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Primordial germ cells (PGCs) are founder cells of all
ametes. A number of genes which control PGCs de-
elopment have been identified in invertebrates,
hereas such genes are by and large unelucidated in
ammals. Here we describe cloning, genomic struc-

ure and expression of mouse homologue of germ cell-
ess (gcl) gene which is required for PGCs formation in
rosophila. The mouse gcl shows 34% identity com-
ared with Drosophila gcl protein and contains BTB/
OZ domain. The gcl gene consists of 14 exons and
pans more than 50 kb. The CpG islands are found
round exon 1 of the gene. Putative promoter region
ontains potential binding sites for various transcrip-
ion factors. Northern blot analysis showed that its
RNA is highly expressed in adult testis with lower

xpression in ovary, ES (embryonic stem) cells, and
arious other organs. In situ hybridization analysis
evealed strong expression of the gcl gene in the
achytene stage spermatocytes. The expression was
lso observed in post-migratory PGCs, but was not
pparent in migratory and pre-migratory PGCs. Fur-
her studies including gene disruption analysis would
rovide an important insight into mammalian germ

ineage development. © 1999 Academic Press

Key Words: germ lineage; development; primordial
erm cell; spermatogenesis.

All gametes are known to arise from primordial germ
ells (PGCs) (1, 2). In mouse, PGCs are set aside from
ther cell lineages during gastrulation and appear as a
mall population of cells near the base of allantois at

1 Sequence data from this paper have been submitted in GenBank
nder Accession Nos. AF163665 and AF163666.

2 To whom correspondence should be addressed. Fax: 181-6-6879-
362. E-mail: tkimura@biken.osaka-u.ac.jp.
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nto the hindgut endoderm and migrate to the genital
idges through dorsal mesentery by 10.5E. PGCs inter-
ct with each other and somatic cells in genital ridges
o form sex cords which are the pre-structures of sem-
niferous tubules and ovarian follicles in the male and
n the female, respectively. By 12.5E, sex differences
ecome apparent: PGCs are aggregated in a striped
attern along the sex cords in the male gonads whereas
hey are in a dotted pattern in the female gonads
3). The genes involved in these processes are poorly
lucidated.
In contrast, a large number of genes have been iden-

ified as regulators of PGCs development in Drosophila
elanogaster and Caenorhabditis elegans (1). In Dro-

ophila, PGCs, also called as pole cells, appear at the
osterior pole of blastula. During cellularization, nu-
lei arriving at the posterior pole are directed to enter
he germ line by the molecules stored in the posterior
gg cytoplasm (the pole plasm). A large number of
aternal effect genes are required for the pole cell

ormation. germ cell-less (gcl) is one of such genes and
as several characteristics of germ cell determinants
4, 5). At first, gcl is specifically incorporated into pole
ells. Second, its posterior localization requires the
unction of all the genes necessary for pole cell forma-
ion. Most importantly, the reduced gcl expression re-
ults in failure of pole cell formation and the overex-
ression of gcl results in transient increase of pole
ells. Thus, gcl is believed to be one of the essential
omponents during germ cell specification pathway.
In this study, we have cloned mouse homologue of gcl

nd determined its gene structure in order to gain
ore insights into the molecular basis of PGCs devel-

pment in mammals. The mouse gcl was highly ex-
ressed in pachytene stage spermatocytes and PGCs in
enital ridges of the male and the female, which im-
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
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lies its possible function in mammalian germ lineage
evelopment.

ATERIALS AND METHODS

Isolation of cDNA and gene for mouse gcl. The mouse EST (ex-
ressed sequence tags) clone (dbEST Id 641461) was purchased from
enome Systems Inc. (St. Louis, MO). The mouse adult testis cDNA

FIG. 1. (A) Nucleotide and amino acid sequences of mouse gcl. S
omain is underlined. Exon/intron boundaries are shown by vertical
lignment of mouse, D. melanogaster, and partial C. elegans gcl. BTB
cl is M97933. C. elegans gcl is found in the Cosmid clone (clone No
224
ibrary derived from B6 mice (6) was screened with the EST clone.
he genomic fragments were obtained from two l phage libraries
ontaining 129J/Sv mice genome [(7), Stratagene, La Jolla, CA].
equences were determined using ABI PRIME 310 and 377 auto-
ated sequencers. The exons and introns were mapped by standard

rocedures.

Northern blot analysis. Total cellular RNA was isolated from 8
eeks old C57BL/6J mice using RNeasy Mini Kit (Qiagen, Valencia,

ences in EST clone span nucleotide number 305 to 1029. BTB/POZ
es. GenBank Accession No. of mouse gcl is AF163665. (B) Sequence
Z domain is underlined. GenBank Accession No. of D. melanogaster

62E10, GenBank Accession No. AL031580).
equ
lin
/PO
. Y
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A). Ten micrograms of total RNA were subjected to Northern blot
nalysis. The 1.7 kb SmaI-EcoRV fragment was radiolabeled by
caBest Labeling Kit (Takara, Japan) and used for the probe. North-
rn blot analysis was performed as described (8).

In situ hybridization analysis. The EST clone (dbEST Id 641461)
as used to prepare the sense and antisense cRNA probes.
igoxigenin-11-UTP-labeled cRNA probes were prepared using DIG
NA Labeling Kit (Boeringer Mannheim, Mannheim, Germany). In
itu hybridization was performed as described (9).

ESULTS AND DISCUSSION

Isolation and sequence of the mouse gcl cDNA. To
lone mouse gcl, we compared D. melanogaster gcl
mino acid sequence to conceptual translation of ESTs
n the GenBank by use of the National Center for
iotechnology Information’s BLAST search program

10, 11), and found highly homologous sequences in
ouse, rat and human ESTs. Using one of mouse ESTs

dbEST Id 641461), adult testis cDNA library was
creened to isolate the full-length cDNA clone. De-
uced amino acid sequences from the cDNA indicate

FIG. 1—
225
hat it contains open reading frame which encodes a
rotein of 524 amino acids (Fig. 1A). Thirty-four per-
ent of amino acids are identical to D. melanogaster gcl,
ut N- and C-terminal ends are relatively diverged
Fig. 1B). Database search using full-length mouse gcl
evealed that it contains BTB/POZ domain. BTB/POZ
omains are utilized as protein-protein interaction in-
erfaces and found in transcriptional repressors and
ctin-binding proteins (12–14). Since D. melanogaster
cl is localized in nucleus (5), it might be involved in
ranscriptional repression in germ line specification
athway. From this point of view, it is noteworthy that
IE-1, essential gene for germ line specification in C.
legans, acts as a repressor for genes expressing in
omatic cell lineage (15, 16). Searching of C. elegans
atabase showed that C. elegans genome also contain
cl sequences (Fig. 1B). Identity of partial C. elegans
cl to mouse and D. melanogaster gcl are 34 and 30%,
espectively. Examination of phylogenetic distances by
oth UPGMA method and NJ method predicted that

ntinued
Co
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ouse gcl is closer to C. elegans gcl than to D. melano-
aster gcl. Homologous sequences were not found in S.
erevisiae genome. These results indicate that gcl is
volutionarily conserved gene among various multi-
ellular animals.

Genomic organization of the mouse gcl gene. We
etermined genomic structure of gcl gene. The mouse
cl gene comprises 14 exons, spanning more than 50 kb
Fig. 2A). The sequences around exon/intron bound-
ries were matched to consensus sequences of splicing
onors and acceptors (Table 1). The CpG islands were
dentified around exon 1 including putative promoter
egion; GC contents were more than 50% and observed/
xpected ratio of CpG was above 0.6, which satisfies
he criteria for CpG islands (Fig. 2B (17)). TFSEARCH
rogram predicted that putative promoter region con-
ains potential binding sites for various transcription

FIG. 2. (A) Genomic organization of mouse gcl gene. Position of e
op six lines indicate the l phage clones (N-3, N-4, N-8, O-2, O-1
bserved/expected ratio of CpG (closed circles) were calculated as d
orresponds to A of initiation codon. The CpG islands have been d
ontents and more than 0.6 of observed/expected ratio of CpG, thus sh
elow the graph (thin line, 59-upstream region; open bar, 59-untransl
romoter region and exon 1. CpG is shown in outlined letters. The
hown by the arrow below the sequences. Gray arrowhead points to 59
ccession No. of this sequence is AF163666.
226
actors such as Sp1, Sry, CREB (cAMP responsive ele-
ent binding proteins), Octamer binding proteins and
TAT (signal transducers and activators of transcrip-
ion) [Fig. 2C (18, 19)]. Since some of them are known
o play important roles in germ cell development (20–
2), further promoter analysis would be required
o examine the importance of these elements for gcl
xpression.

Expression of gcl mRNA in adult mice and embryonic
onad. Expression of gcl mRNA in various adult or-
ans was examined by Northern blot analysis. As
hown in Fig. 3A, expression was most prominent in
estis where two transcripts, approximately 3 kb and 4
b, were equally expressed. In contrast, in other organs
ncluding ovary, gcl expression level was much lower
nd the size of major transcripts was 4 kb. Low level
xpression was also observed in D3 ES (embryonic

s (black boxes) and partial restriction enzyme map are shown. The
nd O-15). (B) The CpG islands. GC contents (open column) and

ribed with a window of 100 nucleotides (17). Nucleotide number 1
ed by the nucleotide sequences which contain more than 50% GC
ing the border by dotted line. Schematic genomic structure is shown
d region; closed bar, open reading frame). (C) Sequences of putative
ential binding sites for transcription factor and its orientation are
d of cDNA clone which contains the most 59 portion. GenBank/EMBL
xon
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esc
efin
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FIG. 2—Continued
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tem) cells (Fig. 3A). In situ hybridization of sections of
estis revealed that gcl is highly expressed in primary
permatocytes, especially in pachytene stage sper-
atocytes, but not in spermatogonia and spermatids

Fig. 3C). We also examined expression in PGCs by
hole mount in situ hybridization. PGCs-specific sig-
al was not observed during pre-migratory and migra-
ory stages (data not shown). However, in the post-

FIG. 3. Expression of mouse gcl mRNA. (A) Northern blot analys
ubjected to Northern blot analysis. Two mRNA species are indicated
isualized by staining the same filter with methylene blue. (B, C) In s
n pachytene stage spermatocytes when using antisense probe (C) bu
o F) Whole mount in situ hybridization of 13.5E male (D, E) and fema
nd dotted signals were observed in the male (E) and female (F) gonad
, gonad; m, mesonephros.
228
igratory stages, strong signals were visible in PGCs
n the gonads. Characteristic striped signals and dot-
ed signals were observed in the male and female go-
ads, respectively (Figs. 3E, 3F), which corresponds to
he localization of PGCs in gonads.

Early stages of germ line specification processes
ould be rather different between invertebrates and
ammals. For instance, germ cell determinants such

f adult mice organs and ES cells. Ten micrograms of total RNA were
arrows. To show the quantity and integrity of RNA, 28S rRNA was

hybridization of sections of adult mice testis. Signals were identified
t sense probe (B). Nuclei were counterstained with methylgreen. (D
F) gonads using sense (D) and antisense (E, F) probe. Striped signals
espectively, which corresponds to the localization of PGCs in gonads.
is o
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itu
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i
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s pole plasm are not stored in mammalian egg cyto-
lasm (1, 2). Instead of germ cell determinants, signals
rom extraembryonic ectoderm are considered to direct

small population of cells in extraembryonic meso-
erm to enter the germ line (1, 23). It has been postu-
ated that mouse homologues of germ cell determi-
ants in Drosophila might play a role in later processes
f germ cell specification. Consistent with this hypoth-
sis, mouse gcl is expressed in post-migratory stage but
ot in pre-migratory and migratory stages. Similar
xpression pattern has been reported in mouse homo-
ogue of vasa gene which is also required for pole cell
ormation in Drosophila (24). The mouse gcl is also
ighly expressed in pachytene stage spermatocytes,
gain like mouse vasa homologue, suggesting the im-
lication in spermatogenesis.
Recently, other group independently cloned mouse

cl as a binding protein of the DP-3 component of E2F
ranscription factors which regulate G1/S cell cycle
ransition (25). It is possible that gcl might have some
oles other than germ cell formation. Here we describe
he gcl expression in mouse testis and embryonic go-
ads. At present, it is open question whether its poten-
ial role in cell cycle regulation could be involved in
erm cell development. Gene disruption analysis is
ow underway to evaluate the role of mouse gcl in the
ammalian germ lineage development.

Exon/Intron Bounda

412
(exon 1) GCCGCGCAGgtacggaacg...

536
(exon 2) TTATGTCAAgtgagtattt......ttt

633
(exon 3) ATATAGAAGgtatcacctc......tt

731
(exon 4) CTGCAATTGgtaagtagtg......t

844
(exon 5) AAAGAAAAAgtgagccacc......

910
(exon 6) AGAACTCAGgtatgtgaca......

995
(exon 7) CTTAAAAAGgtattgatgt......ttc

1086
(exon 8) GGAAAAAAGgtacattgaa......

1224
(exon 9) TACCTTCAGgtaagaaaac.....

1294
(exon 10) TGAAGTGGGgtgagtatgc......

1370
(exon 11) GATGGTGAGgtaggtctgg......

1516
(exon 12) AGCGTTTAGgtaggatggc......

1604
(exon 13) AAAGACCAGgtacgtgtgc......

Note. Capital letters and lower cases indicate exon and intron seq
n 129J/Sv genome, but amino acid is not changed by this polymorp
229
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