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A mouse homologue of the Drosophila melanogaster germ cell-less (mgcl-1) gene is expressed ubiquitously, and
its gene product is localized to the nuclear envelope based on its binding to LAP2� (lamina-associated
polypeptide 2�). To elucidate the role of mgcl-1, we analyzed two mutant mouse lines that lacked mgcl-1 gene
expression. Abnormal nuclear morphologies that were probably due to impaired nuclear envelope integrity
were observed in the liver, exocrine pancreas, and testis. In particular, functional abnormalities were observed
in testis in which the highest expression of mgcl-1 was detected. Fertility was significantly impaired in
mgcl-1-null male mice, probably as a result of severe morphological abnormalities in the sperm. Electron
microscopic observations showed insufficient chromatin condensation and abnormal acrosome structures in
mgcl-1-null sperm. In addition, the expression patterns of transition proteins and protamines, both of which
are essential for chromatin remodeling during spermatogenesis, were aberrant. Considering that the first
abnormality during the process of spermatogenesis was abnormal nuclear envelope structure in spermatocytes,
the mgcl-1 gene product appears to be essential for appropriate nuclear-lamina organization, which in turn is
essential for normal sperm morphogenesis and chromatin remodeling.

The physiological functions of numerous genes, including
transcription factors and signaling molecules, are reportedly
conserved in Drosophila melanogaster and mammals. However,
by and large, the functional mammalian homologues of the
germ cell-specifying genes in Drosophila have not been estab-
lished, partially because the molecular mechanisms of germ
cell specification in mammals are quite different from those in
Drosophila (45). One of the major reasons for this is that
Drosophila has a determinant of germ cell formation in the egg
cytoplasm, i.e., the germ plasm, which is not present in mam-
mals.

The Drosophila germ cell-less (gcl) gene product (GCL) is a
component of the germ plasm and is a critical factor for pri-
mordial germ cell (PGC) formation (24, 25, 32). Recently, we
and another group identified a mouse homologue of gcl,
named mouse germ cell-less-1 (mgcl-1) (27, 29). The mgcl-1
gene product (mGCL-1) had 36% identity and 56% similarity
with the Drosophila GCL, and both the Drosophila and mouse
gcl gene products contained the BTB/POZ domain, which is a
conserved protein-protein interaction domain (7). Although
genetic analysis clearly revealed that mgcl-1 could rescue the
Drosophila gcl mutation, the molecular mechanism whereby

GCL regulates germ lineage determination has not been elu-
cidated. Northern blotting and RNase protection assays have
shown that mgcl-1 is expressed ubiquitously, with the highest
levels of expression occurring during spermatogenesis. Never-
theless, the in vivo function of mGCL-1 remains elusive.

The mglc-1 gene was cloned independently by two research
groups using two-hybrid analysis. One group identified
mGCL-1 as DIP (DP-interacting protein), which is a protein
that interacts with the DP component of E2F (14). E2F,
which is an important transcription factor for the orchestra-
tion of early cell cycle progression, plays its role when it
forms a heterodimer with DP (28). DIP/mGCL-1 was lo-
cated in the nuclear envelope, wherein it formed a speckled
pattern and showed a dominant influence on the distribution
of DP proteins. The overexpression of DIP/mGCL-1 not
only reduced the transcriptional activity of the E2F-DP het-
erodimer but also induced cell cycle arrest at the G1 phase,
which was modulated by the expression of DP proteins.
Thus, one possible role for mGCL-1 is as a cell cycle regu-
lator via interaction with the E2F-DP heterodimer.

The second research group identified mGCL-1 as a LAP2�
(lamina-associated polypeptide 2�)-binding protein (31).
LAP2� has been isolated and characterized as an integral
inner nuclear membrane protein that binds lamin B and chro-
mosomes in a phosphorylation-dependent manner (15). The
mGCL-1 protein bound to LAP2� and was colocalized with
LAP2� to the nuclear envelope, the region in which the Dro-
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sophila GCL is also located (24). Nuclear fractionation studies
have revealed that mGCL-1 is a nuclear matrix component, but
it is not an integral protein of the nuclear envelope. Transcrip-
tion assays have revealed that LAP2� has the capacity to in-
terfere with the transcriptional activity of the E2F-DP com-
plex, and this interference is more potent than that induced by
mGCL-1. In addition, coexpression of mGCL-1 and LAP2�
has synergistic effects on the inhibition of E2F-DP-induced
transcriptional activation.

In order to elucidate the in vivo function of mgcl-1, we
analyzed two lines of mGCL-1-null mice. The mGCL-1-null
embryonic fibroblasts did not manifest significant cell cycle
aberrations. However, the nuclear morphologies of cells in the
liver, exocrine pancreas, and testis were abnormal. Consistent
with the high mGCL-1 expression in testis, the male mutant
mice showed abnormal spermatogenesis, impaired fertility,
and aberrant chromatin remodeling during spermatogenesis.
We consider mGCL-1-null mice to provide new insights into
the function of nuclear envelope integrity and chromatin re-
modeling.

MATERIALS AND METHODS

Production of mgcl-1-null mice. Mouse 129Sv/J genomic clones that contain
the mgcl-1 gene have been described previously (27). The 2.9-kb SpeI-BamHI
fragment that encompasses exon 2 was replaced with a neomycin resistance
cassette in the pPNT vector (40). A 5.3-kb EcoRI-SpeI fragment was inserted
between the neomycin resistance cassette and the herpes simplex virus thymidine
kinase gene, both of which are driven by the PGK1 promoter. A 1.5-kb BamHI-
PstI fragment was inserted upstream of the neomycin resistance gene. The
resulting targeting vector, pKO-GCL-4, was electroporated into D3 embryonic
stem (ES) cells and selected with G418 and ganciclovir. Targeting events were
screened by PCR and confirmed by Southern blot analysis using digestion with
several restriction enzymes and both 3�- and 5�-end probes. The recombinant
cells were karyotyped to ensure that 2N chromosomes were present in the
majority of the metaphase spreads. Chimeric mice, which were derived from
correctly targeted ES cells, were mated to C57BL/6 mice to obtain F1 mgcl-1�/�

mice. The mouse strain with the retrovirus insertion at the mgcl-1 locus was
derived from the OST6847 ES cell line (Lexicon Genetics, The Woodlands, Tex.)
(48).

Anti-mGCl-1 antibodies and Western blot analysis. To generate the anti-
mGCL-1 antibody, a glutathione S-transferase fusion protein was produced in
bacteria. The 630-bp SmaI-XhoI fragment of mgcl-1 cDNA was cloned into the
SmaI-XhoI site of the bacterial expression vector pGEX4T-2 (Amersham Phar-
macia, Little Chalfont, Buckinghamshire, United Kingdom). The expression of
the fusion protein was induced by the addition of 0.1 mM IPTG (isopropyl-�-
D-thiogalactopyranoside) for 3 h, and the protein was purified by absorption onto
glutathione agarose beads, according to the manufacturer’s recommendation.
The purity of the recombinant protein was assessed on sodium dodecyl sulfate
(SDS)-polyacrylamide gels by staining with Coomassie brilliant blue. Polyclonal
antibodies were raised by injecting approximately 2 mg of purified protein into a
rabbit, with repeat injections 3, 6, and 9 weeks later. The glutathione S-trans-
ferase–mGCL-1 fusion protein was used in the affinity purification of polyclonal
anti-PGC7 antibodies. The antibody was used at a 1:500 dilution.

The testes were homogenized in a solution of 150 mM NaCl, 1% Nonidet P-40,
0.5% sodium deoxycholate, 0.1% SDS, and 50 mM Tris-HCl (pH 8.0) that
contained protease inhibitors. The mGCL-1 protein partitioned into the insolu-
ble fraction. The insoluble material was dissolved in SDS-polyacrylamide gel
electrophoresis sample buffer, resolved on an SDS–10% polyacrylamide gel, and
transferred to a polyvinylidene difluoride membrane (Millipore, Bedford,
Mass.). The filters were blocked overnight with 2% nonfat dry milk in 20 mM
Tris–150 mM NaCl–0.05% Tween 20 and then incubated with the anti-mGCL-1
antibody. The secondary antibody was goat anti-rabbit immunoglobulin G (IgG)
conjugated to peroxidase (Zymed, San Francisco, Calif.), which was diluted at
1:2,000. Signals were detected using the ECL Western blotting detection re-
agents (Amersham Pharmacia). The soluble fraction was also analyzed, but
mGCL-1 was not detected in either the wild-type or mgcl-1-null testes (data not
shown).

Isolation and growth of MEFs. Mouse embryonic fibroblasts (MEFs) were
prepared from day-13.5 embryos, and grown in Dulbecco’s modified Eagle me-
dium that was supplemented with 10% fetal bovine serum. Serial cell culturing
was carried out according to the 3T3 protocol (39). Briefly, 3 � 105 cells were
plated on a 6-cm-diameter dish; the cells were counted 3 days later, and 3 � 105

cells were replated. The growth rate at each time point was calculated by dividing
the final number of cells by the initial number of cells.

Northern blots and semiquantitative RT-PCR analyses. Total RNA was ex-
tracted from MEFs and testes using the RNeasy mini kit (Qiagen, Valencia,
Calif.). Northern blot analysis was carried out as described previously (26). In
brief, 10 �g of total RNA was separated on a 1% agarose gel that contained 2.1
M formaldehyde and blotted onto Hybond N� filters (Amersham Pharmacia).
The filters were UV cross-linked at 150 mJ. The filters were then hybridized with
radiolabeled probes in 0.5 M NaPO4 (pH 7.2)–7% SDS–0.5 mM EDTA at 65°C
for 15 h. The filters were washed twice for 10 min at room temperature and once
for 30 min at 65°C with 0.04 M NaPO4 that contained 1% SDS. The filters were
exposed to a Fuji imaging plate and analyzed on a BAS2000 system (Fuji Photo
Co., Tokyo, Japan). The probes were isolated by reverse transcription (RT)-PCR
with testis RNA as the template. The amplified probes were cloned into the
pCR2.1 vector (Invitrogen, Carlsbad, Calif.), and the sequences were confirmed
using the Big Dye terminator kit with ABI PRISM 310 and 377 automated DNA
sequencers (PE Applied Biosystems, Foster City, Calif.). The probes were la-
beled with [�-32P]dCTP (ICN, Costa Mesa, Calif.) using the BcaBest DNA
labeling kit (Takara, Tokyo, Japan).

For semiquantitative RT-PCR, 1 �g of total RNA was reverse transcribed with
the ThermoScript RT-PCR System (Invitrogen). Semiquantitative PCR was per-
formed for 1 cycle at 95°C for 1 min, followed by amplification cycles of 95°C for
30 s, 60°C for 30 s, 72°C for 40 s, and finally 72°C for 7 min, in a PCR system 9700
(PE Applied Biosystems). PCR amplification of the cDNA remained linear for
30 cycles (data not shown). The amplification cycles for each gene were as
follows: cyclin A, 27 cycles; cdc2, 25 cycles; DNA polymerase �, 27 cycles; and
�-actin, 25 cycles. The PCR products were analyzed by 2.0% agarose gel elec-
trophoresis, and visualized using ethidium bromide staining.

The following primer pairs were used for PCR amplification: Rb, 5�-CATCG
TCACTGCCTACAAGG-3� and 5�-GAGGTCCTCACTTTTCCTCC-3�; p107,
5�-ATGCCACAAAGACTCCCAAC-3� and 5�-TGCTTTGATCAGGCAAAG
GG-3�; E2F1, 5�-CCTCGCAGATCGTCATCATC-3� and 5�-GCAGCTCCAAG
AAGCGTTTG-3�; cyclin E, 5�-ACCTGCCATTGCCTCCAAAG-3� and 5�-
GAAGGCAGGACATGCTGTTG-3�; cdc2, 5�-GCAGTTCATGGATTCTTCA
C-3� and 5�-CCGTTCTCGTCCAGGTTCTT-3�; DNA polymerase �, 5�-CACC
GTTGACCTTCATGGTACA-3� and 5�-TGTACCGGTAAAAGCACAGCTG-
3�; �-actin, 5�-GTGACGAGGCCCAGAGCAAGAG-3� and 5�-AGGGGCCGG
ACTCATCGTACTC-3�; Prm1, 5�-ATGGCCAGATACCGATGCTG-3� and 5�-
CTAGTATTTTTTACACCTTATGG-3�; Prm2, 5�-ATGGTTCGCTACCGAA
TGAG-3� and 5�-TTAGTGATGGTGCCTCCTAC-3�; TP1, 5�-ATGTCGACC
AGCCGCAAGC-3� and 5�-TCACAAGTGGGATCGGTAATTG-3�; TP2, 5�-A
TGGACACCAAGATGCAGAG-3� and 5�-TCACTTGTATCTTCGCCCTG-
3�; Tarbp2, 5�-ATGAGTGAAGAGGATCAGGG-3� and 5�-CTACTTGCTACC
CGCCATG-3�; Camk4, 5�-CAAGATGCCAAGGACAGCAC-3� and 5�-TTAG
TACTCTGGCTGAATCG-3�; Csnk2a2, 5�-CAACATTCACGGAAGCGCTG-
3� and 5�-GCTTATGGAAAAGTGGGAG-3�.

Histology and immunohistochemistry. For the standard histological analysis,
the tissues were fixed with 4% paraformaldehyde or Carnoy’s solution and
embedded in methyl methacrylate. The sections were stained with hematoxylin
or hematoxylin and eosin (HE).

For the immunohistochemistry of nuclear envelope proteins, the tissues were
fixed with 4% paraformaldehyde, embedded in OCT compound (Tissue-Tek,
Elkhart, Ind.), and frozen in dry ice. The sections were cut at a thickness of 7 �m
in a CM3050 cryostat (Leica, Nußloch, Germany) and melted onto aminopro-
pyltriethoxy silane-coated slides. The slides were treated with 0.2% Triton X-100
in PBS and then blocked for 1 h with 2% normal goat serum or 3% bovine serum
albumin in phosphate-buffered saline, followed by overnight incubation in the
primary antibodies. The following day, signals were detected by incubating the
slides in the secondary antibodies for 1 h. Propidium iodide was utilized for
nuclear staining. The primary antibodies (and dilutions thereof) were anti-
lamin-B goat serum (M20, 1:40; Santa Cruz Biotechnology, Santa Cruz, Calif.),
anti-LAP2 (monoclonal antibody [MAb] clone 27, 1:500; Transduction Labora-
tories, Lexington, Ky.), and anti-NPC (MAb 414, 1:500; DabCO, Richmond,
Calif.). The slides were analyzed using an LSM510 confocal laser scanning
microscope (Carl Zeiss, Jena, Germany). The Alexa488-conjugated anti-goat-
Ig(H�L) antibody and the anti-mouse-Ig(H�L) antibody (used at 1:200 dilu-
tions) were purchased from Molecular Probes (Eugene, Oreg.).

For the immunohistochemistry of sperm basic proteins, the testes were fixed
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with Carnoy’s solution and embedded in methyl methacrylate. The sections were
cut at a thickness of 5 �m and rehydrated. Antigen retrieval was conducted by
boiling the slides in 10 mM tri-sodium citrate (pH 6.0) for 20 min. After blocking
with 10% normal goat serum in phosphate-buffered saline that contained 0.1%
Triton X-100, the slides were incubated with the primary antibodies. The fol-
lowing day, the slides were incubated with either biotin-conjugated anti-mouse-
Ig(H�L) antibody (1:200; Vector Lab, Burlingame, Calif.) or an anti-rabbit-
Ig(H�L) antibody (1:400; Vector Lab) for 1 h, followed by incubation with
streptavidin-horseradish peroxidase (1:100; Invitrogen) for 1 h. The mouse
MAbs against protamine 1 and 2, Hup1N (1:100) and Hup2B (1:100), were
kindly gifted by R. Balhorn, Lawrence Livermore National Laboratory (37). The
rabbit polyclonal anti-transition protein 1 (1:100) and 2 (1:100) antibodies were
gifted by S. Kestler, University of South Carolina (2, 22). Finally, the sections
were counterstained with either periodic acid-Schiff-hematoxylin or methylgreen.

Analysis of sperm and sperm protamines. Sperm samples were collected from
the cauda epididymides of adult male mice that were 2 to 6 months of age, dried
on aminopropyltriethoxy silane-coated slides, and stained with HE. Sperm mor-
phology was classified a posteriori into four groups, as described in the text
below. At least 200 sperm were analyzed per individual mouse. Sperm motility
was estimated using HTM-IVOS (version 10) according to the manufacturer’s
recommendation (Hamilton-Thorn Research, Danvers, Mass.). The methods for
protamine (Prm) extraction, acid urea polyacrylamide gel electrophoresis, and
Western blot analysis have been described elsewhere (6). Briefly, the sperm
samples were suspended in 50 mM Tris-HCl (pH 8.0) and 10 mM dithiothreitol
using sonication and incubated at 4°C for 15 min. After the sperm tails were
dissolved by treatment with 1% CTAB (cetyltrimethylammonium bromide), the
sperm heads were purified by centrifugation and counted. Protamines were
purified by standard procedures and dissolved at a concentration of 108 sperm
heads/ml in 0.9 M acetate–0.5 M 2-mercaptoethanol–20% sucrose. The proteins

were then subjected to 15% acid urea polyacrylamide gel electrophoresis. For
Western blot analysis, the proteins were transferred onto a nitrocellulose mem-
brane (Schleicher & Schuell, Dassel, Germany) using wet electrophoretic trans-
fer in 0.9% acetate. Western blot analysis was carried out as described above.
The mouse MAbs Hup1N (1:200) and Hup2B (1:200) were used to identify
Prm-1 and Prm-2, respectively (37). A peroxidase-conjugated goat anti-mouse
IgG antibody (Zymed) was diluted 1:1,000 and used as the secondary antibody.

Electron microscopy. Testes were fixed with 2.5% glutaraldehyde and 2%
osmium tetroxide, and small pieces of the testes were routinely dehydrated and
embedded in Epon 812 to make thin sections. The sections were double stained
with uranium acetate and lead citrate and then examined using transmission
electron microscopy at an accelerating voltage of 75 kV (H7100-type transmis-
sion electron microscope; Hitachi, Tokyo, Japan). The negative films and the
images were digitized and processed using Adobe Photoshop 6 (Adobe Systems
Inc., Mountain View, Calif.) and printed with a Pictrostat Digital 400 printer
(Fuji Film, Tokyo, Japan).

RESULTS

Normal cell growth and expression of E2F-DP target genes
in mgcl-1-null embryonic fibroblasts. Two mgcl-1-null mice
were produced and analyzed in this study. In the first murine
line, mgcl-1 expression was disrupted by the deletion of exon 2
via homologous recombination in ES cells (Fig. 1A). Targeted
ES cell lines were transferred into germ lines, and the subse-
quent F1 mgcl-1�/� crosses produced mgcl-1�/� mice in Men-

FIG. 1. Two mgcl-1-null mice. The left and right panels show the respective data for mgcl-1�/� mice that were produced by homologous
recombination and for mgcl-1OST6847/OST6847 mice that were produced by retroviral insertional mutagenesis. (A and D) Maps of the wild-type
mgcl-1 locus, targeting vector, and disrupted loci. The diagnostic restriction enzyme digestion patterns are indicated. Abbreviations: E, EcoRI; Sp,
SpeI. (B and E) Southern blot analysis. The genomic DNA from each genotype was digested with EcoRI and hybridized with the 3�-terminal probes
b (B) and c (E). (C and F) Western blot analysis. Extracts from the testes were separated on SDS-polyacrylamide gels and analyzed with an
affinity-purified, anti-mGCL-1 polyclonal antibody.
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delian ratios (Fig. 1B). Expression of the mGCL-1 protein was
not detected in the mgcl-1�/� mice (Fig. 1C). The second
mgcl-1-deficient mouse strain (mgcl-1OST6847) was derived
from an ES cell line in which a retrovirus vector was inserted
into the mgcl-1 locus (Fig. 1D and E) (48). Neither the full-
length nor the truncated mGCL-1 protein was detected in the
homozygous mgcl-1OST6847/OST6847 strains (Fig. 1F). Since the
mgcl-1OST6847/OST6847 mice exhibited essentially the same phe-
notype as the mgcl-1�/� mice, the following results are derived
mainly from the mgcl-1�/� mice.

Previous reports showed that mGCL-1 overexpression in-
duced cell cycle arrest and reduced E2F-dependent transacti-
vation (14, 31). First, we compared the cell growth and gene
expression characteristics of E2F-dependent genes among
mgcl-1�/�, mgcl-1�/�, and mgcl-1�/� embryonic fibroblasts
(Fig. 2). There were no significant differences in the growth
curves of primary embryonic fibroblasts (Fig. 2A) and the
growth rate of embryonic fibroblasts when they were passed
every 3 days (Fig. 2B). The promoters of various genes, which
included those for the cell cycle regulators Rb, p107, cyclin A,
and p34cdc2, are driven by the E2F-DP complexes (28). The
mRNA levels of the genes for Rb, p107, E2F1, cyclin E, cyclin
A, p34cdc2, and DNA polymerase �, all of which have been
reported to be activated by E2F-DP1, were analyzed by North-
ern blotting or RT-PCR analyses. The embryonic fibroblasts
and testes showed no significant differences with respect to
gene expression in either the control (mgcl-1�/� or mgcl-1�/�)
or mgcl-1�/� genetic backgrounds.

Abnormal nuclear morphology in cells of the liver, exocrine
pancreas, and testis. In addition to binding to the DP compo-
nent of E2F-DP, mGCL-1 was reported to bind to LAP2� (31).
These data encouraged us to analyze the nuclear morphologies
of various organs of the mgcl-1-null mice. Hematoxylin staining
and immunohistochemical staining with anti-nuclear pore
complex (anti-NPC), anti-lamin B, and anti-LAP2 antibodies
showed that cells in the liver, exocrine pancreas, and testis had
abnormal nuclear structures (Fig. 3 and 4). Compared to the
circular or ovoid-shaped nuclei in the liver and exocrine pan-
creas of control mice, the vast majority of the cells in mgcl-1�/�

mice exhibited irregularly shaped nuclei (Fig. 3). However, no
functional abnormalities were observed in either the liver or
exocrine pancreas. The serum concentrations of total protein,
albumin, and of enzymes, such as GOT and GPT, were normal
in the mgcl-1�/� mice (data not shown). As for the function of
the exocrine pancreas, the serum pancreatic amylase concen-
tration was normal and a fat-rich diet intake did not cause
increased levels of fat in the feces of mgcl-1�/� mice (data not
shown).

The mgcl-1 gene is highly expressed in pachytene stage sper-
matocytes, and its product is localized at the nuclear lamina
(27, 29, 31). Irregularly shaped nuclei with deep invaginations
of the cytoplasm were observed in the pachytene and diplotene
spermatocytes of the mgcl-1�/� mice (Fig. 4A). Furthermore,
NPC was distributed at constant intervals in the wild-type
nuclear envelopes, whereas distribution was irregular and NPC
often accumulated at the bottom of invaginated nuclear enve-
lopes in mgcl-1�/� mice. These abnormal nuclear structures
were confirmed by electron microscopic analysis (Fig. 4B).
Thus, both the nuclear structure and the distribution of nuclear

envelope components of spermatocytes are perturbed by the
null mutation in mgcl-1.

Morphological and functional abnormalities of mgcl-1-null
sperm. The fertility of mgcl-1�/� males was reduced signifi-
cantly, despite an apparent lack of effect on either mating
behavior or copulatory plug formation. Significantly fewer ho-
mozygous than heterozygous mice were able to sire offspring (6
of 14 versus 14 of 14, respectively; Fisher’s exact test, P �
0.001). Furthermore, the average litter size of fertile mgcl-1�/�

males was significantly smaller than that of mgcl-1�/� males
(4.5 	 1.9, n 
 14, and 7.9 	 2.0, n 
 23, respectively [mean
	 standard deviation]; P � 0.0001 by Student’s t test). In
contrast, neither histological abnormality nor abnormal fertil-
ity was observed in mgcl-1�/� females (data not shown).

The weights of the testes, cauda epididymides, and seminal
vesicles of mgcl-1�/� males did not differ between wild-type
and mgcl-1�/� males (data not shown). However, the number
of sperm in the cauda epididymides of mgcl-1�/� males (14.7 �
106 	 2.2 � 106 [mean 	 standard error of the mean], n 
 13)
was slightly lower than in those of control males (27.3 � 106 	
3.0 � 106 [mean 	 standard error of the mean], n 
 12) (P �
0.005 by Student’s t test). In addition, approximately 60% of
the sperm of mgcl-1�/� mice had abnormal head morphogen-
esis (Fig. 5A). Frequently observed abnormalities included
blunt acrosomes, ectopic attachment of the flagellum, round
heads, or narrowed heads (Fig. 5B; from left to right in the
�/� panel). In addition, insufficient chromatin condensation
and abnormal acrosome structures were confirmed by electron
microscopy (Fig. 5C). Furthermore, sperm that lacked flagella
appeared more frequently in mgcl-1�/� mice. Finally, the most
striking and peculiar abnormality was the appearance in these
mice of gigantic sperm with multiple heads and flagella. Sev-
eral sperm heads were embedded within a large cytoplasm that
bundled up the flagella (Fig. 5D to F). This morphological
abnormality suggests that defects in the separation of nuclei
and cytoplasm occurred during spermiogenesis. In conjunction
with the aforementioned structural abnormalities, sperm mo-
tility decreased and the path velocity of motile sperm was
reduced (Fig. 5G).

We also examined sperm morphogenesis in the testes of
mgcl-1�/� mice. In the testes, male germ cells differentiate
from spermatogonia into sperm by the complex process of
spermatogenesis (33). The murine spermatogenic cycle is well
defined and can be subdivided into 12 stages (stages I to XII),
with each stage consisting of a specific complement of male
germ cells. The whole process of spermatogenesis occurs in
three phases: spermatocytogenesis, meiosis, and spermiogene-
sis. In spermiogenesis, the spermatids undergo remarkable cy-
tological transformations to develop from round spermatids to
mature sperm (steps 1 to 16), via sequential differentiation
through elongating spermatids and elongated spermatids. The
dramatic morphological alterations of nuclei take place in both
elongating and elongated spermatids. The disruption of nu-
clear structures was observed in elongating spermatids at step
9 in mutant mice. The cytoplasm was invaginated into elongat-
ing nuclei, which were frequently accompanied by bundles of
microtubules (Fig. 6B). The invaginated cytoplasm was re-
tained until the sperm developed (Fig. 5F). In addition, extru-
sion of the nucleoplasm from the condensed nucleus was ob-
served in step 15 spermatids (Fig. 6C).
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The final step of spermiogenesis, i.e., spermiation, or the
release of sperm from the seminiferous epithelium, occurs in
step 16 spermatids (33, 42). In mgcl-1�/� mice, numerous
multinucleated cells were present in the luminal side of the
seminiferous epithelium in stage VIII tubules, but not in tu-
bules at earlier stages (Fig. 6E and F). In addition, incomplete
separation of nuclei from the cytoplasm and widening of the
intercellular bridges was observed in step 16 spermatids of

mgcl-1�/� mice (Fig. 6H and I). These observations strongly
suggest that the premature release of syncytial spermatids that
coalesce through the opening of bridges results in the forma-
tion of multinucleated, giant sperm with multiple heads and
flagella.

Nuclear envelope proteins have been reported to redistrib-
ute during the process of spermatid elongation (4, 10). Immu-
nohistochemical analysis with anti-NPC antibody showed that

FIG. 2. Normal cell growth and E2F-DP target gene expression. (A) Growth rates and saturation densities of MEFs. Primary MEFs were
seeded at 103 cells/well at day 0, and cells were counted every other day. (B) 3T3 analysis. MEF cultures were passaged according to the 3T3
protocol, and the growth rate was calculated as described in the Materials and Methods section. (C) Expression of the E2F target genes in MEFs
and testes. Total RNA was extracted and subjected to Northern blotting or semiquantitative RT-PCR analysis.
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NPC were concentrated at the posterior end of nucleus in
elongating spermatids of mgcl-1�/� mice as well as in those of
wild-type spermatids (data not shown), indicating that the re-
distribution of nuclear envelope proteins occurred normally
even in the absence of mGCL-1.

Abnormal expression of chromatin-remodeling proteins
during mgcl-1-null spermatogenesis. Chromatin remodeling is
an essential part of spermatogenesis (16, 34). The sequential
exchange of chromatin proteins from histones to protamines
(Prm-1 and Prm-2) via transition proteins (TP-1 and TP-2) is

FIG. 3. Abnormal nuclear morphology in cells of the liver and exocrine pancreas of mgcl-1�/� mice. (A) Liver sections fixed with 4%
paraformaldehyde. The nuclei were stained with hematoxylin. Liver sections that were fixed in Carnoy’s solution showed the same abnormalities.
(B) Liver sections stained with the anti-NPC antibody. (C and D) Pancreas sections stained with the anti-lamin B antibody. (B to D) Sections were
analyzed using a confocal laser scanning microscope with 0.7-�m-thick optical sections. Scale bars, 10 �m.
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accompanied by morphological changes in the nuclei and pre-
cipitates chromatin condensation in sperm heads (1, 9, 47, 49).
Prm-1 is synthesized in its mature form, and Prm-2 is produced
in a precursor form that is cleaved proteolytically. Although no
significant differences were observed in the Prm-1 and Prm-2
mRNA levels of mgcl-1�/� and mgcl-1�/� testes (Fig. 7A),
abnormalities were found in the protamines and transition
proteins of mgcl-1�/� testes.

Protamines were extracted from equal numbers of sperm
heads and subjected to acid urea polyacrylamide gel electro-
phoresis and Western blotting (Fig. 7B). The levels of Prm-1
and Prm-2 in the sperm of mgcl-1�/� mice were lower than
those in the control mice. In addition, the immature precursor

form of Prm-2 accumulated in the sperm of mgcl-1�/� mice.
Immunohistochemical analyses of the testes indicated that
translational activation of Prm-1 and Prm-2 occurred at the
appropriate differentiation stages in spermatids (data not
shown). Bearing in mind that the mRNA expression was nor-
mal, we conclude that abnormal posttranscriptional control of
protamines took place in the mgcl-1�/� mice. However, we
observed normal expression of three genes that are essential
for posttranscriptional modifications of protamines, double-
stranded RNA-binding protein Prbp (encoded by the gene
Tarbp2), Ca2�/calmodulin-dependent protein kinase IV
(Camk4), and casein kinase II �� isoform (Csnk2a2) (Fig. 7A)
(44, 46, 51). Meanwhile, retention of the transition protein

FIG. 4. Abnormal nuclear organization of spermatocytes in mgcl-1�/� mice. (A) The testis sections of wild-type and mgcl-1�/� mice were
stained with antibodies against lamin B, LAP2, and NPC, and 1.0-�m-thick optical sections were analyzed by confocal microscopy. The sections
were counterstained with propidium iodide, and the merged images are shown. Scale bar, 5 �m. (B) Electron micrographs of pachytene
spermatocytes of wild-type and mgcl-1�/� mice. P, pachytene spermatocyte; 8t, step 8 spermatid. Scale bar, 5 �m.
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TP-2 was prolonged until the final stage of elongated sperma-
tids in mgcl-1�/� testes (Fig. 7C).

DISCUSSION

mGCL-1 and nuclear integrity. The nuclear envelope, which
separates the chromosomes from the cytoplasm and organizes
the nuclear architecture, is composed of inner and outer mem-
branes, NPC, and nuclear lamina (21, 43). The inner nuclear
membrane contains a unique set of integral membrane pro-
teins, which includes the lamin B receptor (LBR), LAP1,
LAP2, emerin, MAN1, and nurim. Most of these proteins bind
to the nuclear lamina, which is a network of polymers formed

by lamins. Mammals have three lamin genes (LMNA, LMNB,
and LMNB2), which encode seven alternatively spliced lamin
isoforms. Lamins and other nuclear envelope proteins are in-
volved in the organization of the nuclear architecture. From
the analyses of human diseases and gene targeting mouse,
three genes, LMNA, emerin and LBR have been revealed to be
essential for the maintenance of normal nuclear envelope in-
tegrity as discussed later (21, 23).

The cells of mgcl-1-null mice showed abnormal nuclear
structures in several organs (Fig. 3 and 4). Although mGCL-1
was reported to bind LAP2�, the functions of these two pro-
teins in nuclear envelope formation remain unknown (14, 31).
LBR and emerin are integral proteins of the nuclear inner

FIG. 5. Morphological and functional abnormalities in the sperm of mgcl-1�/� mice. (A) Sperm from the cauda epididymis of wild-type and
mgcl-1�/� mice were stained with HE, and their morphology was classified into four categories (see text). Data are means (error bars, standard
deviations) of results for four mice (symbols for statistical significance [Student’s t test]: *, P � 0.00001; †, P � 0.005; ‡, P � 0.05). (B) Morphology
of sperm heads. Typical abnormalities observed in mgcl-1�/� mice included blunt acrosomes, ectopic attachment of flagella, round heads, and
narrowed heads (from left to right in the �/� panel). The sperm nuclei of mgcl-1�/� mice are relatively well stained with hematoxylin, which
suggests incomplete condensation. Scale bar, 10 �m. (C) Electron micrographs of sperm heads. Electron-dense and highly condensed nuclei are
observed in the wild-type mice, whereas nuclear condensation is incomplete in the mgcl-1�/� mice (arrows). The acrosomes of the sperm of
mgcl-1�/� mice are curled. The cytoplasmic components, such as mitochondria, are retained in an abnormal fashion around the acrosome
(arrowhead). Abbreviations; a, acrosome; f, flagellum; n, nucleus. Scale bar, 5 �m. (D and E) Giant sperm with multiple heads and flagella in
mgcl-1�/� (D) and mgcl-1OST4876/OST4876 (E) mice. Scale bars, 10 �m. (F) Electron micrographs of giant sperm in mgcl-1�/� mice. Three nuclei
are embedded in a large section of the cytoplasm (left), and the cytoplasm is retained in the middle portion of the flagellum with two heads (right,
arrowhead). Note the invaginated cytoplasm that is retained within the nuclei (left, arrowhead). Scale bar, 5 �m. (G) The percentage of motile
sperm and the path velocity of motile sperm. Data represent the means (error bars, standard deviations) of four wild-type and six mgcl-1�/� mice
(symbols for statistical significance [Student’s t test]: *, P � 0.005; †, P � 0.05).
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membrane, and lamins A and C, which are A-type lamins and
gene products of the LMNA gene, are major components of
the nuclear lamin. Compared to these proteins, mGCL-1 ap-
pears to be a relatively minor component of the nuclear lam-
ina, since mGCL-1 does not bind directly to lamins and it is not
an integral protein (31). An essential role for mGCL1 in nu-
clear integrity suggests that the nuclear lamina forms a more
complicated structure than was previously believed; i.e., more
proteins may participate as essential members. An alternative,
though not mutually exclusive, interpretation is that the Dro-
sophila GCL and mGCL-1 proteins have unidentified molec-
ular properties in common. Although there are no genes that

code for LAP proteins in Drosophila (11), GCL is localized to
the nuclear envelope (24, 32). Furthermore, mGCL-1 can res-
cue the Drosophila gcl mutant phenotype (29). In addition, the
full-length mGCL-1 and various deletion mutants of mGCL-1
have been localized to the nuclear lamina (data not shown). It
is conceivable that mGCL-1 binds to some other structural
components of the nuclear envelope in order to maintain the
structure.

Nuclear envelopes break down at the onset of mitosis and
are reconstructed around the chromosomes during telophase
(8, 12). Similar to other nuclear lamina proteins, mGCL-1
diffuses into cytoplasm and/or ER during mitosis and reassem-

FIG. 6. Abnormal spermiogenesis in mgcl-1�/� mice. Shown are electron (A to C and G to I) and light (D to F) micrographs of adult testes.
(A and B) Step 10 spermatids of wild-type (A) and mgcl-1�/� (B) mice. The arrowhead indicates the invaginated cytoplasm that accompanies the
bundles of microtubules. (C) Step 15 spermatid of mgcl-1�/� mice. Arrowheads indicate nucleoplasm extrusions from the condensed nucleus. (A
to C) Scale bars, 2 �m. (D to F) The stage VIII tubules of wild-type (D) and mgcl-1�/� (E and F) mice. Arrowheads indicate multinucleated cells.
Scale bar, 20 �m. (G to I) Step 16 spermatids during spermiation in the wild-type (G) and mgcl-1�/� (H and I) mice. Incomplete separation of
the nucleus from the cytoplasm (H), and nuclear embedding in the cytoplasm (I) are frequently observed in mgcl-1�/� mice. Arrows indicate the
widening of intercellular bridges. Abbreviations: n, nucleus; f, flagellum; c, cytoplasm; ib, intercellular bridge. Scale bars, 2 �m.
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bles around chromosomes at the end of mitosis (data not
shown). Immunostaining with antibodies against LAP2 and
NPC showed that the nuclear envelope components assembled
around chromosomes at the end of mitosis in mgcl-1�/� em-
bryonic fibroblasts (data not shown), suggesting that reforma-
tion of nuclear envelopes was not affected by the absence of
mGCL-1.

Abnormal spermatogenesis in mgcl-1�/� mice. The most
striking feature of the mgcl-1�/� mouse phenotype was abnor-
mal spermatogenesis (Fig. 4 to 7). The abnormalities could be
divided into three categories: defects in nuclear architecture,
sperm morphology, and proteins that were involved in chro-
matin remodeling. Given that mGCL-1 bound directly to
LAP2�, and that mGCL-1 is expressed abundantly in sper-
matocytes (27, 29, 31), the abnormal nuclear envelope struc-
ture was probably due to the primary effect of the null muta-
tion in mgcl-1. However, it is uncertain whether the other
abnormalities are direct sequels of the null mutation or are due
to the indirect effects of the abnormal nuclear envelope struc-
ture.

Although the mgcl-1 gene was expressed ubiquitously, ab-
normal nuclear morphology was detected only in the restricted

organs. The testes showed very high levels of mgcl-1 mRNA.
However, the mRNA levels in the exocrine pancreas and liver,
both of which showed abnormal nuclear structures, were com-
parable to those in other organs (27, 29). Thus, the abundance
of mgcl-1 transcripts alone does not explain why mGCL-1 is
important for the normal nuclear structure. Differential ex-
pression of lamins may be one reason for the tissue-specific
nuclear architecture abnormalities. The nuclear envelope of
spermatocytes contains the short meiosis-specific lamin iso-
forms C2 and B3, which are A- and B-type lamins, respectively
(19, 20, 36, 41). Due to the presence of these spermatocyte-
specific lamins, the stability of the nuclear envelope of sper-
matocytes is considered to be lower than that of somatic cells
(3, 5, 19). Abnormal nuclear morphology was found not only in
spermatocytes but also in the later stages of spermiogenesis. It
seems reasonable to consider that the vulnerable nuclear struc-
ture originates in spermatocytes and persists until the later
phases of spermatogenesis.

Experimental and genetic studies suggest that the nuclear
lamina is involved in a number of nuclear functions, such as
nuclear envelope assembly, DNA synthesis, transcription, and
apoptosis (21, 43). The roles of the nuclear lamina in replica-

FIG. 7. Abnormal chromatin-remodeling proteins in mgcl-1�/� mice. (A) The expression of mRNAs for Prms, TPs, Tarbp2, Camk4, and
Csnk2a2 was examined by Northern blotting or RT-PCR analysis. (B) Prms from the sperm of wild-type and mgcl-1�/� mice were separated on
an acid urea polyacrylamide gel and either stained with Coomassie brilliant blue (CBB) or subjected to Western blot analysis with antibodies to
Prm-1 (�Prm-1) or Prm-2 (�Prm-2). Protein from the same number of sperm was loaded in each lane. The top bands in the CBB-stained gels are
precursor forms of Prm-2, and the lower band is a mixture of Prm-1 and Prm-2. (C) Immunohistochemical analysis of TP-2 in the testes of
mgcl-1�/� and mgcl-1�/� mice. TP-2 was retained in an abnormal manner in late spermatids of mgcl-1�/� mice at stage VIII (arrowheads). Nuclei
are counterstained with methyl green. Scale bar, 10 �m.
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tion and transcription are putatively related to interactions
between the nuclear lamina and chromatin. From this point of
view, an intriguing phenotype of the mgcl-1-null mouse was the
abnormal expression of transition proteins and protamines
(Fig. 7), both of which are involved in chromatin remodeling
during spermatogenesis (16, 34). It is unclear whether this
abnormality is a direct consequence or an indirect downstream
effect of nuclear envelope abnormality. In any case, this ab-
normality led to insufficient chromatin condensation in the
sperm heads of mgcl-1�/� mice. Perturbed chromatin remod-
eling caused by the impaired expression of transition proteins
and protamines may be one of the reasons why mature mgcl-
1mutant sperm have abnormal morphologies (1, 9, 47, 49, 51).

Two previous works have suggested that mGCL-1 interferes
with the transcriptional functions of the E2F-DP complex (13,
31). An independent explanation for the abnormality in mgcl-
1�/� testis is that abnormal gene expression arose from the
altered transcriptional activities of E2F-DP. However, we be-
lieve that this mechanism is unlikely to be true, since the
expression levels of genes whose transcription was driven by
E2F-DP were not altered significantly in the mgcl-1�/� testis
(Fig. 2).

mGCL-1 as a factor of “laminopathies.” Interestingly, per-
turbation of the nuclear envelope structure is known to cause
laminopathy diseases, such as Emery-Dreifuss muscular dys-
trophy, in which the lamin A/C or the emerin genes for nucle-
ar-lamina components are mutated (21, 43). Mice that lacked
the A-type lamins had abnormal nuclear envelope integrity and
suffered from muscular dystrophy (38). Recently, mutations in
the LBR-encoding gene were reported to alter the nuclear
morphology of granulocytes (Pelger-Huët anomaly) (23).
These laminopathies are defined as diseases that are caused by
mutations in genes that encode either lamins or proteins that
bind to lamins. The loss of mGCL-1 may not in itself constitute
a laminopathy, since mGCL-1 does not bind directly to lamins.
However, mGCL-1 deficiency may be considered a laminopa-
thy in a broader interpretation of this disease. In terms of both
the human diseases and the mutant mouse strains, it has been
proposed that defects in the nuclear lamina eliminate the spe-
cific interaction between the nuclear matrix and chromatin,
which leads to disorganized chromatin architectures and ab-
normal gene expression. However, the molecular mechanisms
that link abnormal nuclear envelope integrity and these dis-
eases have not been elucidated (21, 43). It remains to be
determined whether the pathophysiology reflects the primary
molecular defect in the nuclear envelope, or is caused by down-
stream effects on chromatin structure and gene expression.

Accordingly, it is difficult to ascertain how the mgcl-1-null
mutation causes abnormal spermatogenesis. However, we
speculate that the LAP2-BAF association may provide a clue
to the pathogenesis. Chromatin regions appear to be anchored
to the nuclear lamina (21), and LAP2 is an important compo-
nent for this binding, since two isoforms of LAP2, LAP2� and
LAP2�, bind to chromatin (15, 18). Stable binding requires
both the chromatin-binding domain and the LEM domain,
which is a conserved region of �43 amino acids that is also
found in emerin and MAN1 (30, 35). In addition, LAP2 iso-
forms bind to the DNA-binding protein BAF via their LEM
domains (17, 35). BAF, which is a ubiquitous and highly con-
served protein, colocalizes with chromatin during interphase

and mitosis and probably plays a fundamental role in chromo-
some architecture (17, 50). A null mutation in the mgcl-1 gene
may affect chromatin organization and subsequent gene ex-
pression by inducing an abnormal LAP2�-BAF association.

The Drosophila gcl gene is required for the formation of
germ cell precursors but not for germ cell development within
the gonads (25, 32). In contrast, mgcl-1 is dispensable for PGC
formation (data not shown) but is important for spermatogen-
esis. Thus, despite the substitutable molecular function of
mouse gcl in Drosophila, the physiological functions of the
Drosophila and mouse gcl genes are distinct during germ cell
development. One of the abnormal features of the Drosophila
gcl mutant is the disordered budding of germ lineage cells (25,
32). The gigantic sperm in mgcl-1�/� mice, which were pre-
sumably caused by unsuccessful cell separation at the final
stage of spermiogenesis, are reminiscent of abnormal budding
in Drosophila. We believe that comparative studies in different
taxa of the functions of the Drosophila GCL and its mouse
homologue will provide phylogenetic clues as to germ cell
specification and differentiation.
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