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ABSTRACT

Formation of the male gamete occurs in sequential mitotic, meiotic, and postmeiotic phases.
Many germ cell-specific transcripts are produced during this process. Their expression is develop-
mentally regulated and stage specific. Some of these transcripts are product of genes that are male
germ cell-specific homologs of genes expressed in somatic cells, while some are expressed from
unique genes unlike any others in the genome. Others are alternate transcripts derived from the same
gene as transcripts in somatic cells but differing from them in size and/or overall sequence. They are
generated during gene expression by using promoters and transcription factors that activate tran-
scription at different start sites upstream or downstream of the usual site, by incorporation of alternate
exons, by germ cell-specific splicing events, and by using alternate initiation sites for polyadenyla-
tion. Male germ cell development consists of an assortment of unique processes, including meiosis,
genetic recombination, haploid gene expression, formation of the acrosome and flagellum, and
remodeling and condensation of the chromatin. These processes are intricate, highly ordered, and
require novel gene products and a precise and well-coordinated program of gene expression to occur.

The regulation of gene expression in male germ cells occurs at three levels: intrinsic, interactive,
and extrinsic. A highly conserved genetic program “intrinsic” to germ cells determines the sequence
of events that underlies germ cell development. This has been underscored by recent studies showing
that meiosis involves many genes that have been conserved during evolution from yeast to man.
During meiosis and other processes unique to germ cells, the intrinsic program determines which
genes are utilized and when they are expressed. In the postmeiotic phase, it coordinates the expression
of genes whose products are responsible for constructing the sperm. The process of spermatogenesis
occurs in overlapping waves, with cohorts of germ cells developing in synchrony. The intrinsic
program operating within a particular germ cell requires information from and provides information
to neighboring cells to achieve this coordination. Sertoli cells are crucial for this “interactive” process
as well as for providing essential support for germ cell proliferation and progression through the
phases of development. The interactive level of regulation is dependent on “extrinsic” influences,
primarily testosterone and follicle-stimulating hormone (FSH). Studies during the last 4 years have
established that FSH is not essential for germ cell development but instead serves an important
supportive role for this process. While testosterone is essential for maintenance of spermatogenesis,
it acts on Sertoli cells and peritubular cells and has indirect effects on germ cells. The extrinsic and
interactive processes are extremely important for establishing and maintaining an optimum environ-
ment within which gametogenesis occurs. Nevertheless, an intrinsic evolutionarily conserved genetic
program regulates male germ cell gene expression and development.
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I. Introduction

Spermatogenesis is a paradigm of development that continues throughout
adult life in most mammals. This process occurs in seminiferous tubules
containing an epithelium populated by a mixture of germ cells and Sertoli cells,
surrounded by a thin wall of peritubular cells (Figure 1). Sertoli cells serve a
crucial nurturing role for germ cells and are believed to help coordinate important
events of spermatogenesis (Griswold, 1998). Sertoli cells also divide the semi-
niferous epithelium into two compartments: a basal compartment where cells are
exposed to the surrounding milieu and a luminal compartment where cells are
sequestered behind a “blood-testis” barrier formed by junctional complexes
between Sertoli cells. Although the focus here is on the mouse, most of what is
discussed applies to mammals in general.

Germ cell development occurs in successive mitotic, meiotic, and postmei-
otic phases (Figure 2), with the germ cells moving from the periphery to the
lumen of the seminiferous tubule during this process. The mitotic phase occurs
in the basal compartment, while the meiotic and postmeiotic phases occur in the
luminal compartment. This takes about 35 days in the mouse, with the mitotic
phase lasting approximately 11 days, the meiotic phase lasting approximately 10

FIG. 1. A cross-section of a seminiferous tubule in the mouse testis. A thin layer of peritubular
cells surrounds the tubule and Leydig cells are located in the areas between tubules. Sertoli cells
divide the seminiferous tubule into the basal compartment containing germ cells in the mitotic phase
and a luminal compartment containing germ cells in meiotic and postmeiotic phases.
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days, and the postmeiotic phase lasting approximately 14 days (Clermont and
Trott, 1969). The process begins every 8.7–8.9 days. The duration of these
phases varies slightly between mouse strains. It includes processes unique to
germ cells, including meiosis, genetic recombination, haploid gene expression,
formation of the acrosome and flagellum, and remodeling and condensation of
chromatin, all of which must occur at the correct time to produce the male
gamete.

The highly ordered process of spermatogenesis, in turn, requires a precise
and well-coordinated program that regulates the constantly changing patterns of
gene expression. Although many questions remain to be answered, the regulation
of this process can be thought of as occurring in three concentric levels: intrinsic,
interactive, and extrinsic (Figure 3). Intrinsic regulation is managed by an
evolutionarily conserved genetic program that underlies the development of germ
cells of diverse species, ranging from nematodes to flies to mammals. This
program is responsible for the sequence of events of differentiation and mor-
phogenesis that occur throughout the progression of spermatogenesis. For mei-
osis and other processes specific to germ cells in particular, the intrinsic program
determines which genes are utilized and when they are expressed.

The development of male germ cells occurs in overlapping waves in
mammals and other vertebrates, with cohorts of mitotic, meiotic, and postmeiotic
germ cells developing in synchrony. The intrinsic program operating within a
given cell requires information from, and provides information to, neighboring
cells to achieve this coordination. This interactive regulation of germ cell gene

FIG. 2. The three phases of germ cell development. Stem cells give rise to spermatogonia that
undergo several mitotic divisions over the next 10 days. More than half of the spermatogonia
undergoes apoptosis during the latter part of the mitotic phase. During much of the meiotic phase, the
spermatocytes are in the G2 phase of the cell cycle. After the two meiotic divisions at the end of this
phase, germ cells enter the postmeiotic phase. Transcription occurs throughout germ cell develop-
ment until the midpoint of the postmeiotic phase. During the latter half of this phase, proteins are
synthesized from transcripts that have been stored since the early part of the postmeiotic phase.
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expression is far from being well understood but in vitro and in vivo studies
indicate that Sertoli cells are key players in the information-exchange process.
Each Sertoli cell is in contact simultaneously with three or four layers of germ
cells that are in all three phases of spermatogenesis and is well situated to
integrate and modulate the various signals to, from, and between germ cells.

Interactive regulation is, in turn, subject to extrinsic regulation by the
endocrine system, primarily through testosterone and FSH. These hormones
directly influence gene expression in somatic cells of the testis, thereby regulat-
ing the milieu within which interactive regulation occurs and indirectly influ-
encing gene expression in germ cells.

II. Intrinsic Regulation of Germ Cell Gene Expression

The ultimate regulation of gene expression in male germ cells, as in all other
cells, occurs first at the level of transcription, next at the level of translation, and
thereafter at the post-translational level. The fundamental apparatus for these
processes and the mechanisms that control them vary little between cell types but
the specific features of the individual proteins involved and how their actions are
modulated greatly influence the progression and outcome of the cell’s develop-
ment. There are three important features of the intrinsic genetic program
underlying the process of male germ cell development. First, the processes of

FIG. 3. The three levels of regulation of gene expression in germ cells. An intrinsic genetic
program is responsible for regulating gene expression in male germ cells. Germ cells develop in
overlapping waves, with cohorts of germ cells developing in synchrony. This requires coordination
of the intrinsic programs for the cohorts of germ cells. The Sertoli cells serve a crucial role in this
process. The interactive level of influence over germ cell development, in turn, is responsive to
extrinsic cues that influence gene expression in Sertoli and Leydig cells, thereby regulating the milieu
within which germ cells develop and indirectly influencing gene expression in germ cells. The
extrinsic and interactive programs are essential for supporting germ cell development but gene
expression is regulated by the germ cells themselves.
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meiosis and spermatogenesis have been conserved throughout evolution. Second,
many unique genes and variant transcripts are expressed during male germ cell
development. Third, the expression of such genes is developmentally regulated
and stage specific.

A. GENETIC CONSERVATION

Many of the general features of germ cell development are well conserved
between phyla (Roosen-Runge, 1977). It is becoming increasingly clear that the
same is true for the genes involved. The genome of the budding yeast, Saccha-
romyces cerevisiae, has been sequenced and the temporal profile of gene
expression during sporulation, when meiosis occurs, has been determined (Chu
et al., 1998). A subset of 164 genes induced in the early, middle, and later periods
of meiosis was identified and a computer-based search was used to identify
homologs, genes that have evolved from a common ancestor, in C. elegans,
Drosophila, and mammals (Hwang et al., 2001). Over 70% of the yeast genes
were found to have homologs in C. elegans, Drosophila, mice and/or humans,
providing strong evidence that a substantial amount of the genetic program of
meiosis is well conserved between phyla. More than half of these genes are
represented by expressed sequence tags (ESTs) from mouse cDNA libraries that
span the period from before until after meiosis in the female germ cell line
(Hwang et al., 2001).

Expression of many of the same genes presumably occurs during meiosis in
the male. However, systematic and comprehensive sequencing of cDNA libraries
covering all phases of spermatogenesis needs to be done before this can be
verified. There are many differences between oogenesis and spermatogenesis,
with different genes being expressed during these processes. This was demon-
strated in recent studies that evaluated the expression of testis-specific genes for
C. elegans and Drosophila (Andrews et al., 2000; Reinke et al., 2000). On
microarrays that contained nearly two thirds of the predicted genes for C.
elegans, 11.8% were germline-enriched genes, of which 46% were expressed
specifically in the male gonad, 18% in the female gonad, and 36% in both
(Reinke et al., 2000). Comparisons of ESTs generated by sequencing cDNA
libraries of Drosophila found that nearly half of testis ESTs did not match with
any nongonadal Drosophila EST sequences and about two thirds of those
differed from ovary ESTs (Andrews et al., 2000). These studies indicate that
several hundred male gonad-specific genes are expressed in C. elegans and
Drosophila. It remains to be determined how many of these genes have homologs
in mouse and/or human but the studies by Hwang et al. (2001) suggest that a
majority of the genes are conserved.

The principal role of the intrinsic program in germ cell development was
shown quite dramatically when rat spermatogonial stem cells were transplanted
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into the seminiferous tubules of the mouse testis. The rat stem cell gave rise to
normal-appearing rat sperm (Clouthier et al., 1996) that developed at the same
rate as in the rat testis, which is slower than in the mouse (Franca et al., 1998).
These studies show that germ cells carry all of the information and instructions
needed for their own development.

B. GERM CELL-SPECIFIC TRANSCRIPTS

It was estimated that up to 20,000 different transcripts are present in a given
cell population (Zhang et al., 1997). Most of these are products of ubiquitously
expressed “housekeeping genes” that are responsible for the basic structures and
functions common to all cells, while fewer are responsible for the specific
features and activities of the particular cell type. As of this writing, the NCBI
Mouse UniGene database (http://www.ncbi.nlm.nih.gov/UniGene/Mm.Home.
html) contains 18,673 sequence clusters that include cDNAs from testis libraries,
with 2701 sequence clusters identified as containing cDNAs specifically from
spermatogonia, spermatocyte, or spermatid libraries. However, these numbers
are probably inflated. Most of the ESTs are only 300 to 600 bp in length, very few
have been confirmed by other methods to be expressed in testis or male germ
cells, and it is likely that many are ubiquitously expressed genes. In addition, an
unknown fraction consists of nonoverlapping ESTs from different regions of
full-length cDNA sequences. On the other hand, there are undoubtedly many
cDNAs in germ cell libraries that have not yet been sequenced and the short
cDNA sequences that are determined probably do not identify variant transcripts.

There are three principal ways that male germ cell-specific transcripts and
proteins are produced. The first is by expression of genes only in spermatogenic
cells that are homologs of genes expressed in somatic cells, or in somatic cells
and germ cells. The second is by expression of unique genes, those without
significant similarity to any other gene in the genome. The third is by expression
of variant transcripts. These are transcribed from genes also expressed in somatic
cells but are often smaller or larger than their somatic cell counterparts and are
the result of using one or more alternate transcript start sites, transcript splice
sites, exons, or polyadenylation signals.

1. Male Germ Cell-specific Gene Homologs

Genes expressed only in male germ cells frequently are homologs of genes
expressed in somatic cells (reviewed in Eddy and O’Brien, 1998). In some cases,
a gene that is expressed in somatic cells is inactivated and a germ cell homolog
is activated. An example of this is glyceraldehyde 3-phosphate dehydrogenase
(Gapd), a highly conserved gene for an essential enzyme in the glycolytic
pathway. Gapd usually is considered to be a housekeeping gene and its mRNA
is commonly used as a loading control on northern blots. However, this gene is
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inactivated during the meiotic phase and the spermatogenic cell-specific Gapds
gene is activated early in the postmeiotic phase of male germ cell development
(Mori et al., 1992; Welch et al., 1992). The amino acid sequence of GAPDS is
over 70% identical to that of GAPD and contains the appropriate amino acids in
the locations necessary to form the binding pocket for the NAD� cofactor and the
thioester substrate-binding site. Although the exon-intron structure of mouse
Gapds is similar to that of Gapd (Welch et al., 1995), GAPDS has a large
proline-rich domain at the N-terminus that is not present in GAPD.

It seems inefficient for male germ cells to use a new gene instead of an
existing one that encodes a nearly identical protein. However, there are often
significant advantages for male germ cells to have their “own” genes. One is that
a germ cell homolog may compensate for a gene that is inactivated in male germ
cells. An example of this is the phosphoglycerate kinase-1 (Pgk1) gene that
encodes another essential enzyme in the glycolytic pathway. Pgk1 is located on
the X chromosome, which is inactivated during the meiotic phase of male germ
cell development. However, the germ cell-specific Pgk2 gene is located on an
autosome and is activated soon thereafter. The Pgk2 gene lacks introns and was
hypothesized to have evolved as a functional retroposon of the X-linked Pgk1
gene (Boer et al., 1987; McCarrey and Thomas, 1987). Expression of the Pgk2
gene is restricted to germ cells in most eutherian mammals but is expressed
ubiquitously or in a subset of somatic tissues and in germ cells of different
marsupials. It was hypothesized that tissue-specific enhancer activity and tissue-
specific demethylation led to the restriction of Pgk2 expression to germ cells,
thereby maintaining glycolysis when Pgk1 expression ceases due to X chromo-
some inactivation (McCarrey, 1994).

Another advantage of germ cell-specific genes is that the encoded protein
may fulfill the same role as that of the somatic cell’s product but also have other
structural or functional properties that serve unique roles in male germ cells. For
example, GAPDS is anchored to the fibrous sheath by the proline-rich N-terminal
domain that is absent in GAPD (Bunch et al., 1998). Furthermore, most of the
other enzymes in the glycolytic pathway in postmeiotic germ cells and sperm
also have unique structural or functional properties (reviewed in Eddy et al.,
1994). Several are known to be concentrated in the principal piece (Bunch et al.,
1998). Glycolytic enzymes in sperm cofractionate with sperm tail components
(Mohri et al., 1965) and are associated as a complex (Storey and Kayne, 1978).
The unique structural and functional features of the other glycolytic enzymes
may serve a role similar to the proline-rich domain of GAPDS for assembling
this complex. Molecular modeling studies indicate that important differences
occur in specific amino acids surrounding the NAD� cofactor-binding pocket
and glyceraldehyde 3-phosphate (G3P) substrate-binding pocket of GAPD and
GAPDS (unpublished observations). Earlier investigators were unaware that
sperm contain GAPDS rather than GAPD but observed that sperm were signif-
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icantly more vulnerable than other cells to damage by environmental chemicals
structurally similar to G3P (Jones, 1978; Stevenson and Jones, 1985). However,
glycolysis is ineffective in spermatids. Addition of glucose to spermatids in vitro
leads to an increase in the concentration of intermediates upstream of GAPD in
the glycolytic pathway, while those downstream of GAPD decrease, leading to a
substantial drop in adenosine triphosphate (ATP) levels (Nakamura et al., 1982;
Jutte et al., 1983). This is strikingly different from the situation in sperm, where
glucose is required for fertilization to succeed (Hoppe, 1976; Fraser and Quinn,
1981; Cooper, 1984). Differences in molecular structure between GAPDS and
GAPD may provide the ability for GAPDS to serve as the switch from inactive
glycolysis in postmeiotic germ cells to active glycolysis in sperm (Eddy et al.,
1994).

Activation of germ cell-specific gene expression may also occur without the
associated inactivation of a homolog. An example of this occurs for two members
of the 70-kDa heat-shock protein (HSP70) family. The HSP70 proteins are
chaperones that assist other proteins to fold as they emerge from the ribosome,
escort them through the cytoplasm, help them assemble into complexes, and
facilitate the refolding of proteins partially denatured by heat or other stresses.
The genes for most HSP70 proteins are expressed in all tissues, either constitu-
tively or following induction by heat shock and other stresses. However, a major
70-kDa protein is present in germ cells that migrates to the same position on
two-dimensional (2-D) gels as the HSP70 protein induced by heat shock in 3T3
cells (Allen et al., 1988a,b). The protein is synthesized in spermatocytes
(O’Brien, 1987) and was recognized on immunoblots with a pan-HSP70 anti-
body. The cDNA was cloned and the sequence was found to correspond to a
region in a genomic clone (Hsp70–2) isolated previously (Zakeri et al., 1988).
Northern and in situ hybridization analysis found that transcription began in the
early part of the meiotic phase and immunoblot and immunohistochemical
analysis determined that the protein was expressed shortly thereafter (Rosario et
al., 1992).

Mice with a targeted mutation in the Hsp70–2 gene were produced to
determine if the HSP70–2 protein has a unique role in germ cells. Male mice
homozygous for the mutation are infertile (Dix et al., 1996a), demonstrating that
HSP70–2 serves a different role than the other HSP70 proteins present in germ
cells. Germ cells in the mitotic and meiotic phases were present in the testis but
development was arrested in late pachytene spermatocytes, at the G2/M phase
transition of the meiotic cell cycle. This transition occurs in all cells and requires
Cdc2 kinase activity, acquired when a cyclin A or B regulatory subunit binds to
the Cdc2 catalytic subunit and triggers changes in Cdc2 phosphorylation. This
suggested that HSP70–2 is a molecular chaperone required for Cdc2 activation
(Zhu et al., 1997). HSP70–2 was found to associate with Cdc2, but not with
cyclin B1 or the cyclin B1/Cdc2 heterodimer, in germ cells of wild-type mice.
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While cyclin B1 and Cdc2 were present in germ cells of male mice homozygous
for the Hsp70–2 mutation, they failed to assemble into heterodimers, lacked
Cdc2 kinase activity, and did not undergo the changes in phosphorylation seen in
wild-type mice. This suggested that HSP70–2 is required for Cdc2 to dimerize
with cyclin B1 and become an active kinase in male germ cells. This was verified
by showing that addition of recombinant HSP70–2 protein to a homogenate of
germ cells from homozygous mutant mice restored the ability of Cdc2 to form
heterodimers with cyclin B1 and to become an active kinase (Zhu et al., 1997).
It was suggested that HSP70–2 enables Cdc2 to acquire the necessary confor-
mation to form a heterodimer with cyclin B1, thereby providing the protein
kinase activity necessary for the G2/M transition to occur. However, Cdc2 serves
the same role at the G2/M transition during mitosis in somatic cells and of
meiosis in female germ cells, in the absence of HSP70–2. Although it is not yet
understood why HSP70–2 is required only in male germ cells to achieve the
G2/M transition, it apparently serves a chaperone role that is specifically required
in male germ cells and is not provided by homologs.

Transcription of Hsc70t also is activated in postmeiotic male germ cells
without changes in expression of other HSP70 family genes. A monoclonal
antibody against a protein spot extracted from 2D gels of isolated male germ cells
recognized a 70-kDa protein present only in spermatids. The protein had
immunoblotting and peptide map characteristics similar to HSC70, a constitu-
tively expressed member of the HSP70 family (Maekawa et al., 1989). The
monoclonal antibody was used to screen a mouse testis cDNA library and clones
were isolated with high sequence homology to an HSP70 family gene expressed
only during the postmeiotic phase of spermatogenesis (Matsumoto and Fujimoto,
1990). Northern analysis demonstrated that Hsc70t transcripts are present
throughout much of the postmeiotic phase, while immunostaining and immunblot
analysis indicated that HSC70T protein is not synthesized until late in the
postmeiotic phase (Tsunekawa et al., 1999).

It was hypothesized that HSC70T has a role similar to that of HSC70–2,
serving as a chaperone for a protein or proteins of male germ cells essential
during the late postmeiotic phase. The gene targeting approach was used to test
this hypothesis. However, male mice homozygous for a mutation in Hsc70t had
normal fertility and histological studies indicated that germ cell development
during the late postmeiotic phase was not altered (unpublished observations).
Nevertheless, when sperm from homozygous mice were placed in vitro, they
became immotile within an hour, while sperm from wild-type mice remained
motile for several hours. ATP levels are low in these sperm and their ability to
produce ATP appears to be compromised (E.M. Eddy, unpublished observa-
tions). This suggests that HSC70t possesses unique chaperone capabilities that
are required by postmeiotic germ cells for the assembly and function of protein
complexes involved in energy production.
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A variation on the theme of activating a gene without inactivating its
homolog is seen for A-kinase anchoring proteins (AKAPs). They tether cAMP-
dependent protein kinase A (PKA), serving to localize its signal transduction
activity within a particular region of the cell. The AKAPs differ substantially in
sequence but all contain PKA-binding domains. Two AKAPs unique to male
germ cells are located in the fibrous sheath, a cytoskeletal component of the
sperm flagellum that contains at least six major proteins and more minor proteins
in the mouse (Eddy et al., 1991). AKAP4 is the major structural protein of the
fibrous sheath and the Akap4 gene is expressed only during the postmeiotic phase
(Carrera et al., 1994; Fulcher et al., 1995). The Akap4 gene is located on the X
chromosome, making it a single-copy gene in the male (Moss et al., 1997). The
AKAP4 protein appears to serve as a scaffold for proteins that are tightly
associated with the fibrous sheath or localized to the principal piece, including
GAPDS. The Akap3 gene was identified recently and found to be expressed only
during the postmeiotic phase (Mandal et al., 1999; Vijayaraghavan et al., 1999).
The presence of two AKAPs in the fibrous sheath suggests that PKA activation
and function lead to phosphorylation of proteins in this region that regulates
flagellar function.

2. Unique Genes

Some genes expressed only in male germ cells do not have homologs in
other cells. Most of these genes are expressed during the postmeiotic phase, when
the specialized structural components of spermatozoa are produced. During this
period, dramatic remodeling of the nucleus and condensation of the chromatin
occurs, the acrosome forms, and the flagellar axoneme and accessory fiber
proteins are synthesized and assembled.

The round spermatid nucleus is remodeled into a falciform-shaped nucleus
in the mouse during the last part of the postmeiotic phase. This occurs by removal
of the histones, the major nuclear proteins in all other cell types, and their
replacement with transition proteins and those, in turn, with protamines. The
transition proteins and protamines are products of unique genes expressed only
in male germ cells. The protamines are small, basic proteins that package the
sperm DNA into a volume about one twentieth of that of a nucleus of somatic
cells (reviewed by Balhorn et al., 1999). Most mammals have only one protamine
gene but mouse, human, and a few other mammals have two. Gene targeting was
used to determine if both protamines are necessary or if protamine 2 (Prm2) is
redundant to protamine 1 (Prm1) in the mouse. One copy of either the Prm1 or
Prm2 gene was disrupted in embryonic stem (ES) cells that were then injected
into blastocysts to produce chimeras carrying the mutated gene. Although many
male chimeras were produced containing a copy of the mutated Prm1 or Prm2
gene, no offspring heterozygous for the mutated gene were sired (Cho et al.,
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2001). One possible explanation was that the chimeras did not produce sperm
containing the mutated gene. The ES cells were derived from 129Sv strain mice
and the blastocysts were from C57BL6 mice, which allowed the use of a
polymerase chain reaction (PCR) assay based on microsatellite polymorphisms
to genotype the sperm produced by chimeras. It was found that chimeras were
producing 129-genotype sperm, of which half had a disrupted Prm1 or Prm2
gene. Subsequent studies determined that a decrease in either of the protamines
disrupted sperm nuclear compaction, processing of protamine 2 from precursor
to mature form, and normal sperm function. These changes occurred in all
129-genotype sperm, whether they had a copy of the intact gene or a copy of the
mutated gene.

Although postmeiotic germ cells are haploid, spermatids remain intercon-
nected by intercellular bridges and form a syncytium that allows sharing of
mRNA and protein. It was concluded that transcript and/or protein sharing,
coupled with lack of production of Prm1 or Prm2 in half of the spermatids, led
to a reduction in amount of the protein in all of the spermatids within a syncytial
cluster. This reduction compromised sperm development and function and
caused the failure to transmit the intact or mutated Prm1 or Prm2 genes to
offspring. These studies show that protamine 2 is not a functionally redundant
protein and that both protamine 1 and protamine 2 are essential for the production
of normally functioning sperm in the mouse (Cho et al., 2001).

Unique structures are present in germ cells during the meiotic phase, the
major one being the synaptonemal complex. This structure, present in oocytes as
well as spermatocytes, zippers together the homologous chromosomes to form
the structural substrate upon which the processes of crossing over and genetic
recombination occur. Its composition and function remain to be fully character-
ized but unique genes encode the SCP1 and COR1 proteins that are major
structural components of the synaptonemal complex (Meuwissen et al., 1992;
Dobson et al., 1994). The sex body or XY body is another unique structure
present during meiosis in the male. It is located within the nucleus of spermato-
cytes and is the domain within which the X and Y chromosomes pair. Several
antibodies have been used to identify proteins unique to the XY body (Kralewski
and Benavente, 1997; Escalier and Garchon, 2000) but the identity of the genes
has not been reported. Additional genes are expressed during meiosis that encode
proteins involved in recombination and DNA repair but most are also expressed
in somatic cells (reviewed in Eddy and O’Brien, 1998). However, the major
phenotype for knockouts of several of these genes occurs in germ cells (reviewed
in Eddy, 1999). The Dmc1 gene is a homolog of yeast S. cerevisiae “disrupted
in meiosis” gene and is expressed only during meiosis in male and female mice
(Habu et al., 1996). A knockout of the Dmc1 gene results in infertility due to
failure of synapsis between homologous chromosomes during meiosis (Pittman
et al., 1998; Yoshida et al., 1998).
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3. Alternate Transcripts

Male germ cell-specific proteins also may be synthesized from alternate
transcripts that are derived from the same gene as transcripts in somatic cells but
differ from them in size and/or overall sequence. They are generated during gene
expression by using promoters and transcription factors that activate transcription
at different start sites upstream or downstream of the usual site, by incorporation
of alternate exons, by germ cell-specific splicing events, and by using alternate
initiation sites for polyadenylation. Alternate transcripts in germ cells often are
found serendipitously on northern blots as transcripts that are a different size in
testis than in other cells.

Examples of alternate transcripts produced by several of these processes are
seen for type 1 hexokinase. Hexokinase metabolizes glucose and is the first
enzyme in the glycolytic pathway. Three germ cell-specific transcripts (Hk1-sa,
Hk1-sb, Hk1-sc) were identified. Genomic sequencing determined that the germ
cell-specific Hk1-s mRNAs in male mice are transcribed from the same gene as
somatic cell Hk1 mRNA. The spermatogenic cell-specific domain replaced the
N-terminal mitochondrial porin-binding domain present in HK1 in somatic cells
(Mori et al., 1993). The three cDNAs also differed from each other in the 5�
untranslated region. Northern analysis indicated that Hk1-sa transcripts are first
present at low levels during meiosis, while the more abundant Hk1-sb transcripts
are detected only in postmeiotic germ cells. In addition, Hk1-sb contains a novel
23-residue sequence within the coding region that is not present in the Hk1-sa or
Hk1-sc sequences. Sequence analysis also showed that the common spermato-
genic cell-specific sequence of the three Hk1-s transcripts was derived from two
exons upstream of the exon encoding the porin-binding domain. Furthermore, the
5� untranslated regions are found within other exons farther upstream (Mori et
al., 1993). The HK1-S protein is present mainly within the principal piece region
of the flagellum (Mori et al., 1998; Travis et al., 1998), the region where GAPDS
is localized. Production of the three alternate transcripts for HK1-S involves
utilization of germ cell-specific promoters, germ cell-specific transcription start
sites, germ cell-specific exons, and alternate splice events (Mori et al., 1998).

Alternate transcripts also result from use of alternate polyadenylation sites in
the 3� untranslated region. The cation-dependent mannose 6-phosphate receptor
(CD-MPR) mediates transport of acid hydrolyases to lysosomes. Three tran-
scripts for this receptor are present in spermatogenic cells. There is a 2.4-kb
transcript comparable to that found in somatic cells, a 1.2-kb transcript in
pachytene spermatocytes, and a 1.4-kb transcript in round spermatids (O’Brien et
al., 1994). The shorter transcripts in germ cells contain the full-length coding
region present in the 2.4-kb transcript. By using probes for different regions of
the 3�untranslated sequence on northern blots, it was found that the 1.4-kb and
1.2-kb transcripts are produced by utilization of an alternate polyadenylation site.
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The difference in length of these two transcripts is due to a longer poly(A) tail
on the 1.4-kb transcript (O’Brien et al., 1994).

Alternate transcripts are present in other cell types but are particularly
abundant in male germ cells (reviewed in Eddy et al., 1993; Hecht, 1993; Eddy
and O’Brien, 1998). There are at least four reasons that alternate transcripts may
be beneficial to male germ cells. First, addition of new domains can expand the
function of the protein and allow it to perform germ cell-specific functions. An
example described previously is the proline-rich N-terminal domain that tethers
GAPDS to the fibrous sheath (Bunch et al., 1998). Second, removal of one
domain and replacement with another can change the distribution of the protein
within the cell. This occurs for HK-1 where the porin-binding domain that
usually targets the enzyme to mitochondria is lost and a germ cell-specific
domain is added (Mori et al., 1998), which presumably is responsible for HK1-S
being located mainly in the principal piece. Third, a long poly(A) tail often is
found on transcripts in postmeiotic germ cells for which there is a delay of
several days between transcription and translation. These transcripts undergo
shortening of the poly(A) tail coincident with becoming associated with poly-
somes and translationally active (Kleene et al., 1984). However, there are
substantial differences in this process between various germ cell transcripts
(Kleene, 1996) and it is unclear whether transcript shortening is a cause or an
effect of translational activation of stored mRNAs. Fourth, alternate transcripts
can arise by utilization of a promoter within an intron, resulting in a functionally
different protein in male germ cells than in somatic cells. Examples of this are the
truncated versions of angiotensin-converting enzyme (ACE) (Howard et al.,
1990) and calcium�2/calmodulin-dependent kinase IV (CaMKIV) (Means et al.,
1991) that are found only in male germ cells and have enzymatic properties
different from the longer forms.

4. Developmentally Regulated Gene Expression

The expression of many genes in male germ cells is developmentally
regulated during the meiotic and postmeiotic phases. This probably is true for all
germ cell-specific homologs, genes expressed only in male germ cells, and germ
cell-specific transcripts. However, many other genes that are developmentally
regulated in male germ cells are expressed in somatic cells as well (see reviews
by Willison and Ashworth, 1987; Eddy et al., 1991,1993; Wolgemuth and
Watrin, 1991; Hecht, 1993; Eddy and O’Brien, 1998).

Developmentally regulated gene expression in male germ cells may have
evolved by more widely expressed genes becoming restricted in expression to
male germ cells (McCarrey, 1994) or as the result of gene duplications or
swapping of exons between precursor genes. In either case, these genes would
need to incorporate promoters that drive their expression in male germ cells and
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not in other cells. Such promoters may have evolved from regulatory elements
for meiosis-specific genes conserved from ancestral unicellular organisms. In
addition, genes expressed in somatic cells also have undergone modifications to
become developmentally regulated in germ cells. Two possible ways this may
have occurred were either by incorporation of promoter elements regulating
developmental expression in germ cells or by utilizing unique transcription factor
combinations in germ cells that act through existing promoter elements. It is
notable that gene-targeting studies involving genes expressed in somatic cells
and germ cells often have found that the sole or major phenotype produced is in
germ cells (reviewed in Eddy, 1999). A gene does not have to be expressed only
in germ cells to be essential for germ cell development.

The regulation of transcription has not been studied in depth for any germ
cell-specific genes, mainly because permanent germ cell lines are not available
for use in conventional promoter-reporter assays. In lieu of this, transgenic mice
have been used for promoter mapping for some germ cell-specific genes.
Although this approach is cumbersome, the regions containing key regulatory
elements for germ cell-specific and stage-specific gene expression have been
delimited for several genes (Dix et al., 1996b; Iannello et al., 1997; Li et al.,
1998; Reddi et al., 1999).

A diverse group of transcription factors are expressed in male germ cells.
Some have been implicated in the transcriptional regulation of genes in specific
stages of spermatogenesis (see Famia et al., 1999; Daniel and Habener, 2000; Liu
et al., 2000; Han et al., 2001; and references therein). However, experimental
evidence is available for only a few demonstrating a specific role in germ cells.
One example is the Erg4 transcription factor. The only effect of a targeted
mutation in the Erg4 gene was disruption of male germ cell development during
the meiotic phase (Tourtellotte et al., 1999). Also, a knockout of the gene for
SPRM-1, a POU-homeodomain gene expressed only in male germ cells during
the postmeiotic phase, produced subnormal fertility (Pearse et al., 1997). In
addition, a germ cell-specific subunit of the general transcription factor TFIIA
was found to be upregulated in pachytene spermatocytes, along with several
RNA polymerase II and III factors (Han et al., 2001). This coordinated expres-
sion of general transcription factor genes was hypothesized to regulate a partic-
ular subset of genes in germ cells (Han et al., 2001). An interesting parallel is that
the general transcription factor TFIID is required for high level transcription of
a set of stage-specific and tissue-specific target genes during male germ cell
development in Drosophila (Hiller et al., 2001).

It has been recognized for nearly 20 years that activation of expression of
some genes occurs specifically during the meiotic or postmeiotic phases. More
recent studies indicate that developmentally regulated gene expression also
occurs during the mitotic phase. The use of library subtraction methods to
identify cDNAs present in a mouse primitive type A spermatogonia library led to
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the identification of 19 novel genes expressed only in the testis (Wang et al.,
2001). Seven of these appeared to be involved in transcriptional or post-
transcriptional regulation of gene expression. A relatively high fraction of these
genes mapped to the X chromosome. It was suggested that the X chromosome
has a pre-eminent role in male germ cell development that was acquired as the
X chromosome evolved from an autosome (Wang et al., 2001).

III. Interactive Regulation of Germ Cell Gene Expression

Sertoli cells are essential for germ cells to proliferate and to progress through
the phases of development. The general functions of Sertoli cells in these
processes are well known, such as dividing the seminiferous epithelium into
basal and luminal compartments and providing a suitable milieu within which
germ cell development occurs. In addition, Sertoli cells are more amenable to in
vitro study than germ cells. This has allowed the identification of a variety of
proteins that are synthesized and exported by Sertoli cells, at least some of which
are involved in the interaction with germ cells (Griswold, 1995,1998). However,
what role most of these proteins serve in regulating germ cell development
remains to be determined.

The relationship between germ cells and Sertoli cells is bi-directional. The
patterns of gene expression in Sertoli cells change as neighboring germ cells
progress through the stages of spermatogenesis (Zabludoff et al., 2001). This
suggests that one aspect of germ cell-Sertoli cell interactions involves diverse
signals coming from the associated cohort of germ cells to act on Sertoli cells and
cause changes in gene expression, which alters feedback signals that modulate
the intrinsic regulatory program driving germ cell development.

A. SERTOLI CELL EFFECTS ON GERM CELLS

Sertoli cells secrete more than 100 different proteins detectable by 2-D gel
electrophoresis of conditioned media from primary Sertoli cell cultures (see
reviews by Griswold, 1993,1998; Jégou, 1993; Dupaix et al., 1996), and
seminiferous tubule fluid has a 10-fold higher potassium concentration than
blood (Hinton and Setchell, 1993). Sertoli cell products for which the identity is
known include transport or binding proteins, proteases, energy metabolites,
components of the extracellular matrix and junctional complexes, and a variety
of factors that may influence germ cell division, differentiation, and metabolism
(Jégou, 1993). The factors include several cytokines, a variety of growth factors,
signaling molecules, bioactive peptides, and hormones (Griswold, 1993; Skinner,
1993). Although assumed to be involved in signaling from Sertoli to germ cell,
experimental evidence demonstrating effects on gene expression in germ cells
has been shown for only a few. Gene knockout studies have provided evidence
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that two factors produced by Sertoli cells – desert hedgehog (Dhh) (Bitgood et
al., 1996) and glial cell line-derived neurotrophic factor (GDNF) (Meng et al.,
2000) – are involved in signaling.

One of the receptors known to participate in Sertoli-to-germ-cell signaling is
the bi-functional insulin-like growth factor-II/cation-independent mannose
6-phosphate (IGF-II/M6P) receptor. This receptor is present on the surface of
spermatogenic cells and Sertoli cells secrete ligands for the receptor, including
IGF-II and 10 or more M6P-bearing glycoprotein ligands that remain to be
characterized (O’Brien et al., 1993; Tsuruta and O’Brien, 1995). Furthermore,
proliferin, leukemia inhibitory factor (LIF), and the precursor forms of trans-
forming growth factor beta (TGF�) are M6P-glycoprotein-containing growth
factors found in the testis and may act through the IGFII/M6P receptor on germ
cells. Addition of either IGF-II or of M6P-glycoproteins affinity-purified from
Sertoli cell-conditioned medium to isolated spermatogenic cells produces dose-
dependent increases in mRNA for the immediate-early gene c-fos and in rRNA
(Tsuruta and O’Brien, 1995; Tsuruta et al., 2000). This effect is seen in
spermatogonia (Tsuruta et al., 2000), spermatocytes, and round spermatids
(Tsuruta and O’Brien, 1995), indicating that interactions can occur between
M6P-containing ligands and germ cells in both the basal and luminal compart-
ments of the seminiferous epithelium, with the possibility that different ligands
are secreted into each compartment.

Another example of Sertoli-to-germ-cell signaling is provided by stem cell
factor (SCF) ligand and c-kit receptor interaction. The c-kit trans-membrane
tyrosine kinase receptor is present on spermatogonia (Manova et al., 1990;
Yoshinaga et al., 1991). Sertoli cells produce SCF (Rossi et al., 1991) and a
mutation in the Kit gene or in Kitl, the gene for SCF, disrupts male germ cell
development (reviewed in Besmer et al., 1993). SCF exists in two forms,
membrane-associated and soluble, and Sertoli cells predominantly produce the
membrane-associated form. This suggests that Sertoli cells communicate directly
with spermatogonia through the association between SCF ligand and c-kit
receptor.

B. GERM CELL EFFECTS ON SERTOLI CELLS

Addition of germ cells to Sertoli cell primary cultures can stimulate or
inhibit different Sertoli cell functions (Jégou, 1993; Dupaix et al., 1996). Some
of the germ cell factors that affect Sertoli cells are known to be proteins but have
not been identified. In addition, meiotic and postmeiotic germ cells produce the
growth factors �NGF (nerve growth factor), bFGF (fibroblast growth factor),
IGF-I, and TGF�; and the cytokines interleukin-1 (IL-1), interferon (INF), and
tumor necrosis factor alpha (TNF�) (reviewed in Skinner, 1993; Dupaix et al.,
1996; Gnessi et al., 1997) that are likely to signal Sertoli cells. A gene trap
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strategy to identify genes involved in signaling from germ cells to Sertoli cells
found that Fra1 mRNA was induced in Sertoli cells by addition of either round
spermatids or NGF to Sertoli cells. The NGF effect was mediated by the TrkA
receptor and the ERK1-ERK2 kinase pathway (Vidal et al., 2001). In addition,
mRNA differential display studies identified four genes that were upregulated
and three genes that were downregulated in primary Sertoli cells when cocultured
for 24 hours with germ cells. The same studies found that three genes were
downregulated in germ cells in the cocultures, demonstrating the reciprocal
nature of Sertoli and germ cell interactions (Syed and Hecht, 1997).

C. GERM CELL EFFECTS ON GERM CELLS

The effects of one population of germ cells on another is probably the least
understood and certainly the least studied of the interactive regulatory processes
of germ cell development. However, the results of loss-of-function and gain-of-
function studies provide indirect evidence of communication between different
populations of germ cells.

The bone morphogenetic protein 8B (BMP8B) is a member of the TGF�
growth factor superfamily and shows bimodal expression in developing germ
cells. It is expressed in spermatogonia at 1 week after birth but not in those cells
after BMP8A expression begins in round spermatids (Zhao et al., 1996). A
knockout of the Bmp8b gene caused two separate effects on gene cells: a failure
or reduction in proliferation that coincides with the early BMP8B expression and
delayed differentiation, causing a reduction in mitotic and meiotic germ cells.
BMP8B may act through two receptors that bind BMPs, ActRIIA, expressed
mainly in spermatogonia and early meiotic cells, and ActRIIB, expressed mainly
in pachytene spermatocytes and round spermatids. It was hypothesized that
BMP8B produced by round spermatids acts on primary spermatocytes to regulate
their survival and differentiation (Zhao et al., 1998).

The Bcl-2 family of proteins can have either positive or negative effects on
the regulation of apoptosis (Korsmeyer, 1995). BAX forms a heterodimer with
Bcl-2 and counters the apoptosis-repressing role of Bcl-2, thereby promoting
apoptosis. BAX is expressed at high levels in spermatogonia (Rodriguez et al.,
1997). Bax knockout mice are infertile, have atrophic testes, and lack sperm in
the epididymis (Knudson et al., 1995). The substantial increase in apoptosis that
occurs near the end of the mitotic phase is suppressed in Bax knockout mice. The
increased number of spermatogonia has a detrimental effect on germ cells in
other phases of spermatogenesis. Furthermore, transgenic mice that express high
levels of the apoptosis-inhibiting proteins Bcl-2 or BclxL in spermatogonia also
have increased numbers of spermatogonia and disrupted spermatogenesis (Fu-
ruchi et al., 1996; Rodriguez et al., 1997). In another study using the gene-
trapping procedure, a mutation was produced in the gene for Bclw, an apoptosis-
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inhibiting protein expressed during the postmeiotic phase (Ross et al., 1998).
This resulted in a block in germ cell development in late spermatids in juvenile
mice, followed by an increase in apoptosis in spermatocytes, which led to the loss
of spermatids and degeneration of the seminiferous epithelium. In each of these
transgenic or knockout mice, spermatogenesis was most affected in a phase of
germ cell development different from the phase when expression of a Bcl-2
family protein was altered. A common feature of these studies is that the ratios
between germ cells in mitotic, meiotic, and postmeiotic phases of germ cell
development were altered. This suggests that an imbalance in reciprocal signals
between germ cells that coordinate their development leads to disruption of
spermatogenesis.

D. BIOACTIVE PEPTIDES

The genes for many bioactive peptides, originally considered to be neuroen-
docrine regulators, as well as the genes for many of their receptors are expressed
in the testis. The peptides are produced in Leydig cells, Sertoli cells, peritubular
myoid cells, and germ cells, and often in more than one cell type. Germ cells
have been reported to have RNA or protein for the proenkephalin (pENK)
pituitary adenylate cyclase-activating peptide (PACAP), pro-opiomelanocortin
(POMC), and gonadotropin-releasing hormone (GnRH) peptides and gastrin-
related peptide (GRP) receptor (reviewed by Gnessi et al., 1997). A larger
number of peptides and receptors are present in the other cell types, perhaps
suggesting a major role of the peptides and receptors in coordinating the
activities of Leydig cells, Sertoli cells, and peritubular cells, and a lesser role in
germ cell interactions. However, germ cells contain RNA or protein for bFGF,
IGF-I, �-NGF and TGF growth factors, and the receptors for epidermal growth
factor (EGF)/TGF�, bFGF, stem cell factor (SCF), and IGF-I. This might
indicate that growth factors have a greater role than bioactive peptides in
regulating germ cells. The presence of growth hormone releasing hormone
(GHRH), growth hormone (GH), IGF-I, and IGF binding proteins in the testis
suggests an intra-testicular GH axis (DiMeglio et al., 1998). It is quite likely that
these and probably other peptides and receptors are part of the intratesticular
network that coordinates the biological activities of the various cell types but
how significant a role they play remains to be determined.

III. Extrinsic Regulation of Germ Cell Gene Regulation

The dogma has been that FSH and testosterone regulate spermatogenesis,
sometimes resulting in the view that germ cell development is a black box, with
hormones going in one end and sperm coming out the other end. However, it has
become increasingly apparent that FSH and testosterone do not regulate germ
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cell development but instead serve an important supportive role for this process.
FSH is not essential for spermatogenesis, as shown by the findings that male mice
with a knockout of the gene for FSH-� are fertile (Kumar et al., 1997) and that
men with an inactivating mutation in the FSH receptor had varying degrees of
spermatogenic failure but were not infertile (Tapanainen et al., 1997). In
addition, testis weight and epididymal sperm numbers were reduced in FSH
receptor knockout mice (Krishnamurthy et al., 2000) but males were fertile. It
has become apparent in the last 4 years that germ cell development is consider-
ably less dependent on FSH than was previously thought.

The other major player in the extrinsic regulation of germ cell development,
testosterone, is essential for this process. LH regulates the production of testosterone
by Leydig cells and testosterone acts through androgen receptors (ARs) in Sertoli
cells and peritubular cells to influence the Sertoli cell functions that support germ cell
development (reviewed by Sar et al., 1993). In the absence of LH, spermatogenesis
can be maintained by administering testosterone but not quite at the same level as in
the normal state (reviewed by Sharpe, 1994). There are several studies indicating that
androgen receptors are present in germ cells and several indicating that they are not.
However, it has been shown recently that if there are ARs in germ cells, they are not
essential for germ cell development. Using the germ cell transplantation technique,
germ cells from the testis of Tfm mice lacking functional androgen receptors but
carrying a LacZ transgene were transplanted into the testes of mice with functional
ARs. Colonies of donor-derived spermatogenic cells were seen in the seminiferous
tubules of recipient mice, indicating that mouse germ cells do not require functional
ARs to carry out spermatogenesis (Johnston et al., 2001).

Not all extrinsic regulators of germ cell development act through Sertoli
cells. Vitamin A is required for spermatogenesis. Vitamin A-deficient rats have
only spermatogonia and Sertoli cells in their seminiferous tubules. However,
treatment with retinol restores spermatogenesis in these animals (reviewed by
Kim and Akmal, 1996). The retinoid acid receptor (RAR)� is present in
spermatogenic cells (Wang and Kim, 1993) and the retinoid X receptor (RXR)�
is present in Sertoli cells (Kastner et al., 1996). These are members of the steroid
receptor superfamily and gene knockout studies have demonstrated that each is
essential for spermatogenesis (Lufkin et al., 1993; Kastner et al., 1996), strongly
suggesting that vitamin A may have direct effects on germ cell development and
function.

V. Conclusions

There is strong evidence that regulation of gene expression in male germ
cells is largely an independent process. Male germ cells carry their own marching
orders that have been refined and handed down over the millennia. Given the
appropriate environment, spermatogonial stem cells can do their job of producing
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spermatogonia and/or other stem cells. The spermatogonia proliferate, then
squeeze through a bottleneck where many die but some become spermatocytes.
These cells carry out the complex process of meiosis, an ancient series of events
that is good for the species but a dangerous prospect for the cell because of the
intentional DNA damage that occurs during recombination. The next hurdle is for
these cells to divide. Cell division is not an unusual process but germ cells make
it complicated by dividing twice without making new copies of their chromo-
somes.

The postmeiotic cells are responsible for synthesizing and assembling a host
of novel proteins that make up the sperm. Hidden away in the genome is a
curious group of genes that are quiescent through most of the lifecycle of the
organism. Only in spermatids do these genes become activated to carry out the
construction of a hydrodynamically specialized cell containing a payload of
tightly packaged DNA, an elaborate propulsion system, and special enzymes that
help deliver the DNA to the egg. Most, if not all, of these processes are the
responsibility of a program that operates without outside direction. Of course,
germ cells need considerable help from other cells for all of this to happen and
they are dependent on a remarkably complex support system. There is a hierarchy
of local to distant systems responsible for ensuring that germ cells have the
appropriate environment for producing the highly specialized cells necessary for
continuation of the next and future generations of the species.

Sertoli cells in particular provide essential and highly effective support that
is responsive and highly interactive, but not directive, for gene expression in
male germ cells. The major functions of the Sertoli cells are heavily influenced
by and dependent on other cells, particularly their neighbors, the peritubular
myoid cells and Leydig cells. The functions of Sertoli cells are also modulated
directly and indirectly by FSH, LH, and other hormones, whose influences range
from crucial to beneficial at different times during the development and function
of the seminiferous tubules. Although these extrinsic signals are of immeasurable
importance for establishing and maintaining the environment within which male
germ cells develop, it needs to remembered that they support, rather than
regulate, male germ cell development.
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