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ABSTRACT. The tyrosine-kinase receptor c-kit
and its ligand, stem celi factor (SCF), are essen-
tial for thè maintenance of primordial germ cells
(PGCs) in both sexes. However, c-kit and a post-
meiotic-specific alternative c-kit gene product
play important roles also during post-natal stages
of spermatogenesis. In thè adult testis, thè c-kit
receptor is re-expressed in differentiating sper-
matogonia, but not in spermatogonial stem cells,
whereas SCF is expressed by Sertoli cells under
FSH stimulation. SCF stimulates DNA synthesis
in type A spermatogonia cultured in vitro, and
injection of anti-c-k/t antibodies blocks their pro-
liferation in vivo. A point mutation in thè c-kit
gene, which impairs SCF-mediated activation of
phosphatydilinositol 3-kinase, does not cause any

significant reduction in PGCs number during em-
bryonic development, nor in spermatogonial
stem celi populations. However males are com-
pletely sterile due to a block in thè initial stages
of spermatogenesis, associated to abolishment
of DNA-synthesis in differentiating A-|-A4 sper-
matogonia. With thè onset of meiosis c-kit ex-
pression ceases, but a truncated c-kit product,
tr-kit, is specifically expressed in post-meiotic
stages of spermatogenesis, and is accumulated in
mature spermatozoa. Microinjection of tr-kit in-
to mouse eggs causes their parthenogenetic ac-
tivation, suggesting that it might play a role in
thè final function of thè gametes, fertilization.
(J. Endocrinol. Invest. 23: 609-615, 2000)
®2000, Editrice Kurtis

ROLE OF C-KIT IN THE EMBRYONAL STAGES
OF GAMETOGENESIS

The proto-oncogene c-kit was initially identified as
thè cellular homolog of thè virai oncogene v-kit(1).
The main product of thè c-kit gene is a -150 kDa
tyrosine-kinase receptor (Fig. 1) that belongs to thè
same family as thè a and (3 PDGF receptors and thè
CSF-1 receptor (2, 3). A series of studies led to thè
identification of c-kit as thè product of thè W(dom-
inant White spotting) locus (4, 5). Mutations in this
locus in mice cause defects in pigmentation, ane-
mia and sterility, due to thè lack of progenitor cells
belonging to thè melanocytic, hematopoietic and
germ celi lineages, and very similar defects are as-
sociated with mutations in thè SI (Steel) locus (6).
Although W and SI mice show thè same phenotype
genetic studies suggested that thè defect carried
by thè W mutations is intrinsic to thè progenitor
cells of thè three affected lineages, whereas thè de-
fects carried by thè SI mutations derives from thè
environment surrounding thè progenitor cells (6).
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The parallelism between thè lA/and SI phenotype led
to thè hypothesis thè SI locus contained thè gene en-
coding thè growth factor specifically recognized by
thè c-kit receptor. This hypothesis was indeed con-
firmed with thè cloning of thè cDNA of a pleiotropic
growth factor in thè SI locus (7-9) which was able to
bind and activate c-kit, which originally received dif-
ferent names (MGF: mast celi growth factor; SLF: steel
factor; KL: kit ligand) and is actually known as SCF
(stem celi factor). SCF is produced in a soluble and a
membrane bound form, resulting from alternative
splicing around thè exon 6 of thè gene (10).
In thè embryonal gonad thè c-kit tyrosine kinase re-
ceptor and its ligand SCF are required for thè survival
and proliferation of primordial germ cells (PGCs).
Indeed, homozygous Wand SI mice have a drasti-
cally reduced number of PGCs in thè gonadal ridges
(6). Several lines of evidence from in vitro studies sup-
port thè hypothesis that alterations of thè SCF/c-K/t
System are responsible forthese defects in vivo. First,
while c-kit is expressed by thè PGCs during their mi-
gration toward thè gonadal ridges, in situ hybridiza-
tion and immunohistochemical experiments have
shown that SCF is expressed by thè cells present
along thè migratory path of PGCs (11). Moreover,
PGCs are able to survive and proliferate in vitro in co-
culture with nurse cells that produce SCF, and thè
transmembrane form of thè growth factor is much
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Fig. 1 - Schematic representation oftwo distinct c-kit gene prod-
ucts: thè -150 kDa transmembrane tyrosine kinase receptor ex-
pressed in botri PGCs and differentiating post-natal spermato-
gon/a (c-kit), and thè 30 kDa truncated protein expressed only
in post-meiotic male germ cells (tr-kit).

more efficient than thè soluble form (12-14).
Furthermore, in thè absence of nurse cells, PGCs un-
dergo an apoptotic process in vitro, which can be
synergistically prevented or attenuated by thè pres-
ence of SCF in thè culture medium (15). The end of
thè proliferative process of PGCs coincides with thè
end of c-kit expression on these cells (16). However,
thè role thè SCF/c-fa'tsystem in gametogenesis is not
limited to thè embryonal period, since more recent
experiments have shown that it plays a fundamental
role also during post-natal stages of spermatogene-
sis by supporting thè production and survival of ma-
ture germ cells (Fig. 2).

EARLY STUDIES SUGGESTING AN IMPORTAMI
ROLE OF C-KIT ALSO IN POST-NATAL STAGES
OF SPERMATOGENESIS

In thè adult mouse testis, thè c-kit receptor is main-
ly expressed by spermatogonia (17, 18) and by
Leydig cells (19). Type A spermatogonia are thè celi
type in which maximal levels of both c-kit RNA and
protein are observed, followed by type B sper-
matogonia (17, 18, 20). Indeed, thè full length c-kit
receptor kinase is also expressed in rat (21), mouse
(22), human (23, 24) hamster and monkey sper-

matogonia (25). Expression ofthe c-kit receptor ki-
nase in male mitotic germ cells starts around day 6
post-partum, when type A0 spermatogonia differ-
entiate into A-, spermatogonia (17), and recent ob-
servation confirms that it is selectively expressed in
differentiating type ArA4 and type B spermatogo-
nia but not in spermatogonial stem cells (26). The
expression of thè mRNA for thè full length c-kit re-
ceptor has also been demonstrated in mouse sper-
matocytes, albeit at lower levels, but it ceases com-
pletely during meiosis and it is absent in post-mei-
otic cells (18, 27). Indeed, in spermatocytes thè c-kit
protein either is not present (17, 20, 25) or, at least,
is barely detectable (28).
The expression of c-kit in thè only proliferating cells
during spermatogenesis, thè spermatogonia, has
led to thè hypothesis that thè SCF/c-k/t interaction
is required for thè proliferation and/or survival of
these cells. Further support to this hypothesis
comes from thè observation that, in mice, both thè
soluble and membrane-bound form of SCF are ex-
pressed by thè nurse cells of spermatogonia, thè
Sertoli cells (29-33), whose intimate contact with
thè germ cells is necessary for their survival and dif-
ferentiation. The selective site of testicular SCF ex-
pression in thè Sertoli celi has also been confirmed
in thè rat (34) and in humans (24). The expression of
thè mRNA for SCF is induced by thè pituitary hor-
mone FSH (follicle stimulating hormone) in pre-pu-
beral mouse Sertoli cells cultured in vitro, through
an increase in cAMP levels (29, 30). Stage-depen-
dent induction of SCF mRNA expression by FSH
has also been observed in thè adult rat testis (35),
and thè maximal levels of SCF mRNA induction are
observed in stages ofthe seminiferous epithelium
which show thè maximal sensitivity to FSH stimula-
tion, and in which type A spermatogonia are ac-
tively dividing. Interestingly, thè soluble and mem-
brane forms of SCF are differentially expressed dur-
ing testis development. Sertoli cells from pre-pu-
beral mice mainly express thè mRNA encoding for
thè transmembrane form, while thè mRNA encod-
ing for thè soluble form is expressed at higher lev-
els later, in coincidence with thè beginning ofthe
spermatogenic process, and thè two transcripts are
expressed at equivalent levels in thè adult testis
(30). Moreover, FSH and/or cAMP analogs, beside
increasing SCF mRNA levels, also modify thè splic-
ing pattern of thè two isoforms in cultured mouse
Sertoli cells in favour ofthe mRNA encoding for thè
soluble form (30). In agreement with these obser-
vations is thè finding that thè highest levels of thè
transmembrane form of SCF are detected im-
munohistochemically in stages VII-VIII ofthe mouse
seminiferous epithelium (28). The equivalent stages
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Fig. 2 - The two distinct c-kit gene prod-
ucts depicted in Figure 1 play different
roles during gametogenesis. Activation of
thè fulì-length c-kit receptor by thè trans-
membrane SCF (tm-SCF) is essential for
PGC survival in thè embryonal gonad of
both sexes, whereas soluble SCF (s-SCF)
produced by Sertoli ceìls under FSH stimu-
lation promotes proliferation of c-kit ex-
pressing differentiating spermatogonia in
thè adult testis. After sperm-egg fusion,
transfer of sperm-carried tr-kit into meta-
phase ll-arrested oocytes triggers egg ac-
tivation at fertilization. N: nucleus; M-ll
piate: chromosome aligned on thè meta-
phase-ll piate of thè egg before thè
sperm-induced second meiotic division.

in rat testis are thè less sensitive to FSH stimulation
in thè adult testis (36). Recently, it has been re-
ported that thè splicing patterò of SCF mRNA in
Sertoli cells might also be influenced by locai
changes of pH in thè seminiferous epithelium (37).
Early studies performed in W mutant mice sug-
gested that c-kit plays a criticai role in thè differen-
tiation from type A to type B spermatogonia (38).
Moreover, a peculiar Steel mutation, S/77H, result-
ing in a splicing defect in thè SCF cytoplasmic tail,
in thè homozygous condition induces sterility in
males but not females, due to loss of spermatogo-
nia during post-natal development (39).
The first evidence that c-kit plays an important role
in mitotically dividing male germ cells carne from
thè observation that addition of thè soluble form of
SCF to in vitro cultured male germ cells from 7-8
day old mice at mitotic stages of differentiation stim-
ulates DNA synthesis selectively in type A, but not in
type B spermatogonia (30). Selective induction of
DNA synthesis in type A spermatogonia by soluble
SCF has been confirmed using an in vitro tissue cul-
ture system for stage-defined seminiferous tubules
of thè adult rat testis (40). The important role of thè
SCF/c-kit system in thè maintenance of thè germ
celi line in thè mouse post-natal testis is also sug-

gested by in vivo and in vitro experiments in which
thè interaction between SCF and c-kit was blocked
by an antibody directed against thè extracellular re-
gion of thè receptor. Under these conditions, c-kit
expressing type A spermatogonia, but not c-kit
negative spermatogonial stem cells, are depleted
(20) and unable to proliferate (41), and differentiat-
ing spermatogonia show increased levels of apop-
tosis (42). The role of soluble SCF in promoting sur-
vival and/or proliferation of rat and porcine sper-
matogonia has also been reported (43-45).
SCF has been proposed to act as a survival factor
that prevents programmed celi death in cells which
are intrinsically committed to proliferate, ratherthan
a mitogenic factor which directly stimulates DNA
synthesis in spermatogonia (40, 42, 43), but accu-
rate studies on thè effect of SCF on spermatogonial
celi cycle and apoptosis have not been described
up to now. However, it should be reminded that ap-
pearance of actively proliferating type ArA4 sper-
matogonia coincides with re-expression of thè c-kit
receptor, which is not expressed in post-natal sper-
matogonial stem cells, Le, type A0 spermatogonia
(17, 26, 41, 46). Studies performed in cryptorchid
testes of mice heterozygous for thè Steel Dickie mu-
tation, which only express a soluble, but not a trans-
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membrane form of SCF have shown that prolifera-
tion of type ArA4 spermatogonia was apparently
unaffected in surgically reversed cryptorchid testes
of these animals, but a dramatic reduction in type
B spermatogonia was observed, with consequent
impairment of spermatogenesis (47), suggesting
that soluble SCF is sufficient for divisions of type
ArA4 spermatogonia, whereas thè transmembrane
form of SCF is essential for preventing apoptosis of
type B spermatogonia before they differentiate to
meiotic stages. This would give a rationale expla-
nation for thè recent report that thè transmembrane,
but not thè soluble form of SCF might play a role in
transmeiotic progression in culture of mouse germ
cells cocultured with thè SCF-expressing 15-P1 celi
line (28). The fact that SCF can be both a mitogenic
and an anti-apoptotic stimulus in thè same celi type
has been clearly demonstrated in c-kit expressing
cells of thè hematopoietic lineage (48, 49).

EVIDENCE FOR AN ESSENTIAL ROLE OF C-KIT
IN PROLIFERATION OF DIFFERENTIATING
SPERMATOGONIA

Three very recent reports highlight thè essential
role played by c-/c/tduring thè spermatogenic pro-
cess in thè adult life. Two groups independently re-
ported thè dramatic and selective impairment of
spermatogenesis in genetically modified mice in
which thè same discrete point mutation was intro-
duced in thè c-kit gene using a knock-in strategy
(50, 51). Homozygous mice were generated in
which thè codon encoding fortyrosine 719 was mu-
tatedto phenylalanine (Y719F). TheY719 residue,
after SCF-induced dimerization and autophospho-
rylation, is a docking site for thè p85 subunit of PI3K
(52), which had been previously shown to be es-
sential fortransduction of both proliferative and an-
ti-apoptotic signals in cultured c-kit expressing cells
(48, 53). Unexpectedly, Y719F mutant mice did not
show any significant pigmentation or hematopoi-
etic defects, and no reduction in PGC number dur-
ing embryonic development. However, thè muta-
tion induced a sex- and tissue-specific defect in
post-natal gametogenesis. Whereas males are com-
pletely sterile due to a block in thè initial stages of
spermatogenesis, females were found to be either
fully fertile (50) or sub-fertile (51). Thus, a discrete
point mutation in thè c-kit gene, which impairs c-
fa't mediated PI3K activation without affecting oth-
er c-kit activated signal transduction pathways,
leads to a selective impairment of spermatogenesis.
An accurate study of spermatogenesis in these mu-
tant mice showed that there was no reduction in
spermatogonial stem celi populations present at 6

days of post-natal age, which do not express thè c-
kit receptor (51). Germ celi number also appeared
normal at 8 days of age, when c-kit expressing dif-
ferentiating A-|-A4 spermatogonia are present.
However BrDU incorporation studies showed a
complete block of DNA-synthesis in c-kit positive
spermatogonia at this age, whereas no signs of
apoptosis were evident by TUNEL staining (50).
Analysis at 10 days of age, when type B spermato-
gonia and early meiotic spermatocytes should be
present, showed subsequent massive reduction of
germ celi number and signs of apoptotic degener-
ation, with no further progression of spermatogen-
esis; no apparent effect was observed in other c-kit
expressing testicular cells, namely in Leydig cells
(50, 51). These data clearly show that c-kit signal-
ing through thè p85 subunit of PI3K plays an es-
sential role initially for proliferation of differentiating
c-kit expressing type ArA4 spermatogonia and sub-
sequently for survival of type B spermatogonia be-
fore they enter thè meiotic stages of differentiation.
A third recent report confirms thè essential role
played by c-kit in thè initial stages of spermatogen-
esis (54). To study self-renewal and differentiation
of spermatogonial stem cells thè Authors trans-
planted undifferentiated testicular germ cells of thè
GFP transgenic mice into seminiferous tubules SI or
W mutant mice. In thè seminiferous tubules of SI
mice, transplanted donor GFP expressing germ cells
proliferateci and formed colonies of undifferentiated
c-kit negative spermatogonia but were unable to
differentiate further. However, these undifferentiat-
ed but proliferating spermatogonia, retransplanted
into SCF expressing seminiferous tubules of Wmu-
tants, resumed differentiation, indicating that thè
transplanted donor germ cells contained sperma-
togonial stem cells and that stimulation of c-kit re-
ceptor by its ligand was necessary for maintenance
of differentiated c-kit expressing type A spermato-
gonia but not for proliferation of undifferentiated c-
kit negative spermatogonial stem cells (54).

POTENTIAL ROLE AT FERTILIZATION OF
AN ALTERNATIVE C-KIT GENE PRODUCT
EXPRESSED DURING SPERMIOGENESIS

C-kit expression is down-regulated in coincidence
with thè onset of meiosis, whereas a a truncated
c-kit product, tr-kit is specifically expressed in post-
meiotic stages of spermatogenesis, due to thè activity
of a cryptic transcriptional promoter present within
thè 16th intron of thè c-kit gene (18, 22, 27). This
promoter drives haploid-specific expression of a
reporter gene in transgenic mice (22, 55). Tr-kit is a
-30 kDa cytoplasmic protein, lacking thè c-kit extra-
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cellular domain, thè transmembrane domain, thè first
box of thè split kinase domain (i.e. thè ATP binding
site) and thè intervening sequence (including thè PI3K
docking site) of thè intracellular domain, whereas it
contains only thè second box of thè split kinase
domain (Le. thè phosphotransferase catalytic site) and
thè carboxyterminal tail of thè full-length c-kit re-
ceptor (Fig. 1). Tr-kit is accumulated in thè residuai
sperm cytoplasm of thè midpiece and in thè post-
acrosomal region of mature spermatozoa, in proxi-
mity of thè region involved in sperm-egg fusion
during fertilization (56). Tr-kit causes parthenogenetic
activation when microinjected into metaphase II-
arrested oocytes (56). Tr-kit induced egg activation
is mediated by activation of thè y1 isoform of pho-
spholipase C (PLCyl), with consequent IP3-induced
calcium mobilization from egg intracellular stores (57).
Event hough tr-kit lacks thè ATP-binding site of thè
c-kit tyrosine kinase domain, which is essential for
c-kit catalytic function, tr-kit stimulates tyrosine pho-
sphorylation of PLCyl in transfected celi lines, sug-
gesting that it interacts with a different tyrosine kinase
present in thè egg cytoplasm (57). The SH3 domain
of PLCyl, but not thè SH2 domains, is essentia to
mediate tr-kit-induced egg activation (57). However,
mutation to phenylalanine of a tyrosine residue pre-
sent in thè tr-kit carboxyterminal region, which is a
putative SH2-docking site, abolishes tr-kit-induced
egg activation, suggesting that a SH2-containing
adaptor protein intermediate is required to elicit
PLCyl activation through thè PLCyl SH3 domain
(manuscript in preparation). Thus, this alternative c-
kit gene product, which is specifically expressed in
post-meiotic stages of spermatogenesis, and is pre-
sent in mature spermatozoa, might play a role in thè
final function of thè male gamete, which is to trigger
early embryogenesis after sperm-egg fusion at fer-
tilization (Fig. 2).
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