PGC proliferation and transformation into EG cells in culture
(for a review, see De Felici, 2001), increased the frequency of β-gal
positive TA muscle to more than 80%.

The results obtained in the co-culture experiments of go-
nadal cells on C2C12 cell monolayers are also in line with such
a hypothesis. We found that when total gonadal cells were co-
cultured on C2C12 monolayers differentiating into myotubes,
cells with β-gal positive nuclei were detectable after 7-10 days
of culture (4 out of 4 dishes examined) (Fig. 1 B-D). In co-
cultures in which purified PGCs (4 dishes) or somatic cells (4
dishes) were seeded, sporadic or no β-gal positive nuclei were
seen, respectively.

In conclusion our results strongly suggest that mouse PGCs
may trans-differentiate into myogenic cells provided that their
somatic environment is preserved, and with an estimated fre-
quency of 0.01%, comparable to that reported for stem cells of
adult tissues (Goodell, 2001).

Experimental Procedures

PGC Isolation, Culture and Injection
Unless otherwise specified, PGCs and gonadal somatic cells were

obtained from 11.5 days post coitum (dpc) embryos of the MLC1F/3F-
nLacZ mouse strain, that expresses the n-LacZ reporter gene in nuclei of
differentiated skeletal and cardiac muscle cells (Kelly et al., 1995; Cossu
et al., 1995). PGC isolation and culture were performed as described
previously (De Felici, 1998). Briefly, single cell suspensions of dissected
gonadal ridges were prepared by EDTA-trypsin digestion, washed in
Hepes-buffered MEM + 10% FCS (Gibco) and injected (about 1-2 x105

cells/leg, containing about 5-10x103 PGCs) into chemically damaged TA
muscles of scid/bg mice (Charles River, Italy) (Ferrari et al., 1998). In
some experiments, PGCs (1-5 x 104 /leg, purity about 90%) and gonadal
somatic cells (7-8 x104 /leg, purity >95%) were purified using the MiniMACS
immunomagnetic cell sorter (Pesce and De Felici, 1995) before injection.
In other experiments, gonadal cell suspensions or purified PGCs were
cultured in 5 cm Falcon tissue culture dishes containing mitomycin C-
inactivated STO cell monolayers in DMEM (high glucose) plus 15% FCS
(Gibco) with or without 10 µM FRSK (Sigma), 50 ng/ml SCF (R&D
System) and 1000 UI/ml LIF (LIFESGRO, Gibco) (De Felici, 1998). After 2-
3 days of culture, cells from 2 dishes were detached from the dish by
trypsin-EDTA and injected into one leg.

Cryostat tissue sections of muscles were examined at 2-3 weeks from
injection for the presence of β-gal positive nuclei (Ferrari et al., 1998).

PGC Culture on C2C12 Cells
Gonadal cell suspensions (6-8x104 cells/dish, containing about 3-

4x103 PGCs) or an equivalent number of purified PGCs and gonadal
somatic cells were cultured in 5 cm Falcon tissue culture dishes on
C2C12 cell monolayers. Cells were grown for 2-3 days in DMEM plus
15% FCS, with or without FRSK and the growth factors reported above.
Then the cultures were shifted for an additional 7-10 days to DMEM
containing only 2% horse serum (HS, Gibco), a condition permissive for
C2C12 myogenic differentiation, and analysed for the presence of β-
gal positive cells (Salvatori et al., 1995).
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Fig. 1. (A) Analysis of nuclear lacZ expression in cryostat sections of
regenerating TA muscles from scid/bg mice transplanted with PGCs from
MLC1F/3F-nLacZ mice. Muscles were analysed after 3 weeks. Longitudi-
nal section: note a multinucleated myotube containing β-gal positive
nuclei. (B-D) Examples of myotubes with β-gal positive nuclei present after
10 days of coculture of MLC1F/3F-nLacZ PGCs on C2C12 cell monolayers.

A

B C

D



Myogenic Potential of Mouse Primordial Germ Cells        305

References

BITTNER, R.E., SCHOFER, C., WEIPOLTSHAMMER, K., IVANOVA,
S.,STREUBEL, B., HAUSESR, E., FREILINGER, M., HOGER, H., ELBE-
BURGER, A. and WACHTLER, F. (1999). Recruitment of bone-marrow-
derived cells by skeletal and cardiac muscle in adult dystrophic mdx mice.
Anat. Embryo.(Berl.) 199: 391-396.

BJORNSON, C.R, RIETZE, R.L., REYNOLDS, B.A., MAGLI, M.C. and VESCOVI,
A.L. (1999). Turning brain into blood: a hematopoietic fate adopted by adult
neural stem cells in vivo. Science 283: 534-537.

CHENG, L., GEARING, D.P., WHITE, L.S., COMPTON, D.L., SCHOOLEY, K.
and DONOVAN, P.J. (1994). Role of leukemia inhibitory factor and its
receptor in mouse primordial germ cell growth. Development 120: 3145-3153.

CLARKE, D.L., JOHANSSON, C.B., WILBERTZ, J.,VERESS, B., NILSSON, E.,
KARLSTRÖM, H., LENDAHL, U. and FRISEN, J. (2000). Generalised poten-
tial of adult neural stem cells.  Science 288: 1660-1663.

COSSU, G., KELLY, R., DI DONNA, S., VIVARELLI, E. and BUCKINGHAM, M.
(1995). Myoblast differentiation during mammalian somitogenesis is depen-
dent upon a community effect. Proc. Natl. Acad. Sci. USA. 92: 2254-2258.

DE FELICI, M. (1998). Isolation and culture of germ cells from mouse embryo. In:
Cell Biology: a laboratory handbook. (Ed. J. E. Cells). Academic Press, New
York, pp. 73-85.

DE FELICI, M. (2001). Twenty years of research on primordial germ cells. Int J
Dev Biol 45: 519-52.

DONOVAN, P.J. (1998). The germ cell - the mother of all stem cells. Int J Dev Biol
42: 1043-1050.

DONOVAN, P.J. and GEARHART, J. (2001). The end of the beginning for
pluripotent stem cells. Nature 414: 92-97.

FERRARI, G., CUSELLA-DE ANGELIS, G., COLETTA, M., PAOLUCCI, E.,
STORNAIUOLO, A., COSSU, G. and MAVILIO, F. (1998). Muscle regenera-
tion by bone marrow-derived myogenic progenitors. Science 279:1528-1530.

GALLI, R., BORELLO, U., GRITTI, A., MINASI, M.G., BJORNSON, C., COLETTA,
M., MORA, M., DE ANGELIS, M.G., FIOCCO, R., COSSU, G. and VESCOVI,
A.L. (2000). Skeletal myogenic potential of human and mouse neural stem
cells. Nat. Neurosci. 3: 986-991.

GOODELL, M.A. (2001). Stem cells: is there a future in plastics? Curr. Opin. Cell.
Biol. 13: 662-665.

KELLY, R., ALONSO, S., TAJBAKHSH, S., COSSU, G. and BUCKINGHAM, M.
(1995) Myosin light chain 3F regulatory sequences confer regionalized
cardiac and skeletal muscle expression in transgenic mice. J. Cell. Biol. 129:
383-396.

MATSUI, Y., ZSEBO, K. and HOGAN, B.L. (1992). Derivation of pluripotential
embryonic stem cells from murine primordial germ cells in culture. Cell 70:
841-847.

MCLAREN, A. and DURCOVA-HILLS, G. (2001). Germ cells and pluripotent
stem cells in the mouse. Reprod Fertil Dev. 13: 661-664.

MEZEY, E., CHANDROSS, K.J., HARTA, G., MAKI, R.A. and MCKERCHER,
S.R. (2000). Turning blood into brain: cells bearing neuronal antigens gener-
ated in vivo from bone marrow. Science 290: 1779-1782.

NICHOLS, J., ZEVNIK, B., ANASTASSIADIS, K., NIWA, H., KLEWE-NEBENIUS,
D., CHAMBERS, I., SCHOLER, H. and SMITH, A. (1998). Formation of
pluripotent stem cells in the mammalian embryo depends on the POU
transcription factor Oct4. Cell 95: 379-391.

PESCE, M., and DE FELICI, M.(1995). Purification of mouse primordial germ
cells by MiniMACS magnetic separation system. Dev Biol 170: 722-725.

PETERSEN, B.E., BOWEN, W.C., PATRENE, K.D., MARS, W.M., SULLIVAN,
A.K., MURASE, N., BOGGS, S.S., GREENBERGER, J.S. and GOFF, J.P.
(1999). Bone marrow as a potential source of hepatic oval cells. Science 284:
1168-70.

SAITOU, M., BARTON, S.C. and SURANI, M.A. (2002) A molecular programme
for the specification of germ cell fate in mice. Nature 418: 293-300.

SALVATORI, G., LATTANZI, L., COLETTA, M., AGUANNO, S., VIVARELLI, E.,
KELLY, R., FERRARI, G., HARRIS, A.J., MAVILIO, F., MOLINARO, M., and
COSSU, G. (1995). Myogenic conversion of mammalian fibroblasts induced
by differentiating muscle cells. J. Cell. Sci. 108: 2733-2739.

SURANI, M.A. (2001). Reprogramming of genome function through epigenetic
inheritance. Nature 414: 122-128.

THEISE, N.D, NIMMAKAYALU, M., GARDNER, R., ILLEI, P.B., MORGAN, G.,
TEPERMAN, L., HENEGARIU, O. and KRAUSE, D.S. (2000) Liver from bone
marrow in humans. Hepatology 32: 11-16.

TOMA, J.G., AKHAVAN M, FERNANDES K.J., BARNABE-HEIDER F., SADIKOT
A., KAPLAN D.R. and MILLER F.D.(2001). Isolation of multipotent adult stem
cells from the dermis of mammalian skin. Nat. Cell. Biol. 3: 778-784.

YEOM, Y.I., FUHRMANN, G., OVITT, C.E., BREHM, A., OHBO, K., GROSS, M.,
HUBNER, K. and SCHOLER, H.R.(1996). Germline regulatory element of
Oct-4 specific for the totipotent cycle of embryonal cells. Development 122:
881-894.

Received: October 2002
Reviewed by Referees: December 2002

Modified by Authors and Accepted for Publication: February 2003


