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Restricted expression of a mouse Vasa homolog gene (Mvh) expression is first detected in primordial germ
cells (PGCs) after colonization of the genital ridges. Subsequently, Mvh is maintained until postmeiotic germ
cells are formed. Here, we demonstrate that male mice homozygous for a targeted mutation of Mvh exhibit a
reproductive deficiency. Male homozygotes produce no sperm in the testes, where premeiotic germ cells cease
differentiation by the zygotene stage and undergo apoptotic death. In addition, the proliferation of PGCs that
colonize homozygous male gonads is significantly hampered, and OCT-3/4 expression appears to be reduced.
These results indicate that the loss of Mvh function causes a deficiency in the proliferation and differentiation
of mouse male germ cells.
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Germ cells, highly specialized for transmitting genetic
information to the next generation, are segregated from
somatic lineages at a very early stage of embryogenesis.
In Drosophila, several maternal-effect mutations indi-
cate that maternal determinants of germ cells are depos-
ited in polar granules (germ plasm) at the posterior pole
of the oocyte (Rongo and Lehmann 1996). Thus, the
mechanism by which the germ line is predetermined by
the inheritance of maternal factors is conserved through-
out evolution in many animal species such as Cae-
norhabditis elegans and Xenopus laevis (Eddy 1975; Wy-
lie 1999). However, maternal-effect germplasm has never
been observed in mammals (Tam and Zhou 1996; Zer-
nicka-Goetz 1998). Germ cell specification takes place
during early gastrulation after the implantation of em-
bryos and requires some inductive factors from extra-
embryonic tissues (Lawson et al. 1999).

In the mouse, the germ-line precursor cells giving rise
to primordial germ cells (PGCs) are located in the rim of
the epiblast adjacent to the extra-embryonic ectoderm
before gastrulation (Lawson and Hage 1994). The earliest
identification of putative PGCs is feasible in the gastru-
lating embryo at 7.25 days postcoitum (dpc). A cluster of
PGCs that are distinguishable by their high activity of
tissue nonspecific alkaline phosphatase (TN-AP) is de-

tected in the extra-embryonic mesoderm posterior to the
primitive streak (Ginsburg et al. 1990). Subsequently,
proliferating PGCs migrate into the genital ridges around
10.5–11.5 dpc and PGCs colonizing the genital ridge dif-
ferentiate into precursor cells of either male or female
gametes under the control of cell interactions in the de-
veloping gonad.

Genetic studies in Drosophila have identified numer-
ous genes (i.e., Oskar, Vasa, Nanos, and Tudor) that are
involved in the formation of germ cell precursors, pole
cells (Rongo and Lehmann 1996). Among these genes,
Vasa, the best characterized, is a member of the DEAD-
box family of genes encoding an ATP-dependent RNA
helicase. Vasa is required for the assembly and function
of the pole plasm (Hay et al. 1988; Lasko and Ashburner
1988; Liang et al. 1994). In addition, on the basis of struc-
tural conservation, genes homologous to Vasa have been
identified in many animal species, such as C. elegans,
Xenopus, zebrafish, and mouse (Roussell and Bennett
1993; Komiya et al. 1994; Yoon et al. 1997; Olsen et al.
1997; Fujiwara et al. 1994). All of these Vasa homolog
genes have been found to be expressed specifically in
germ cell lineages. As is the case in Drosophila, the prod-
ucts of Vasa homolog genes are localized within P-gran-
ules in C. elegans eggs and germinal granules in Xenopus
eggs (Gruidl et al. 1996; Komiya et al. 1994).

The mouse Vasa homolog (Mvh) gene also exhibits
specific expression in developing germ cells (Fujiwara et
al. 1994). The expression of MVH protein is first detected
in PGCs that colonize 10.5–11.5 dpc embryonic gonads.
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It is at this time that PGCs begin to interact with go-
nadal supporting cells. The expression of MVH protein is
maintained in both male and female germ cells ranging
from PGCs of 12.5 dpc gonads to postmeiotic spermatids
and primary oocytes. PGCs in mouse embryos have been
distinguished by their characteristic AP activity (Hahnel
et al. 1990; Ginsburg et al. 1990; MacGregor et al. 1995),
Oct-3/4 expression (Okazawa et al. 1991; Yeom et al.
1996), and several cell-surface antigens recognized by
monoclonal antibodies such as SSEA-1 (Fox et al. 1981),
4C9 (Yoshinaga et al. 1991), and EMA-1 (Hahnel and
Eddy 1986). However, because all of these characteristics
are common in undifferentiated embryonic cells at the
blastocyst and epiblast stages, they are not specific
enough to distinguish cells destined to a germ cell fate
from pluripotent stem cells remaining in the undifferen-
tiated state. With respect to this point, our previous find-
ing that MVH expression is not detected in pluripotent
cell lines such as embryonic germ (EG) and embryonic
stem (ES) cells derived from PGCs and inner cell mass
(ICM) cells shows precisely the developmental difference
between PGCs in genital ridges from totipotent cells.

Mutation of Drosophila Vasa has shown that maternal
expression of Vasa is required for the assembly and func-
tion of polar granules, and zygotic expression is required
for the completion of oogenesis (Lasko and Ashburner
1988, 1990; Styhler et al. 1998; Tomancak et al. 1998). By
analogy to Drosophila Vasa, we carried out targeted mu-
tagenesis in ES cells to investigate the functional re-
quirement for Mvh in the mouse. The resulting homo-
zygous mutant mice showed reproductive defects in a
sex-dependent manner. Male homozygotes produce no
sperm in testes, as premeiotic germ cells could not com-
plete the meiotic process and underwent apoptotic cell
death. In addition, the proliferative activity of PGCs in
the homozygous male gonad is remarkably decreased,
suggesting a novel role for the cytoplasmic RNA helicase
in regulating cell proliferation. Our findings demonstrate
an essential role for Mvh in mouse germ cell develop-
ment.

Results

Generation of mice with targeted mutagenesis
of the Mvh gene

The gene-targeting scheme used to generate ES cells con-
taining a modified Mvh gene is shown in Figure 1A. In
the mutant allele, designated as Mvh1098, a 4.5-kb geno-
mic fragment encompassing exons 9–10 is deleted. This
region encodes amino acid sequences containing an
ATPase motif (MACAQTGSGKT) conserved among
VASA-like family proteins. Transcripts made from the
Mvh1098 allele would contain a novel in-frame stop
codon in the replacement cassette or in the 58-junction of
the new spliced form. Therefore, it is predicted that no
functional MVH protein would be produced from the
Mvh1098 allele. Screening for the desired targeting events
by Southern blot analysis resulted in the isolation of two
different targeted ES cell lines (V72 and V323). These two

cell lines were injected into blastocysts, and both lines
transmitted the Mvh1098 allele through the male germ
line of the resulting chimeras. To generate homozygous
mutant mice, heterozygotes were interbred and the off-
spring genotyped by Southern blot and PCR amplifica-
tion (Fig. 1B,C). Homozygous mutant mice from both
lines exhibited the same phenotype, and the mutant
mice were maintained on a mixed genetic background
(129/ola × C57BL/6Njcl) for this study.

Spermatogenic deficiency in Mvh mutant male mice

Interbreeding of heterozygous mice produced offspring
without any significant decrease in litter size and yielded
normal Mendelian segregation ratios for wild-type, het-
erozygous, and homozygous mutant offspring (data not
shown). Both male and female homozygous mutant mice
were viable, grew to adulthood normally and appeared to
have normal sexual behavior. Female homozygous mice
did not show any obvious reproductive defects, and his-
tologically, their ovaries did not appear to be different
from those of their heterozygous littermates (Fig. 2C,D).
Indeed, homozygous female mice were fertile and off-
spring delivered after mating with heterozygous males
showed no difference in number compared with wild-
type mice. However, male mice homozygous for the
Mvh mutation were infertile. As shown in Figure 2A, the
homozygous adult testes atrophied to about one-fifth the
size of heterozygous and wild-type adult testes. Histo-
logical examination revealed complete depletion of post-
meiotic germ cells in mature homozygous testes,
whereas the testes of the heterozygous male littermates
exhibited apparently normal spermatogenesis (Fig. 2E,F).
On day 15 after birth, mature spermatocytes appeared to
differentiate in the innermost layer of the seminiferous
tubules in heterozygous testes, but partial depletion of
the spermatocyte layer was clearly observed in homozy-
gous testes (Fig. 2G,H). Two days after birth, no remark-
able difference was observed between heterozygous and
homozygous testes, whereas the seminiferous tubules of
homozygous testes seemed to be slightly smaller than
those of heterozygous testes (Fig. 2I,J). Other reproduc-
tive organs such the vas deferens and epididymus cauda
appeared to be normal in homozygous males.

On the basis of the structure of the Mvh1098 targeted
allele, it is assumed that the Mvh1098 transcript is de-
graded before translation or translated into a non-func-
tional truncated form of the MVH protein. As shown in
Figure 2B, immunoblot analysis with anti-MVH anti-
body raised against an amino acid sequence encoded in
exon 3 (Fujiwara et al. 1994) revealed that neither the
wild-type nor any truncated form of MVH protein was
detected in cell extracts from Mvh1098 homozygous tes-
tes (5 weeks old). Moreover, RT-PCR analysis with prim-
ers (VG2, Vas3) generated from sequences coded in exons
8 or 11 showed that no products were obtained with
homozygous testis RNA as templates (Fig. 3). These re-
sults indicate that the introduced cassette completely
prevents Mvh expression from the Mvh1098 allele. MVH
protein (85 kD) was detected in wild-type and heterozy-
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gous testes, although the amount of MVH protein in het-
erozygous testes was reduced remarkably to less than
half of that found in wild-type testes (Fig. 2B). On the
other hand, the expression of WT1 protein (58 kD) de-
tected by immunoblot, which is expressed in Sertoli
cells, showed no differences between the testes of differ-
ent genotypes (Fig. 2B).

The onset of meiotic impairment in Mvh1098

homozygous testes

The histological findings indicated that spermatogenic
cells beyond the postmeiotic stage were completely ab-
sent in all seminiferous tubules of Mvh1098 homozygous
testes, suggesting that abnormal meiosis and/or apopto-
sis must occur in the postmeiotic stage. RT–PCR analy-
sis of genes expressed in germ cells of different spermato-
genic stages was carried out to determine the stage at
which spermatogenesis is blocked in homozygous testes.
As shown in Figure 3, analysis of genes that appear in
early spermatogenic cells before they reach the pachy-
tene spermatocyte stage, the DNA mismatch repair gene

Mlh-1 (Baker et al. 1996; Edelmann et al. 1996), the dis-
rupted meiotic cDNA gene Dmc1 (Habu et al. 1996), and
the bone morphogenetic protein (BMP) 8 gene (Zhao and
Hogan 1996), showed no differences among genotypes. In
contrast, the expression of genes that appear in pachy-
tene spermatocytes, Hox1.4 (Rubin et al. 1986), Cyclin
A1 (Sweeney et al. 1996), Calmegin (Watanabe et al.
1994), and the gene encoding the cyclic AMP-responsive
element modulator isoform, CREM-t (Foulkes et al.
1992), were not detected in homozygous testes, indicat-
ing the lack of pachytene spermatocytes in homozygous
testes. Synaptosomal complex protein genes Sycp1 and
Sycp3, which are restricted in zygotene to deplotene
spermatocytes (Meuwissen et al. 1992; Sage et al. 1995;
Klink et al. 1997) were detected in homozygous testes
but the level of their expression was much lower than
that in heterozygous and wild-type testes. Similarly,
analysis of A-myb, which is expressed at a high level in
type-B spermatogonia and spermatocytes ranging from
the leptotene to pachytene stages (Mettus et al. 1994;
Trauth et al. 1994), demonstrated a decrease in expres-
sion in homozygous testes. These results suggest that

Figure 1. Targeted disruption of the Mvh gene. (A) Schematic representation of the wild-type and mutated Mvh1098 alleles and the
structure of the targeting vector. Genomic DNA fragments used as 58 and 38 homology arms in the KO1098 targeting vector are
indicated by thick lines. (Closed boxes) Coding exons. Coding exons 9 and 10 are replaced with IRES–lacZ and pGK-Neo cassettes (open
boxes); the arrow indicates the direction of Neo transcription. The expression cassette MC1DTA was used for negative selection. The
58 and 38 probes (shaded boxes) used for Southern blots are shown below the Mvh1098 allele. (E) EcoRI; (H) HindIII; (P) PstI; (X) XhoI.
(B) Southern blots of progeny from interbreeding of Mvh1098 heterozygotes. Ten micrograms of genomic DNA was digested with PstI
and EcoRI. The 58 external probe hybridizes to 6.0-kb (wild type) and 9.8-kb (targeted) PstI fragments. The 38 probe hybridizes to 4.0-kb
(wild type) and 4.2-kb (targeted) EcoRI fragments. (C) PCR analysis of the Mvh mice. The wild-type and Mvh1098 alleles generate 0.6-
and 0.4-kb fragments, respectively. (+/+) Wild type; (+/−) heterozygote; (−/−) homozygote.
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Mvh1098 homozygous male germ cells cease their differ-
entiation program before reaching the pachytene sper-
matocyte stage.

Immunological analysis was performed with antibod-
ies against stage-specific antigens of mouse spermato-
genic germ cells to verify the spermatogenic stage at
which Mvh1098 homozygous male germ cells showed a
deficiency. First, immunoblotting with anti-calmegin
(TRA369) antibody, which recognizes a calmegin protein
of 93 kD expressed in cells ranging from pachytene sper-

matocytes to elongated spermatids (Watanabe et al.
1992), showed a specific band in wild-type and heterozy-
gous testes but no signal in homozygous testes (Fig. 4A).
The same result was obtained by immunohistochemical
staining with anti-calmegin. Germ cells in and after the
pachytene spermatocyte stage were stained in heterozy-
gous testes but no positive cells were detected in homo-
zygous testes (Fig. 4C,D). Second, TRA98 antibody,
whose antigen is expressed in spermatogonia as well as
in embryonic gonad PGCs (Tanaka et al. 1997), detected
a band of 110-kD band in testicular extracts of all geno-
types (Fig. 4B). Immunostaining with TRA98 also
showed the presence of TRA98-positive cells in homo-
zygous testes as well as in heterozygous testes (Fig. 4E,F).
Third, BC7 monoclonal antibody, which recognizes early
spermatocytes in the leptotene to early pachytene stages
(Koshimizu et al. 1993), was used for immunostaining.
BC7-positive cells certainly existed in homozygous tes-
tes; however, the positive cells were found to be much
more scattered and decreased in number compared with
those in heterozygous testes (Fig. 4G,H). These data,
which are consistent with RT-PCR analysis, demon-
strate clearly that loss of a functional Mvh gene suspends
premeiotic differentiation of spermatogenic cells, most
likely in the vicinity of the leptotene to zygotene stages.

Increased apoptosis and ectopic germ cells in Mvh1098

homozygous mouse testes

To investigate the continuous degeneration of early sper-
matocytes in homozygous mutant mice, TUNEL label-
ing was carried out to detect apoptotic cell death. As
shown in Figure 5, in both homozygous and heterozy-
gous neonatal testes, TUNEL-labeled cells were rarely
detected with our detection procedure (Fig. 5A,B). How-
ever, in heterozygous and homozygous testes 15 and 35
days after birth, a significant number of TUNEL-labeled
cells were detected in their spermatocyte layers. Further-
more, a much higher number (∼10-fold) of labeled cells
was found in the homozygous testes compared with
those in heterozygous testes (Fig. 5C–F). These results
indicate that meiotic-arrested germ cells in homozygous
mutant testes undergo apoptotic cell death and are sub-
sequently eliminated from the seminiferous tubules,
most likely by the phagocytic activity of Sertoli cells.

Histological examination of 1-year-old homozygous
adult testes revealed some abnormally shaped cells in
interstitial areas, a finding that is never observed in wild-
type mice. Immunostaining with TRA98 antibody,
which is specific for spermatogonia and PGCs as indi-
cated above, revealed that these were TRA98-positive
germ cells residing ectopically outside of the seminifer-
ous tubules (Fig. 5G). Similarly, the ectopic germ cells
were found in neonatal testes of heterozygous and ho-
mozygous mice (Fig. 5H,I). Because all of the ectopic
cells are recognized by TRA98 but not by BC7 or anti-
calmegin antibodies (Fig. 4), the ectopic germ cells seem
to be maintained throughout their lifespan without
forming tumors or differentiating into mature spermato-
cytes.

Figure 2. Comparison of Mvh1098 heterozygous and homozy-
gous mouse testes at different ages. (A) Testes from a 1-year-old
heterozygous (+/−) mouse and a homozygous (−/−) mutant lit-
termate. (B) Immunoblot analysis of MVH (85 kD) and WT-1 (58
kD) expression in testes from a 5-week-old wild-type (+/+), het-
erozygous (+/−) and homozygous littermates (−/−). (C,D) Histol-
ogy of adult ovaries from heterozygous (C) and homozygous (D)
littermates. (E–J) Sections stained with hematoxylin and eosin
of 2-day-old (E,F), 15-day-old (G,H), and 35-day-old testes (I,J)
from heterozygous (E,G,I) and homozygote (F,H,J) littermates.
Testes and ovaries of heterozygous mice apparently show no
differences in size and histology from those of wild type (data
not shown). Bar, 200 µm in C (for C and D); 50 µm in E, G, and
I (for E–J).
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Abnormal development of male gonadal PGCs
in Mvh1098 homozygous embryos

One of our previous studies indicated (Fujiwara et al.
1994) that onset of MVH protein expression takes place
in PGCs after their entry into both male and female geni-
tal ridges. At that time, PGCs first interact with gonadal
supporting cells such as pre-Sertoli and prefollicle cells.
Therefore, it is of interest to ascertain whether the loss
of Mvh function causes any aberrations in the develop-
ment of embryonic germ cells. First, PGCs in mutant
embryonic gonads were examined with an AP-staining
method. In 11.5 dpc male and female gonads, AP-positive
PGCs showed no differences in either the number or
localization pattern among any of the genotypes (Fig.
6A–C), indicating that PGCs migrate and invade nor-
mally into embryonic gonads even in Mvh1098 homozy-
gous mice. In contrast, in 12.5 dpc embryos, although
PGCs in female gonads were comparable in all genotypes
(Fig. 6H,I), PGCs in homozygous male gonads were ob-
served to be remarkably decreased in number, and PGCs
in heterozygous gonads also showed a significant de-
crease compared with those in wild-type gonads (Fig.
6D–F). In addition, it was found that some PGCs were
located outside of developing testis cords in both homo-
zygous and heterozygous male gonads, a finding that was
seldom observed in wild-type gonads at 12.5 dpc (Fig.
6G).

To ascertain whether Mvh deficiency causes loss of
endogenous AP activity in some gonadal PGCs, 4C9
(Yoshinaga et al. 1991) and anti-OCT3/4 antibody (Sai-
joh et al. 1996) were used to verify the presence of PGCs.
Antigens to these two antibodies have been well charac-
terized as specific markers for migrating and gonadal
PGCs as well as for totipotent stem cells. 4C9 staining
showed almost the same pattern as AP staining (Fig. 6J–
L), indicating that the decrease in AP-positive cells is due
to a decrease in PGC number rather than to a loss of AP
activity in some potential PGCs. Similarly, OCT-3/4-
positive cells were found to be decreased in the hetero-
zygous male gonad (Fig. 6M,N,P,Q). However, it is note-
worthy that OCT-3/4-positive cells in homozygous male
gonad were hardly detectable at 12.5 dpc (Fig. 6O,R), al-

though no remarkable difference was found in OCT-3/4
staining in 11.5 dpc gonads between all genotypes (Fig.
6S–U).

Proliferation of gonadal PGCs is decreased in Mvh1098

homozygous embryos

Among dissociated cells from 11.5 dpc embryonic go-
nads, MVH expression was specifically detected in PGCs
(Fig. 7A,B). Therefore, the decrease in the number of
PGCs observed in Mvh1098 homozygous male 12.5 dpc
gonads seems to be due to a cell-autonomous effect re-
sulting from the loss of Mvh function. To test whether
the decrease is due to an abnormality in the proliferation
or survival of PGCs, BrdU incorporation assays were per-
formed on 2-hr cultures of gonadal cells prepared from
male 11.5 dpc littermate embryos. The results showed
that the proportion of BrdU-positive PGCs in homozy-
gous gonads was significantly lower than that in wild-
type and heterozygous gonads (Fig. 7C–E). In contrast, no
significant increase of TUNEL-labeled cells was detected
in the homozygous male 12.5 dpc gonads compared with
those in wild-type littermate gonads (Fig. 7F,G). These
results suggest that the loss of Mvh function mainly re-
duces the proliferative activity of male germ cells after
they reside in genital ridges.

Discussion

In this report, we generated a mutation of the mouse
Vasa homolog Mvh gene, and its analysis demonstrated
that Mvh function was required for male germ cell de-
velopment but had no direct connection with the allo-
cation of germ-line precursor cells. In Drosophila, zy-
gotic expression of Vasa also initiates in PGCs around
the time of their migration to the embryonic gonads fol-
lowing which it continues in gonadal germ cells proceed-
ing through both oogenesis and spermatogenesis. The
abrogation of zygotic Vasa results in deficiencies of mul-
tiple aspects of oogenesis such as cystocyte division and
oocyte differentiation, whereas no obvious effect is
found in spermatogenesis (Lasko and Ashburner 1990;

Figure 3. Analysis of gene expression in
Mvh-deficient mouse testes. Expression of
stage-specific and germ-cell-specific genes
in spermatogenesis was analyzed by RT–
PCR. G3PDH was used as a standard to
quantify the reaction. Total testis RNA
was prepared from wild-type (+/+), hetero-
zygous (+/−), and homozygous (−/−) litter-
mates 35 days after birth. Primers used in
each reaction were selected to anneal to
sequences in the coding exons of each gene
(Table 1, Vg2 and Vas3 were used for Mvh).
(M) DNA molecular marker.
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Tomancak et al. 1998; Styhler et al. 1998). Therefore, it
seems likely that although mammals do not exhibit ma-
ternal effects of Vasa expression nor a cell-fate determi-
nation system controlled by maternal inheriting factors,
the zygotic expression and function of Vasa is essentially
conserved throughout evolution with the mutation phe-
notypes becoming visible during the gametogenesis of
different sexes between the fruit fly and mouse.

Mvh is required for premeiotic differentiation
in spermatogenesis

Spermatogenesis in Mvh-deficient mouse is blocked at
the premeiotic stage from leptotene to zygotene. The

lack of Mvh function causes germ cells to cease differ-
entiation into pachytene spermatocytes and to undergo
apoptotic cell death. During normal spermatogenesis in
mammals, germ cell deletion by apoptotic death is esti-
mated to result in a 25%–75% decrease in the potential
number of mature sperm, and spermatocytes are re-
garded as the major cell-type undergoing apoptosis (Allan
et al. 1992; Billig et al. 1995). It has been suggested that
the degeneration of germ cells may be a regulatory
mechanism for eliminating cells with abnormal chromo-
somes (Oakberg 1956). In addition, several knock-out
mouse strains have been generated that exhibit apoptotic
cell death of spermatogenic cells. For instance, CREM-
mutant mice experience postmeiotic arrest at the first
stage of spermatogenesis, and the degraded germ cells
undergo apoptosis (Blendy et al. 1996; Nantel et al. 1996).
A-myb mutant mice show meiotic arrest of spermato-
genesis at the pachytene stage and apoptotic cell death of
the meiotic germ cells (Toscani et al. 1997). In general, it
seems likely that cells lacking a gene that is essential for
normal spermatogenesis are degenerated by apoptosis
just after the arresting step. Therefore, the increase in
apoptotic cells in Mvh-deficient testes is most likely due
to the fact that Mvh function is essential for the differ-
entiation rather than for the survival of male germ cells.

Similar to A-myb mutant mice, the loss-of-function of
several genes involved in the meiotic machinery causes
both meiotic arrest in spermatogenesis and male infer-
tility. Targeted gene disruptions of the Hsp-70.2 gene,
which is required for CDC2 kinase activity in meiosis
(Zhu et al. 1997; Dix et al. 1996), and several DNA repair
genes, MLH1 (Baker et al. 1996; Edelmann et al. 1996),
HR6B (Roest et al. 1996), and Msh5 (de Vries et al. 1999;
Edelmann et al. 1999), result in a meiotic deficiency with
aberrant chromosomal synapsis, and postmeiotic cells
undergo apoptosis. Inactivation of ATM, a gene encoding
a protein kinase involved in DNA metabolism and the
mouse homolog of the gene responsible for the inherited
human disease ataxia–telangiectasia, leads to abnormal
chromosomal synapsis at the zygotene/pachytene stage
(Barlow et al. 1996; Elson et al. 1996; Xu et al. 1996).
Compared with these meiotic genes, the Mvh mutation
defect appears at an earlier spermatogenic stage. Detailed
analyses of Mvh1098 mice testes revealed a complete lack
of pachytene spermatocytes and postmeiotic cells (Figs.
3 and 4). Their spermatogenesis appeared to be arrested
at a stage ranging from leptotene to zygotene, as cells
recognized with the leptotene-specific antibody (BC7)
were present in the homozygous testes at a much lower
frequency than in heterozygous testes, and the expres-
sion of Sycp1 and Sycp3, predominantly transcribed in
zygotene to deplotene spermatocytes (Meuwissen et al.
1992), was decreased significantly in the homozygous
testes. These findings suggest that Mvh plays a crucial
role in the normal progression of meiotic prophase lead-
ing to the onset of chromosomal rearrangement for mei-
otic cell division. In this connection, anti-MVH staining
indicates that the highest expression of MVH protein is
detected in the cytoplasm of early spermatocytes, and,
subsequently, MVH becomes localized within the chro-

Figure 4. Immunohistochemical analysis of Mvh-deficient
mouse testes. Testes from 35-day-old wild-type (+/+), heterozy-
gous (+/−), and homozygous (−/−) littermates were analyzed us-
ing three kinds of monoclonal antibodies specific for spermato-
genic cells at different stages. (A) Immunoblot analysis using
anti-calmegin (TRA369) shows a 93-kD band in wild-type and
heterozygous mice but not in homozygous. (B) Immunoblot
analysis using TRA98 shows a 110-kD band in all genotypes.
(C–H) Immunostaining with anti-calmegin (C,D), TRA98 anti-
body (E,F) and BC7 antibody (G,H). In a heterozygous testis
(C,E,G), the seminiferous tubules contain TRA98-positive sper-
matogonia, BC7-positive spermatocytes, and anti-calmegin-
positive spermatids. In contrast, tubules of a homozygous
mouse (D,F,H) show TRA98-positive cells and a small number
of BC7-positive cells but no anti-calmegin positive cells. In D,
the staining in the basement membrane of seminiferous tubules
and interstitial cells is nonspecific coloration due to overexpo-
sure to the reaction substrates.
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matoid bodies in postmeiotic spermatids in normal tes-
tes (Toyooka et al. 2000). The chromatoid body in sper-
matids is an electron-dense perinuclear granule whose
structural composition appears to be identical to the po-
lar granule in Drosophila oocytes (Russell and Frank
1978; for review, see Eddy 1975). The formation of a chro-
matoid body is first recognized in early spermatocytes as
several small particles associated with a mitochondrial
cluster, corresponding to the period during which the criti-
cal deficiency appears in the Mvh-mutant testes.

Effects of Mvh deficiency on the development of male
gonadal PGCs

Some mutations of genes expressed in germ-line cells are
known to reduce the population of PGCs before and after
their homing to the genital ridges. Mutations of c-kit,
which encodes a receptor tyrosine kinase (Besmer et al.
1993), and b1-integrins (Anderson et al. 1999) mainly
affect the migratory process of PGCs. A deficiency in
tiar, which encodes an RNA-binding protein, causes
PGCs to die around 11.5 dpc (Beck et al. 1998).

In 11.5 dpc embryonic gonads of Mvh-deficient mice
there were no differences in the number of PGCs resid-
ing in the gonads of wild-type and heterozygous litter-
mates. This result indicates that the Mvh-mutation has
no effect on the establishment and migration processes
of PGCs. In contrast, in 12.5 dpc embryos, PGCs in the
homozygous male gonads were remarkably decreased in
number (Fig. 6A–F). BrdU incorporation assays demon-
strated that PGC proliferation was significantly reduced
in homozygous male gonads (Fig. 7). This finding sug-
gests that the DEAD-box RNA helicase is involved in
regulating germ cell proliferation.

After entering the genital ridge, PGCs undergo five to
six division cycles from 10.5 to 12.5 dpc (Tam and Snow
1981). Subsequently, they stop dividing by 13.5 dpc, and

those in the female enter meiotic prophase, whereas
those in the male undergo mitotic arrest in the G1 stage
of the cell cycle according to sexual differentiation. This
proliferation and differentiation of PGCs is believed to
proceed under control of surrounding gonadal somatic
cells (McLaren 1994). Therefore, a close association be-
tween the Mvh deficiency and the germ/soma interac-
tion is postulated as follows.

First, the Mvh expression profile that is initiated in
PGCs just after the PGCs settle in the gonads indicates
that the expression is dependent on the cross talk be-
tween the PGCs and surrounding supporting cells. In-
deed, EG cells derived from migrating PGCs can be in-
duced to express the MVH protein by co-culturing with
gonadal somatic cells prepared from 12.5 dpc embryos
(Toyooka et al. 2000), suggesting that MVH expression
reflects a key transition induced by a signal(s) from sup-
porting cells. Similarly, several nuclear proto-oncogenes
such as c-myc, c-fos, and c-jun are known to change their
expression in PGCs during these periods (Coucouvanis
and Jones 1993). In relation to this, it has been shown
that proliferating PGCs obtained from 11.5–12.5 dpc em-
bryos rapidly undergo apoptotic death when cultured in
vitro in the absence of somatic supporting cells (Dono-
van et al. 1986; Pesce et al. 1993).

Second, in this study we have shown that OCT-3/4
expression in male PGCs of 12.5 dpc Mvh1098 homozy-
gous embryos decreased to an undetectable level (Fig.
6M–N). Oct-3/4 is a well-known gene specific for toti-
potent embryonic stem cells and germ-line cells in mam-
mals, and it is believed to be involved in the mainte-
nance of the totipotency. OCT-3/4 expression in normal
germ cells is sustained with a gradual decrease until after
birth in males, whereas in females it ceases to be ex-
pressed upon entry of germ cells into meiotic prophase
around 13.5 dpc (Pesce et al. 1998). As an interpretation
of our finding, we think it is more likely that it is an

Figure 5. TUNEL labeling of Mvh-deficient
mouse testes. Testes from heterozygous
(A,C,E) and homozygous (B,D,F) littermates
were stained with TUNEL labeling to detect
in situ apoptotic cells. (A–F) Testis sections
from 2-day-old (A,B), 15-day-old (C,D), and
35-day-old mice (E,F). Numerous apoptotic
cells (arrowheads) are detected in seminifer-
ous tubules of homozygous Mvh-mutant
mice. (G–I) Ectopic germ cells in Mvh-defi-
cient mouse testes. Testis sections from a
1-year-old homozygous mouse (G), a 4-day-
old heterozygote (H) and a homozygous litter-
mate mouse (I) were stained with TRA98 an-
tibody. (Arrow) Ectopic germ cells localized
outside of the seminiferous tubules. Bar in F
for A–F and bars in G–I, 50 µm.

Functional analysis of mouse Vasa gene

GENES & DEVELOPMENT 847



indirect effect due to a change in the developmental po-
tency of Mvh-deficient PGCs, although we cannot ex-
clude the possibility that Oct 3/4 expression is under the
direct control of MVH function in a stage-specific manner.

Third, we found that a significant number of PGCs
remain localized outside of the developing testicular
cords in both homozygous and heterozygous 12.5 dpc
male gonads (Fig. 6G,Q,R). Similarly, some ectopic germ

Figure 6. Sections of gonads from Mvh-defi-
cient mouse embryos. (A–C) AP staining of
male 11.5 dpc gonads from wild-type (A), het-
erozygous (B), and homozygous (C) littermate
embryos. Serial sections revealed that num-
bers of AP-positive PGCs per gonad were
1960, 1796, and 1682 cells in wild-type, het-
erozygous, and homozygous embryos, respec-
tively. (D–G) AP staining of male 12.5 dpc go-
nads from wild-type (D), heterozygous (E), and
homozygous (F), embryos. (G) High power im-
age of testicular cords of a homozygous male
gonad. Some AP-positive cells are present
outside of the cords (arrowhead). (H,I) AP
staining of female 12.5 dpc gonads from het-
erozygous (H) and homozygous (I) littermates.
(J–L) Sections of 12.5 dpc gonads from wild-
type (J), heterozygous (K), and homozygous (L)
littermate embryos were stained with 4C9.
(M–R) Sections of 12.5 dpc gonads from wild-
type (M), heterozygous (N), and homozygous
(O) littermates were stained with anti-OCT3/
4. High magnification images of the stained
testicular cords are presented in wild type (P),
heterozygote (Q), and homozygote (R). (Ar-
rowheads) Ectopic PGCs located outside of
the cords. (S–U) Anti-OCT3/4 staining of 11.5
dpc gonad sections from wild-type (S), hetero-
zygous (T), and homozygous (U) littermates.
Bar in C for A–F and H–I, 200 µm; bar in G, 20
µm; bar in J for J–O, 400 µm; bar in P for P–R,
50 µm; bar in S for S–U, 200 µm.

Figure 7. Proliferation of gonadal PGCs from Mvh-de-
ficient mouse embryos. Cells dissociated from wild-
type male 11.5 dpc gonads were double-stained with
4C9 using FITC-conjugated anti-rat IgG (A) and anti-
MVH using Texas Red-conjugated anti-rabbit IgG (B),
showing that 4C9-positive cells were the same as MVH-
positive cells. (C,D) Dissociated cells of male 11.5 dpc
gonads from wild-type, heterozygous, and homozygous
littermate embryos were BrdU labeled and stained with
4C9 using the HRP-complex system. A typical image of
double staining is shown in C (4C9) and D (BrdU). (Ar-
rowheads) BrdU-positive PGCs. (E) Shaded bars repre-
sent the mean (±SD) proportion of 4C9-positive PGCs
incorporating BrdU: wild-type (67.7 ± 15.6), heterozy-
gous (52.3 ± 18.4), and homozygous (27.5 ± 10.6) go-
nads. (F,G) Sections of male 12.5 dpc gonads from wild-
type (F) and homozygous (G) littermates were stained
by TUNEL labeling. Bar in G for F, 200 µm.
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cells remained outside of the seminiferous tubules in
postnatal Mvh-deficient testes (Fig. 5). It has been found
that some PGCs fail to become incorporated into the
testicular cords and instead reside in the interstitial re-
gion of gonads or in extragonadal tissues such as the
adrenal and mesonephric tissues (Zamboni and Up-
adhyay 1983). Some of these ectopic PGCs enter the mei-
otic prophase and some mitotically arrest (Francavilla
and Zamboni 1985). Therefore, it is conceivable that
Mvh-deficient male PGCs are under conditions that are
similar to ectopic PGCs residing outside of the testicular
cords and that the ectopic cells survive in the Mvh mu-
tant gonads. Furthermore, together with the fact that no
small numbers of germ cells were found in the homozy-
gous neonatal testes (Fig. 5I), impairments resulting from
the loss of Mvh function would not be fatal for the sur-
vival of PGCs and spermatogonia. For these reasons, it is
conceivable that the loss of MVH function causes go-
nadal PGCs to interrupt their developmental pathway
under the control of gonadal supporting cells.

Although the relationship with Mvh function is not
clear at present, a similar reduction in the PGC popula-
tion and subsequent meiotic impairment has also been
reported in the case of gene disruption of Dazla, a ho-
molog gene of human Deleted in Azoospermia (Ruggiu
et al. 1997). In Dazla-deficient mouse, meiotic arrest oc-
curs in the pachytene stage in both male and female
gametogenesis. Homozygous gonads of 15 dpc embryos
appear normal, however, by 19 dpc, male germ cells un-
dergo apoptosis to a great degree than the wild-type.

Mvh is not essential for female germ cell development

Although MVH was specifically expressed in both male
and female germ cells, disruption of the Mvh gene had no
effect on the development of female germ cells. Interest-
ingly, the zygotic function of the Vasa gene in Dro-
sophila is essential for oogenesis but not for spermato-
genesis. It is quite possible that another DEAD-box fam-
ily gene(s) that is functionally redundant is expressed
during spermatogenesis (Hay et al. 1988; Lasko and Ash-
burner 1990). A similar possibility may apply to the
mouse. However, no duplicated gene highly homologous
to Mvh has been found in the mouse genome. Genomic
Southern blot analysis has revealed no additional signal
other than Mvh derivatives even under relatively low-
stringency conditions (Fujiwara et al. 1994). On the other
hand, by use of cDNA prepared from Mvh1098 homozy-
gous ovaries and 12.5 dpc gonads as templates, PCR am-
plification with degenerate primers for DEAD-family
genes showed products containing a partial sequence of
PL10 (data not shown), which had been reported to be a
spermatogenic cell-specific DEAD-family gene (Leroy et
al. 1989). Moreover, it has been shown that the embry-
onic RNA helicase gene ERH, with high sequence simi-
larity to PL10, was expressed in oocytes as well as other
tissues like kidney and brain (Sowden et al. 1995). There-
fore, PL10 and ERH are regarded as the most likely can-
didates for the functional redundancy with Mvh.

Evolutionary conservation of Vasa family genes

In this study, we have demonstrated that a mouse ho-
molog gene to Vasa plays a crucial role in germ cell de-
velopment, indicating that the functional requirement is
essentially conserved in the evolution of animal species
between the fruit fly and the mouse. In Drosophila, Vasa
is present in the germ-cell determining machinery and
performs its function in a cascade with other molecules,
i.e., Oskar, Tudor, and Nanos (Rongo and Lehmann
1996). It has been demonstrated that Vasa functions at
least in part through translational regulation of several
target mRNAs in germ-line cells of different stages, e.g.,
Oskar and Nanos mRNAs in pole cell formation and
Gurken mRNA in oogenesis (Gavis et al. 1996; Daha-
nukar and Wharton 1996; Tomancak et al. 1998; Styhler
et al. 1998). Assuming an analogous molecular function,
it is likely that MVH acts as a translational regulator for
the translation of different target mRNAs in spermato-
genic cells and PGCs.

From the viewpoint of diversity of animal species, it is
highly significant to investigate what is conserved or
changed in the regulatory mechanisms of germ-line de-
velopment, which forms the basis of phylogenic evolu-
tion. Among the genes involved in the germ-line deter-
mination system in Drosophila, Vasa is known as the
only one for which homologous genes have been identi-
fied in many animals, including mammals. Therefore,
further investigations into the mechanisms controlling
the expression and function of MVH should provide im-
portant clues for understanding the features of mamma-
lian germ cell development.

Materials and methods

Construction of the Mvh targeting vector

Genomic DNA clones of the Mvh locus were isolated from a
mouse (129/Svj) FixII-phage genomic library (Stratagene). The
genomic structure of a Mvh genomic clone covering five exons
from 7 to 11 was analyzed by restriction mapping and sequenc-
ing (Fig. 1). A replacement targeting vector, KO1098, was con-
structed using a 3.0-kb HindIII–BglII fragment and a 1.2-kb
XhoI–HindIII fragment for the 58 and 38 flanking homologous
regions, respectively. A 4.5-kb segment containing exons 9 and
10 between both flanking regions was replaced by an IRES–lacZ
(MacGregor et al. 1995) and a pGK–neo cassette (Boer et al.
1990), resulting in a deletion of exons encoding the ATPase
domain of MVH. A cassette of MC1DT-A (Yagi et al. 1990) was
attached to the 38 end of the 38 flanking region for negative
selection. The IRES–lacZ was used to trace cells expressing
Mvh. However, the resulting mutant allele showed no expres-
sion of lacZ, probably because the splicing acceptor sequence
was unexpectedly deleted when the cassette was inserted into
the vector plasmid. The KO1098 targeting construct was cut out
of the plasmid and linearized by NotI digestion.

Generation of recombinant ES cells and mouse chimeras

One hundred micrograms of KO1098 DNA was electroporated
into a total of 2 × 107 E14TG2a ES cells with a single pulse at
1000 V, 3 µF in 800 µl of PBS. About 24 hr after electroporation,
G418 (Sigma) was added at a final concentration of 175 µg/ml.
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The desired recombination events were verified by Southern
blot analysis using a 3.1-kb PstI–HindIII fragment and a 1.4-kb
HindIII–EcoRI fragment external to the 58 and 38 ends of the
targeting construct, respectively, as probes. Two targeted ES
clones out of 213 G418-resistant clones were sorted out and
used for host blastocyst (C57BL/6Njcl) injection according to a
method described previously (Hogan et al. 1994). Mice were
genotyped by PCR with three primers, two forward primers,
Neo3 and Vas1 and one reverse primer, Vas3 (Table 1). All
analyses were carried out with mice of a mixed genetic back-
ground of 129/sv and C57BL/6Njcl.

RT–PCR analysis

Total RNA was isolated from adult testes of the wild-type, het-
erozygous, and homozygous littermate mice using Trizol re-
agent (GIBCO BRL). Single-strand cDNAs were prepared by re-
verse transcription of 5 µg of testis RNA (Superscript; GIBCO
BRL). Each PCR amplification was performed in a 50-µl reaction
mixture containing 100 ng of cDNA and 5 ng/ml of each primer
by use of the Ex-taq system (Takara-Shuzo, Kyoto, Japan). The
sequences of the primers used in this study are listed in Table 1.
The cycling conditions were as follows: 1 min at 94°C, 1 min at
58°C, and 1 min at 72°C (25 cycles) followed by 5 min at 72°C
(1 cycle).

Immunoblot analysis

Equal amounts of protein (20 µg) from adult testes of each ge-
notype were analyzed by immunoblotting as described previ-
ously (Fujiwara et al. 1994). Rabbit polyclonal antibodies against
MVH (Fujiwara et al. 1994) and Wilm’s tumor suppressor (WT1)

protein (Santa-Cruz) were diluted 1:1000, and TRA98 (Tanaka
et al. 1997) and TRA369 (anti-calmegin: Watanabe et al. 1992)
rat monoclonal antibodies were diluted 1:500 in PBS and 0.1%
Tween-20. After incubation with a 1:1000 dilution of either
alkaline phosphatase (AP)-conjugated goat anti-rabbit IgG (Bio-
Rad) or AP-conjugated anti-rat IgG (Boehringer Mannheim), AP
activity was detected by use of NBT and BCIP as substrates.

Histological analyses of postnatal testes

Dissected testes and ovaries were fixed in Bouin’s solution
(Sigma) for 24 hr at 4°C, progressively dehydrated in a graded
ethanol series, and embedded in paraffin (Paraplast; Oxford Lab-
ware). Mounted sections (5 µm thick) were used for terminal
deoxynucleotidyl transferase (TdT)-mediated dUTP nick end-
labeling (TUNEL) reactions, for immunohistochemical stain-
ing, and for hematoxylin/eosin staining. For the TUNEL reac-
tions, sections were treated with proteinase-K (20 µg/ml) for 15
min at 25°C. After washing with PBS, specimens were incu-
bated with TdT buffer containing 300 U/ml TdT (GIBCO) and
20 mM fluorescein-11-dUTP (Amersham) for 2 hr at 37°C, and
then incubated in a 1:500 dilution of AP-conjugated anti-fluo-
rescein (Amersham) for 30 min. End-labeled signals were de-
tected by enzymatic colorization using NBT and BCIP. For the
immunohistochemical analysis, sections were incubated with
either a 1:1000 dilution of TRA98 or a 1:10 dilution of BC7 in
PBS at 4°C overnight. For TRA369 staining, testes were fixed
with 4% paraformaldehyde dissolved in PBS for 24 hr at 4°C,
rapidly frozen in dry ice-ethanol and embedded in OTC com-
pound (Tissue-Tek). After blocking treatment, frozen sections
(10 µm thick) were incubated with a 1:1000 dilution of TRA369
at 4°C overnight. The specimens were then reacted with a 1:100
dilution of horseradish peroxidase (HRP)-conjugated anti-rat
IgG (Cappel) for 1 hr at room temperature, and the detection was
performed by HRP reaction with DAB as the substrate.

Histological analyses of embryonic gonads

Littermate embryos of 11.5 and 13.5 dpc were fixed in absolute
ethanol-glacial acetic acid (7:1) at 4°C overnight, progressively
dehydrated, and embedded in paraffin. Sexing of the 11.5 dpc
embryos was performed by genomic PCR with primers comple-
mentary to the Sry gene (Toyooka et al. 1998). For AP staining,
sections (5 µm) were reacted with NBT and BCIP as substrates.
For immunostaining with anti-MVH and anti-OCT-3/4 rabbit
antibodies and 4C9 rat monoclonal antibody (purchased from
Funakoshi, LEX-2), specimens were reacted with a 1:300 dilu-
tion of each antibody overnight at 4°C as described previously
(Yoshinaga et al. 1991; Fujiwara et al. 1994; Saijoh et al. 1996).
Signals were detected with Texas Red-conjugated anti-rabbit
IgG, FITC-conjugated anti-rat IgG antibodies (Amersham), or an
avidin/biotin-conjugated HRP complex system (Vectastain
ABC kit; Vector Lab.) with DAB as the substrate according to
the manufacturer’s instructions.

Bromodeoxyuridine (BrdU) incorporation was assayed using
the in situ Cell Proliferation Kit (FLUOS, Roche). Gonads from
11.5 dpc embryos were dissociated with 0.25% trypsin-EDTA
(GIBCO), and the resulting cell suspension was cultured in
DMEM plus 10% FCS. After 2 hr labeling with BrdU (10 µM),
cells were fixed and double-stained for 4C9 and for BrdU accord-
ing to the manufacturer’s instructions. The proportion of BrdU-
labeled PGCs was assessed.
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