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ABSTRACT In an effort to study the molecular basis of the
determination processes of the mammalian germ cell lineage,
we have tried to isolate a mouse gene homolog to vasa, which
plays an essential role as a maternal determining factor for the
formation of Drosophila germ cell precursors. By reverse
transcriptase PCRs of mouse primordial germ cell cDNAs using
family-specific primers, we obtained a gene (Mvh) encoding a
DEAD-family protein that showed a much higher degree of
similarity with the product of the Drosophila vasa gene (vas)
than previously reported mouse genes. In adult tissues, Mvh
transcripts were exclusively detected in testicular germ cells, in
which Mvh protein was found to be localized in cytoplasm of
spermatocytes and round spermatids including a perinuclear
granule. The protein was also expressed in germ cells colonized
in embryonic gonads but was not detected in pluripotential
embryonic cells such as stem cells and germ cells. These results
suggest the possibility that the Mvh protein may play an
important role in the determination events of mouse germ cells
as in the case of Drosophila vasa.

In mice, germ cell precursors, termed primordial germ cells
(PGCs), are generated in the epiblast. They consist of puta-
tive pluripotential cells that can be first identified as a small
cluster of alkaline phosphatase-positive cells in the extraem-
bryonic mesoderm at 7.25 days postcoitum (dpc). Then they
move down to the embryonic mesoderm at the posterior end
of the primitive streak (8.0 dpc), migrate through the hindgut
endoderm, and colonize the developing genital ridges (10.5-
11.5 dpc), in which they are destined to form functional germ
cells (1, 2). Despite these detailed morphological observa-
tions, molecular mechanisms regulating this developmental
pathway still remain unclear.

Unlike mammals, it has been well established that several
maternal factors are involved in germ cell determination of
many animal species. In particular, in Drosophila it has been
shown that the pole plasm localized at the posterior pole of the
oocyte contains determining substances for the abdomen and
the germ lineage. After fertilization, only the nuclei that
migrate into the pole plasm are destined to form the germ-line
progenitors (pole cells). Genetic identification of genes whose
function is required for pole cell formation has revealed at least
eight maternally active genes, cappucino, spire, staufen, os-
kar, vasa, valois, mago-nashi, and tudor (3, 4). Among these
genes, vasa (vas) is one of the best characterized. Homozy-
gous mutant vasa females produce no eggs. In ectopic forma-
tion of pole cells induced by mislocalization of oskar mRNA
to the anterior pole of the oocyte, only vasa and tudor were
required for ectopic pole cell formation (5-10). The gene vas
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encodes a DEAD (Asp-Glu-Ala-Asp)-family protein of puta-
tive RNA helicases, which is found to be present as a com-
ponent of both the polar granules at the posterior end of the
oocyte and the nuage structure in the germ cells, and zygotic
expression is also restricted to the germ lineage (6-9).

In this study, to help analyze the molecular mechanisms of
mammalian germ-line determination, we have isolated a
mouse DEAD protein gene (Mvh) by PCR cloning.!! Amino
acid sequence analyses showed that Mvh displayed a greater
degree of similarity to vas than other mouse DEAD-family
genes, such as p68 (11, 12), PL10 (13), and elF4A (14). The
expression profile suggested that Mvh was a true homolog of
vas, and it should be a valuable molecular marker to specify
akey step of the fate determination of mammalian germ cells.

MATERIALS AND METHODS

¢DNA Cloning of Mvh. cDNAS as templates for PCR were
prepared from PGCs purified from 12.5-dpc embryonic go-
nads of mice (ICR, Shizuoka) as described by Abe (15).
Degenerate oligonucleotide mixtures for DEAD-family-
specific primers were derived from the two conserved amino
acid sequences (MACAQTG and VLDEADRM) in the pu-
tative ATP-binding domain of vas. The sequences of the
5’-sense and 3'-antisense primers were 5'-CCGGATCCATG-
GCNTG(T/G)GCNCA(A/G)ACNG-3’ (28-mer) containing a
BamHI site and 5'-CCAAGCTTAANCCCAT(A/G)TCNA-
(A/G)CATNC(G/TorT/C)TC-3' (31-mer) containing a Hin-
dIII site, respectively. PCR amplification was performed in
50 mM Tris‘HCI, pH 8.3/150 mM KCl/2 mM MgCl,/0.2 mM
dNTP/20 uM each primers/2.5 units of Amplitaq polymer-
ase/500 ng of template cDNA. After reaction of 30 cycles
(denaturing for 30 sec at 94°C, annealing for 60 sec at 55°C,
and extension for 60 sec at 72°C), three DNA fragments of
=~(.4 kb were obtained and subcloned into pBluescript SK
plasmids (Stratagene). For the secondary screening, =1 X
10% recombinant phages of an adult mouse testis Agtll cDNA
library (Clontech) were screened and the resulting three
positive phage clones (see Fig. 1, clones E, F, and J) were
subcloned into plasmids and sequenced. Moreover, most
upstream c¢cDNA clones were isolated by the 5'-RACE
method (rapid amplification of cDNA ends) (Ampli-finder kit;
Clontech) using an antisense primer and adult testis cDNAs
as templates, according to the manufacturer’s protocol.

Abbreviations: PGC, primordial germ cell; dpc, days postcoitum; EG

cell, embryonic germ cell; ES cell, embryonic stem cell.
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Northern Blot and in Situ Hybridization Analyses. The
conditions of Northern blot and in situ hybridization were
according to the methods described by Noce et al. (16). A
700-bp HindIII fragment (Fig. 1A) of Mvh cDNA was labeled
with [32P]dCTP by using a multiprime labeling kit (Amer-
sham) and was used as a probe for Northern hybridization.
Adult testes fixed in Bouin’s solution were embedded in
paraffin and sectioned for in situ hybridization analyses.
Probes of sense and antisense digoxigenin-labeled RNA
strands were transcribed in vitro from a linearized clone E
plasmid (Fig. 1A) by using an RNA labeling kit (Boehringer
Mannheim). Hybridization signals were detected by using
alkaline phosphatase-conjugated anti-digoxigenin antibody
and NBT as the chromogen.

Immunoblotting and Immunocytochemistry. Synthetic 30-
mer oligopeptides corresponding to amino acids 113-143
(underlined in Fig. 1B) were used to produce specific anti-
bodies against Mvh protein. The peptide coupled to bovine
serum albumin was injected subcutaneously into a rabbit six
times at 2-week intervals. The antibodies to the peptide were
purified by affinity chromatography using synthetic peptide-
conjugated Sepharose beads. Details of immunoblotting and
immunocytochemistry have been described (16). The EG
(embryonic germ) cell lines used were established by Y.
Matsui from the migratory PGCs of 8.5-dpc embryos of
DBA/2 and BALB/c mouse strains (17). ES (embryonic
stem) cell lines used were D3 and CCEL1.

RESULTS

Isolation of Mouse vas Homolog cDNA. To isolate a mouse
homolog of Drosophila vas, PCR cloning was performed with
degenerated primers that were designed to amplify a part of
the ATP-binding sequence conserved in DEAD-family genes.
As aresult, two bands of ~400 bp were exclusively produced.
Nucleotide sequences of these DNA fragments revealed
three types of clones: (i) the larger one was a corresponding
part of PL10, which had been previously reported as a
vas-related gene specifically expressed in spermatogenetic
cells (13); (if) a minority of clones derived from the smaller
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band matched the mouse p68, which encodes a nuclear
protein expressed in meiotic testicular cells and also in
various other tissues (11, 12); (iii) the remainder, named V6,
encode a DEAD-family protein. The V6 nucleotide sequence
showed a higher similarity to Drosophila vas and Xenopus
XVLG]I (18) than the other two clones, as described below.

A transcript of =3.5 kb was specifically detected in adult
testis by Northern blot analysis using the V6 cDNA probe
(Fig. 2). Therefore, secondary screening was carried out in
adult testis cDNAs. By screening of the phage library and
using 5’-RACE cloning, several overlapping clones were
isolated (Fig. 14), and nucleotide sequence analyses (2.7 kb)
revealed a full-length coding region of 735 amino acids (M;,
79,952), which was redesignated as Mvh (mouse vas ho-
molog). Compared with the size of the transcript, it was
presumed that a 5’ nontranslational region of =0.7 kb was
missing.

Southern blot analyses with Mvh showed that a single locus
was detected in the mouse genome and revealed the presence
of highly homologous genes in mammals such as human and
caw (unpublished data).

Putative Amino Acid Sequences of Mvh. The predicted Mvh
amino acid sequence contains eight absolutely conserved
stretches (Fig. 2A), showing that Mvh is a member of the
DEAD-box helicase family. Comparison with Drosophila
vasa protein over the entire alignment indicated 38.9% iden-
tity between both (Fig. 1B), which is a clearly higher score
than those between vasa and other mouse DEAD-family
proteins: PL10 (35.9%), p68 (26.3%), and eIF-4A (27.9%).
This predominance in homology to vasa is also observed
when the conserved helicase domain of Mvh (amino acids
292-363, aligned in Fig. 2A) is compared with those domains
of other DEAD-family proteins. First, the similarity of the
Mvh domain to vasa (54.8% identity) is significantly higher
than those to other newly isolated members of the Drosophila
DEAD-family protein that are also found to be expressed in
germ cells: 27.3% to ME31B (19) and 24.7% to Dbd73d (20).
Furthermore, the identity to vasa (54.8%) and Xenopus
XVLG1 protein (70.9%) is higher than those of any other
pairs; for example, 50.7% between PL10 and vasa and 50.3%
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FiG. 1. Deduced amino acid sequence of Mvh and alignment with vasa protein. (4) Schematic structure containing eight conserved motifs
(boxed) and coding regions of five cDNA clones isolated are indicated. E, EcoRI; H, HindIII; P, Pst 1. (B) Comparison of the entire sequence of
Mvh with that of Drosophila vasa (5), except for the conserved region indicated in Fig. 2A. Amino acid sequence used for preparing the specific

antibodies is underlined.
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Fi1G.2. Comparison of conserved regions of vasa-related gene family members. (A) Comparison of conserved regions of PL10 (13), vasa (5),
XVLG1 (18), and Mvh proteins. Amino acids identical with Mvh protein are indicated by hyphens and amino acids conserved among vasa,
XVLG]1, and Mvh are indicated with asterisks in the sixth row. Percentages of identity of three other members against Mvh are shown (lower
right). (B) upGMA (unweighted pair group method with arithmetic mean) tree of five vasa-related proteins. Average similarities in the amino acid
sequences of the conserved regions are calculated by using GENE-WORKS(2,2,1) software (IntelliGenetics). Resulting scores reflect the relationship

of one sequence to another.

between PL10 and XVLG]1, indicating that Mvh and XVLG1
are in the same evolutionary pathway as vertebrate vasa
homologs (Fig. 2B).

Thus, structural similarity to Drosophila vasa is also no-
table in the nonconserved region (Fig. 1B). Acidic amino acid
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Fi1G. 3. Northern blot analyses of Mvh expression. (Upper) Total
RNA (20 ug) from the indicated adult mouse tissues and ES (CCE1)
cells was loaded for each lane. Positions of 28S and 18S rRNAs are
indicated (arrows). (Lower) 18S rRNA bands stained with acridine
orange.

stretches close to a tryptophan (W) residue located at the
N-terminal and C-terminal site are common characteristics
among vasa, XVLG1, and Mvh proteins. A glycine (G)-rich
region found in a number of putative RNA binding proteins
is present in the N-terminal region of Mvh (22% in residues
50-250), which contains four RGG sequences showing sim-
ilarity to RGGE/QGG repeats found in the corresponding
region of Drosophila vasa (5, 8).

Expression Pattern of Mvh. Mvh gene expression was
initially examined by Northern blot analysis of adult tissues
and ES cells. Mvh transcripts were exclusively detected as a
single band (3.5 kb) in the testis among adult tissues examined
and were not detected in ES cells (Fig. 3). To define the
cellular localization of Mvh transcripts in the testis, in situ
hybridization using digoxigenin-labeled RNA probes corre-
sponding to Mvh cDNA was performed (Fig. 4 A and B).
Hybridization signals were found to be highly concentrated
within spermatocytes prior to the first meiotic division.
Relatively weaker signals were detectable in early round
spermatids just after the second meiotic division, and no
significant signals were detected either in the subsequent
stages of elongated spermatids to sperm or in testicular
somatic cells such as interstitial cells and Sertoli cells,
indicating that Mvh expression is developmentally regulated
during spermatogenesis.

To investigate the temporal and spatial expression pattern
of Mvh protein, specific antibodies were raised against 30-
mer oligopeptides corresponding to the N-terminal unique
region of Mvh (Fig. 1B). By immunoblot analysis using the
affinity-purified antibodies, a single band of =85 kDa was
detected in adult testis but was not detected in other tissues
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FiG. 4. Mvh expression in adult testis and embryonic gonad. In situ hybridization to adult testis sections with the antisense RNA strand
(A) and the sense strand (B). Sections of the adult testis (C and D) and the 12.5-dpc male embryonic gonad (G) were immunostained with anti-Mvh
antibodies (C and G) or preimmune antibodies (D). Signals were detected with secondary antibodies and enzymatic colorization by alkaline
phosphatase-conjugated anti-digoxigenin antibody (A and B) or horseradish peroxidase-conjugated anti-rabbit IgG (C, D, and G). No significant
staining was detected with preimmune antibodies in sections of adult testis (D) and embryonic gonad (data not shown). Fluorescent microscopic
view of dispersed testicular cells stained with anti-Mvh antibody, followed by Texas Red-conjugated anti-rabbit IgG (E), and corresponding
phase-contrast view (F). Arrows point to granular stains (E) and the corresponding structures (F) observed in the perinuclear zone of round
spermatids. (H) To show the localization of PGCs in the embryonic gonad, endogenous activity of alkaline phosphatase was histochemically
detected in a neighboring section of G, indicating that cells stained in G were gonadal germ cells.

(Fig. 5A). Moreover, coincidentally with the distribution of
Mvh mRNA, immunocytochemical staining of adult testis
sections revealed that the Mvh protein was localized in
spermatogenic cells of stages from the spermatocyte to the
round spermatid (Fig. 4 C and D). Interestingly, immuno-
staining of testicular cells showed that, in addition to the
diffuse distribution of Mvh protein in the cytoplasm, a strong
granular staining was observed in a perinuclear zone of the
round spermatid (Fig. 4 E and F). The intracellular localiza-
tion of stained granules appears to be coincident with that of
a so-called chromatoid body, which has been well charac-
terized as an electron-dense structure localized in the vicinity
of mammalian spermatid nuclei (21, 22). Further analyses of
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Fi16. 5. Immunoblot analyses of Mvh protein. (4) Twenty mi-
crograms of protein from the indicated adult tissues was used for
each lane and immunostained with anti-Mvh antibodies after alkaline
phosphatase conjugated anti-rabbit IgG. (B) Proteins (20 ug) from the
indicated gonads, embryos, and cultured cell lines were analyzed as
in A. Gonads of 11.5-dpc embryos were mixed male and female
because it was impossible to distinguish the sex at this stage.

proteins from various stages of embryonic gonads, embryos,
and cultured cells showed that Mvh protein was expressed in
both male and female embryonic gonads isolated from em-
bryos after 11.5 dpc, whereas it was undetectable in 7- to
10-dpc embryos. Mvh protein also was undetectable in sev-
eral pluripotential cell lines of EG and ES cells. Immuno-
staining of embryonic gonads revealed the restricted expres-
sion of Mvh protein in gonadal germ cells (Fig. 4 G and H),
in which diffuse staining in the cytoplasm was observed.
However, by staining sections of 7.5- to 10.5-dpc embryos
under the same conditions as described above, no staining
was detected in migrating PGCs before colonization of the
genital ridges (data not shown).

DISCUSSION

We report a member of the murine DEAD-family protein
gene, Mvh, which appears to be a a true homolog of Dro-
sophila vas, based on sequence similarity, germ cell-specific
expression, and intracellular localization of the protein. Com-
pared with PL10, Mvh showed only a moderate similarity
(51.8%) even in the conserved region (Fig. 2B). In this region,
PL10 contains a unique insertion sequence of 9 amino acids
(amino acids 70-78; see Fig. 2B), and 21 of 162 residues
identical among vasa, XVLG1, and Mvh are substituted in
PL10; for example, GACXDV (amino acids 22-233) is re-
placed by STSXNI. Recently, Liang et al. (9) demonstrated
that the conserved region of the Drosophila vasa protein
actually carries activities of an ATP-dependent RNA helicase
and is also involved in translocalization of vasa protein to the
posterior pole by interaction with other protein(s). Therefore,
these substitutions of the amino acid residues in the putative
functional domain may reflect some functional differences
between both proteins, such as binding specificity to RNAs
and/or to other proteins. Although the intracellular localiza-
tion of PL10 protein has not been reported, our result that
PL10 sequences are also detectable in PGC ¢cDNAs may
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imply that Mvh and PL10 proteins function in a cooperative
or synergistic manner.

In mice, determination of the germ lineage is believed to be
independent of maternal factors that are localized in a spec-
ified region of the oocyte cytoplasm. Moreover, the facts that
EG as well as ES cells are pluripotential and that some
multipotential embryonal carcinomas are originated from
PGCs suggest that the irreversible determination leading to
gametogenesis does not take place at least until the migrating
phase of PGC during germ cell development (17, 23). In this
respect, our results showed that expression of Mvh protein is
not detected in such pluripotential embryonic cells but is
detected in germ cells colonized in embryonic gonads. If
structural homology reflects functional conservation and
therefore Mvh could play an essential role in the determining
event like Drosophila vasa, it seems reasonable to speculate
that a crucial step of mammalian germ cell determination will
take place after the entry of PGCs into the genital ridges. In
this case, it is likely that fate determination of the germ cell
is dependent on cell-cell interactions with gonadal somatic
cells, as is the case for the sex-determination event (24).

Mouse EG cells have been histochemically discriminated
by enzymatic activity of endogenous alkaline phosphatase (1)
or by immunostaining with SSEA-1 antibody reactive to a
particular cell-surface antigen (2, 25). The expression of
Oct3/4 and Zfp40 transcripts is also found to be an excellent
marker of the germ cell lineage (26, 27). However, since these
characteristics reflecting an undifferentiated stem state of
cells are commonly expressed in early embryonic cells and
embryo-derived cell lines such as EG and ES cells, as well as
developing PGCs, they are not available for distinguishing
germ-line cells prior to the meiotic phase from pluripotential
embryonic cells. Mvh protein, which is exclusively detected
in developing germ cells, is therefore regarded as a molecular
marker demonstrating that the germ cell, at least after colo-
nizing the embryonic gonad, is not equivalent to the pluri-
potential cell but is a type of differentiated cell.

The perinuclear dense body (nuage) has been known to be
a characteristic structure of various germ-line cells (28, 29).
In mice, nuage-like structures are observed in PGCs but are
not detected in pluripotential cells of early stage embryos
(30). The chromatoid body of mammalian spermatogenic
cells is comparable in structure and distribution to the polar
granule of insects. Both structures consist of basic proteins
and some RNA and exhibit a close interaction to mitochon-
drial cluster and nuclear envelope during their maturation
process (28, 29). Our results showed that Mvh protein is
predominantly localized in a perinuclear granule at the early
spermatid stage. Taken together with localization of vasa to
the polar granule (9), it is worth examining ultrastructural
localization of Mvh in the germ cell cytoplasm including the
nuage-like structure and the chromatoid body during germ
cell differentiation. In Drosophila, vasa protein is assumed to
interact with other maternal factors such as oskar protein,
tudor protein, and mitochondria large rRNA (9, 31) and to
function at the translational level including storage or trans-
portation of some specific mRNAs (6-9). In this connection,
it has been noted that most mMRNAs newly transcribed at the
late pachytene spermatocyte stage are under translational
arrest during the round spermatid stage (32). Therefore, it is
of particular interest to examine whether the Mvh protein is
functionally involved in translational regulation during sper-
matogenesis. Further investigation of the developmental
function of Mvh should provide an important insight into the

Proc. Natl. Acad. Sci. USA 91 (1994)

mechanism of the determination and maintenance of the
mammalian germ cell lineage.
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