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Abstract

Spermatogenesis is a key process in mammalian reproduction. This highly
ordered process requires precise and well-controlled programs governed
by dynamic patterns of gene expression. Some genes are exclusive to sper-
matogenic cells, while others are closely related to genes expressed in
somatic cells. Although key genes in male germ cell development have
been identified, the biological mechanisms and transcripts that govern the
programs of spermatogonial stem cell renewal, germ cell differentiation
during spermatogenesis, or fertilization remain largely unknown. This is
partly due to the lack of information on the identity of genes involved.
However, with the advent of various high-throughput genomic assays, it is
now possible to obtain the whole-genome RNA expression. This chapter
provides a brief account of current knowledge of the male germ cell tran-
scriptome as revealed by studies using expression profiling platforms such
as microarray and Serial Analysis of Gene Expression (SAGE). Major
findings with regard to transcriptional regulation, transcript diversity, and
chromatin-related regulation during male germ cell development are
reviewed.

Keywords
RNA expression in germ cells ® Spermatogenesis ® Germ cell transcrip-
tome * Male germ cell development ¢ Serial analysis of gene expression

T.-L. Lee (IX) .. .

Reproduction, Development and Endocrinology Spermatogenesis is a highly regulated develop-
Program, School of Biomedical Sciences, mental process occurring in the seminiferous
The Chinese University of Hong Kong, tubules of the testis. The process begins with the

Shatin, Hong Kong SAR, China

asymmetric division of spermatogonial progeni-

Laboratory of Clinical and Developmental Genomics, tor cells (spermatogonia), followed by meiosis to

Eunice Kennedy Shriver National Institute of Child
Health and Human Development, National Institutes of

Health, Bethesda, MD, USA

form spermatocytes, postmeiotic differentiation
to form spermatids, and finally giving rise to

e-mail: leetl@cuhk.edu.hk; leetl @mail.nih.gov mature spermatozoa (Fig. 8.1). Mouse male germ

A. Zini and A. Agarwal (eds.), Sperm Chromatin: Biological and Clinical Applications in Male 107
Infertility and Assisted Reproduction, DOI 10.1007/978-1-4419-6857-9_8,
© Springer Science+Business Media, LLC 2011



108

Spermatogonia
Primary Spermatocytes

Primordial
germ cell

e e e e Secondary Spermatocytes

®
@

T-L.Leeetal.

Spermatids

IR

©
©
©
o

A N
I ') I ] ') I 0
Spermatogonial Meiotic stage I/ll  Spermiogenesis stage
Mitotic clonal expansion Ploidy = 4N/2N Ploidy = 1N
Ploidy=2N

Fig.8.1 Overview of spermatogenesis. Spermatogenesis
is the developmental process by which spermatogonial
stem cells differentiate to pachytene spermatocytes,
followed by formation of haploid spermatids by meio-
sis. Male germ cell genome displays several features
unique to germ cells only. First, a subset of spermatogo-
nia (type A spermatogonia) undergo mitosis during

cells provide an ideal model for studying the
biology of spermatogenesis. This process has
been well studied in the mouse with established
developmental milestones starting at the deriva-
tion of primordial germ cells from the embryonal
ectoderm. Embryonic staging of the developing
male gonad is accomplished morphologically, or
with genetic markers such as the Sex-determining
Region Y (Sry) [1, 2]. Male germ cells, at differ-
ent stages of development, have different density,
distinct morphology, and stage-specific surface
markers. These features serve as the basis of
methods for preparation of relatively pure popu-
lations of germ cells at different stages of devel-
opment. Relatively pure preparations of gonocytes
can be obtained using laser capture techniques [3, 4].
All germ cells present in the testis of 6-day-old
mice are type A spermatogonia (Spga). In adult

self-renewal, whereas committed spermatogonia (type
B spermatogonia) undergo meiosis to generate haploid
spermatids. Primary spermatocytes replicate their
genomes during S-phase, followed by meiosis I to form
secondary spermatocytes and subsequently meiosis II
to form haploid spermatids. Meiosis only occurs in the
germ line

mice, germ cells at all stages of development are
present, and the different cell types can be sepa-
rated based on their density using the STAPUT
procedure [5].

Spermatogenesis consists of a number of hall-
mark developmental stages: germinal stem cells
undergoing self-renewal, Spga progenitor cells at
the juncture of renewal and proliferation,
pachytene spermatocytes (Spcy) undergoing
meiosis, and round spermatids (Sptd) undergoing
postmeiotic differentiation. Therefore, studying
genetic events occurring during these stages of
spermatogenesis will permit a comprehensive
look at the genetic events that underlie cellular
proliferation and differentiation.

Spermatogenesis is a complicated process.
Each step of spermatogenesis is precisely regu-
lated. Studying the genetic programs controlling
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proliferation and differentiation of male germ
cells will provide an insight for understanding
infertility and will allow for development of new
approachesformalecontraception. Demonstration
of pathways specific for different stages of sper-
matogenesis would allow for identification of
novel targets and diagnostic markers for inter-
vention or enhancement of the male reproductive
process. Knowledge of factors regulating cellular
proliferation, as contrasted to differentiation,
may be applied to study developmental regula-
tion of other cell types, including stem cells.

The Transcription Landscape
in Male Germ Cell Development

Little is known about the underlying mechanisms
of stage-specific regulation of gene expression
during spermatogenesis despite its biological
importance in the genetic regulation of germ cell-
specific transcripts during development [6, 7].
Limited knowledge of germ cell gene expression
and the lack of a systematic approach for path-
way discovery have hampered identification of
biological pathways active in these cells. With
the completion of various genome projects and
the availability of high-throughput expression
assays, a better understanding of the male germ
cell transcriptome becomes a reality.

Expression Profiling of Male Germ
Cell Transcriptome: Past, Present,
and Future

From cDNA Library to High-

Throughput Sequencing

The first attempt to characterize the male germ cell
transcriptome was reported by McCarrey et al. [8].
A total of 23 cDNA libraries representing various
developmental stages of mouse and rat testicular
cells were constructed. Direct comparison between
the cDNA populations in various cells provided
the basis for the demonstration of differential
gene expression. Though theoretically feasible,
this approach is laborious in practice. ‘“Deep
sequencing” of cDNA libraries is required before
a near-complete picture of the transcriptome can
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emerge. Because of these considerations, the use
of cDNA libraries for transcriptome analysis was
not popular.

Transcriptome profiling was a tedious job
until the application of microarray platforms.
A microarray is a solid support on which DNA
probes of known sequence are deposited. The
probes may take the form of oligonucleotides,
cDNA, or DNA fragments. These probes are
hybridized to sequences present in the sample.
Depending on its resolution, a whole-genome
human microarray chip may contain more than
two millions probes. DNA microarrays were
originally developed for high-throughput gene
expression analysis. But they can also be applied
in genetic analysis to detect single-nucleotide
polymorphisms or gene copy number variation.
Their fast, comprehensive, and flexible nature
makes them an indispensable tool in the postgen-
omic era.

Another popular, widely adopted expression
assay is Serial Analysis of Gene Expression
(SAGE) [9]. It offers distinct advantages over
other expression profiling methods by efficiently
detecting polyadenylated transcript populations
by sequencing short tags, usually 14-26 bp in
length [8, 9]. The tags are first isolated from an
anchoring enzyme restriction site (e.g., Nlalll)
closest to the poly(A) tail of the transcripts. These
tags are linked together to form long concatemers
that are cloned into vectors generating a SAGE
library. A SAGE library is sequenced to the desired
depth. Expression of particular transcripts is quan-
tified by the count of the associated SAGE tags in
the SAGE library. Once the tags are extracted and
counted, the identity of the transcript may be
mapped with the SAGEmap database [9]. SAGE
provides three important features over microar-
rays for transcriptome analysis. First, the absolute
nature of tag counts allows direct compari-
son, without normalization and limitation of plat-
form incompatibility, in microarray experiments.
Second, since tag-to-transcript mapping in SAGE
may be updated with the most current genome
information, the transcriptome information pro-
vided by SAGE library is eternal. SAGE analysis
allows identification of novel transcript species
since prior knowledge of transcripts is not
required. Finally, microarray analysis provides no



110

orientation information on the transcript, whereas
SAGE can differentiate the sense and antisense
population in the transcriptome.

While sequence-based transcriptome analysis
provides additional advantages, it is cuambersome
and slow, with relatively high performance cost
($0.10 per 1,000 bases). However, this is rapidly
changing due to the continued improvement of
sequencing technologies. The 454 sequencer was
introduced in 2005 and was shortly followed by
newer and faster sequencers such as Illumina and
SOLIiD. These technologies are referred to as
“next-gen” sequencing [10]. They offer faster (up
to 100x) and more cost-effective (up to 1/2,000
of the price) sequencing than conventional meth-
ods. Transcriptome analysis at single-base reso-
lution, known as RNA-seq, is now possible
[11-13]. Next-gene sequencing will be an impor-
tant tool for transcriptome analysis in coming
years. The huge quantity of generated data by
these technologies poses great challenges to
experimental biologists [14].

Overview of Germ Cell

Transcriptome Studies

A list of male germ cell transcriptome studies is
shown in Table 8.1. Most of these were performed
on microarray platforms [15-31]. This is because
sample preparation and experimental protocols
are simpler when using the microarray platform.
Additionally, less RNA is required as
compared to SAGE [32], cDNA library [8] and
differential display [33] methods. Oligonucleotide
microarrays are more popular than cDNA
microarrays partially because cDNA microarrays
are more prone to variation in slide quality and
experimental protocol. Another reason is that
they are more affordable. Nevertheless, each
expression platform has its strength and weak-
ness. Renormalization against known references
and correction by using statistical models are
required to compare data from different studies.

Key Biological Findings and Implications
Based on the transcriptome data provided by the
studies listed (Table 8.1), a number of conclusions
about the dynamic changes of the transcriptome
of developing male germ cells can be drawn:
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Active  genome-wide  transcription  during
spermatogenesis. A major observation is that the
genome is actively transcribed during germ cell
development. It was previously suggested during
testis development from birth to adulthood up to
58% of the mouse genome was transcribed [18,
22, 30]. Among the described transcripts, some
were either male germ cell-specific or testis-pre-
dominant. About 2.3% of the rat testicular tran-
scriptome was testis-specific [30], and ~4% of
the mouse genome was only transcribed in male
germ cells [18]. Many differentially expressed
transcripts were unknown or uncharacterized.
Examples include uncharacterized full-length
cDNA transcripts, express sequence tags (ESTs),
large open reading frames (ORFs), predicted
transcripts of hypothetical proteins, and cross-
species and predicted transcripts derived from
orthologs and homologs. Depending on the cell
preparation and experimental platform, the per-
centage of uncharacterized transcripts ranged
from 40 to 60% [18, 32, 34]. Meta-analysis of
these transcripts suggested that they demon-
strated similar expression trends. These results
imply that these transcripts were truly expressed
at a particular germ cell stage.

Dynamic expression pattern in conjunction with
specific developmental regulation. Transcript
overexpression, as revealed by measurement of
polyadenylated RNA levels in meiotic and post-
meiotic male germ cells, was documented in an
earlier study in rats [35]. Such phenomena might
be a bystander effect occurring as a consequence
of an open chromatin structure, which leads to
overall activation of the transcriptional machin-
ery in a specified cell type [7]. Alternatively, it
may be a mechanism for maintaining transcript
availability in response to cessation of gene tran-
scription due to chromatin condensation during
spermiogenesis [36]. Based on global gene
expression analyses in various transcriptome
studies, germ cell transcriptome exhibited three
phases of change. The first phase, peak expres-
sion of testicular transcripts, occurred in the
mitotic phase, from the day of birth to postnatal
day 8, when spermatogonial proliferation
predominated. The second phase occurred at the
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Table 8.1 Overview of male germ cell transcriptome studies

Samples studied

‘Whole mouse adult testes, seminiferous tubule cells from adult testes,
combined primary spermatocytes from 18-day-old mouse testes,
type A and B spermatogonia, preleptotene, leptotene plus zygotene
spermatocytes, juvenile and adult pachytene spermatocytes, round
spermatids, Sertoli cells from 6, 8, 17, and 18-20-day-old mice, and
peritubular cells from 18- to 20-day-old mice

Mouse type A spermatogonia, adult mouse wild-type testis, and
W/W (v) mutant mouse testis

Mouse and human testes

Human fetal and adult testes

Mouse type A spermatogonia, pachytene spermatocytes, and round
spermatids

Mouse testes from days 1, 4, 8, 11, 14, 18, 21, 26, 29, and 60
Mouse type A and B spermatogonia, preleptotene and pachytene
spermatocytes, round and elongating spermatids

Mouse type A and B spermatogonia, preleptotene and pachytene
spermatocytes, round and elongating spermatids

Mouse sertoli cells, spermatogonia, spermatocytes, round spermatids
Whole testes from neonates at Days 0, 3, 6, 8, 10, 14, 18, 20,

30, 35, and 56 postpartum

Mouse adult and fetal testes

Mouse type A spermatogonia, pachytene spermatocytes, and round
spermatids

Mouse sertoli cells, type A spermatogonia, spermatocytes,
round spermatids

Testes from 17-day-old, 22-day-old, and adult mice

Normal testis, patients with maturation arrest or Sertoli-cell-only
syndrome

Type A and type B spermatogonia, pachytene spermatocytes,
and round spermatids

Sertoli cells, spermatogonia, spermatocytes, round spermatids,
seminiferous tubules, and total testis from human, rat, and mouse

Testicular biopsies obtained from 289 men with azoospermia

Rat seminiferous tubules at various stages, microdissection,
sertoli cells, spermatogonia, spermatocytes, pachytene
spermatocytes, and round spermatids

Testis samples of mice aged 4, 9, 18, 35, 54 days and 6 months

Expression platform

cDNA library
sequencing

Differential display

Microarray
Microarray (cDNA)
Microarray (cDNA)

Microarray (Oligo)
Microarray (cDNA)

Microarray (cDNA)

Microarray (Oligo)
Microarray (Oligo)

Microarray (cDNA)
SAGE

Microarray (cDNA)

Microarray (Oligo)
Microarray (cDNA)

Microarray (Oligo)
Microarray (Oligo)
Microarray (Oligo)

Microarray (Oligo)

Microarray (Oligo)

Reference
McCarrey et al. [8]

Anway et al. [99]

Rockett et al. [15]
Sha et al. [16]
Pang et al. [17]

Schultz et al. [18]
Yuetal. [19]

Guo et al. [20]

Schlecht et al. [21]
Shima et al. [22]

Wang et al. [23]
Wu et al. [32]

Clemente et al. [24]

Iguchi et al. [25]
Lin et al. [26]

Namekawa et al. [27]
Chalmel et al. [28]
Feig et al. [29]

Johnston et al. [30]

Xiao et al. [31]

initiation of meiosis, on day 14, during early
pachytene spermatocytes development. This was
followed by entry into spermiogenesis on day 20
when round spermatids first appeared [37].
Comparison of these three phases showed
increased transcript abundance in meiotic and
postmeiotic stages. The number of unique genes
expressed in these cells was significantly higher
than that in spermatogonia [22] when up to 80%
of differentially expressed genes, between mei-
otic and postmeiotic male germ cells, were absent
or expressed at relatively low levels in type A

spermatogonia [22, 34]. Increased expression of
unique genes in meiotic and postmeiotic stages
may imply a concomitant increase in the demand
of specific gene activities for initiation and main-
tenance of meiosis-related events, as well as
preparation for spermatozoon formation. It is
noteworthy that most transcripts first expressed
during or after meiosis tended to be testis- or
male germ cell-specific [18, 28]. On the contrary,
most genes active in spermatogonia (and Sertoli
cells) were also expressed in nonreproductive
tissues [28].
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There was a preferential switch of active
genetic loci at different stages of germ cell devel-
opment. Genes related to meiotic and postmeiotic
functions, and displaying higher expression level
in testis, are mainly localized to autosomes [38].
By contrast, genes expressed at earlier stages of
spermatogenesis are frequently localized to the X
chromosome [28, 38, 39]. Similarly, many genes
expressed in mitotic and somatic cells were local-
ized on the X chromosome. A similar phenome-
non was observed in a particular subset of
genes, the X chromosome-derived autosomal ret-
rogenes and their X-linked progenitor genes.
Although not all testis-specific autosomal genes
were X-derived retrogenes or retrogenes, the
absence of X-linkage in general was believed to
be a consequence of the selective force imposed
by meiotic sex chromosome inactivation (MSCI)
[40-42].

The dynamic and specific nature of the germ
cell transcriptome was also associated with spe-
cific development and regulatory programs.
Ontology analysis of the germ cell transcriptome
data revealed different categories of biological
processes distinctively associated with mitotic,
meiotic, and postmeiotic male germ cells [28, 34,
37, 43]. For instance, processes such as integrin
signaling, ribosome biogenesis and assembly,
carbohydrate metabolism, protein biosynthesis,
RNA processing, cell cycle, DNA replication,
chromosome organization and biogenesis, and
germ cell development were preferentially asso-
ciated with type A spermatogonia. Surprisingly,
genes involved in embryonic development and
gastrulation were also found to be prevalent in
these cells. On the other hand, biological pro-
cesses associated with spermatogenesis and
reproduction were commonly seen in meiotic and
postmeiotic male germ cells. Biological pro-
cesses such as meiotic cell cycle, chromatin
structure and dynamics, chromosome segrega-
tion, cytoskeleton and protein degradation (ubig-
uitin cycle) were overrepresented in pachytene
spermatocytes. Genes involved in protein turn-
over, signal transduction, energy metabolism,
intracellular transport, ubiquitin cycle, proteoly-
sis, peptidolysis, and fertilization were more
prevalent in round spermatids.
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Conserved germ cell transcriptome between
human and rodents. The universal features of
gametogenesis among mammalian species led to
the postulation that a conserved set of genes
would be involved in this process. Indeed, recent
cross-species whole-genome expression profiling
studies of testicular and somatic tissues in human,
mouse, and rat revealed hundreds of genes that
display concordant meiotic and postmeiotic
expression profiles, implying the existence of a
“conserved” transcriptome of mammalian sper-
matogenesis [28, 37]. Conserved genes involved
in specific biological transitions during male
germ cell development were identified by analy-
sis of gene ontology. For example, doublesex and
mab-3 related transcription factor 1 (Dmrtl) was
found to be essential for testis differentiation;
aurora kinase C (Aurkc), cyclin Al (Ccnal) and
speedy homolog A (Spdyl) were associated with
meiotic division, whereas genes like Socs7,
Ankrd5, Fscn3, and Spag4l were involved in
postmeiotic regulation. Such findings suggest
that rodent models could be used to study aspects
of human spermatogenesis. A similar differential
expression pattern of testicular genes across
species suggests the presence of comparable
regulatory mechanism in the control of their
transcription.

In addition to changes in expression pattern
of protein-encoding genes, emerging evidence
identified the prominent presence in testis of non-
protein-coding transcripts, including antisense
transcript, small and long noncoding RNAs.
These novel transcript species have been impli-
cated to play important roles in mammalian testis
development [44, 45]. The complexity of the
spermatogenic process led to the search for male
germ cell-specific transcripts derived from alter-
native splicing of somatic genes. Additionally,
many germ cell genes derived from sex-linked
progenitor genes through retroposition to gener-
ate testis-specific isoforms of gene products were
identified. The limitations of design and probe set
information inherent in microarray analysis
restrict its capacity to identify non-protein-coding
and alternative spliced transcripts. This is a con-
sequence of the need, when using microarray
analysis, to have prior sequence knowledge of the
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transcripts, and whether it is a coding or noncod-
ing sequence to be identified. This problem could
be resolved by using the nonstatic and unguided
approach of SAGE [46].

Revealing Transcription Complexity of
Male Germ Cell Development by Serial
Analysis of Gene Expression

Using SAGE, we examined the transcriptomes of
mouse Spga, Spcy, and Sptd. SAGE libraries
were constructed and sequenced to a comparable
depth (~150,000 SAGE tags). A total of 34,619
transcripts were identified among the germ cell
libraries. Over 2,700 of them were novel. This
represents the most comprehensive male germ
cell transcriptome data available. The details and
related data of this analysis can be accessed at
http://nichddirsage.nichd.nih.gov/publicsage/.
The data obtained by the SAGE studies provide a
rich resource for germ cell transcriptome discov-
ery. By developing various bioinformatics algo-
rithms, we succeeded in exploiting the SAGE
data to decode a number of complex regulatory
mechanisms and transcript species that could not
be archived by microarray analyses [47-51].

Alternative Splicing

The use of multiple promoters and transcription
start sites is one mechanism to create gene diversity
in spermatogenesis. Alternative promoter usage
allows cells to generate isoforms as well as to
establish tissue specificity [52]. A large number of
testis-specific splicing variants have been reported.
For example, GH-releasing hormone (GHRH) is
expressed in hypothalamus and placenta of rat. The
use of a spermatogenic-specific promoter and alter-
native transcription initiation allows testicular germ
cells to express testis-specific isoforms [53].
Expression of the testis-specific HEMGN mRNA
(HEMGN-1) is developmentally regulated and syn-
chronized with the first wave of meiosis in prepu-
beral mice. HEMGN-t is transcribed by use of
alternative promoters and polyadenylation sites,
suggesting a role for this testis-specific isoform
in spermatogenesis [54]. Calspermin is a Calcium/
calmodulin-dependent protein kinase triggering a

signaling cascade. A testis-specific isoform is
expressed in postmeiotic germ cells, possibly
controlled by binding of CREM to the CRE
motifs [55].

We reported the global identification and anal-
ysis of transcript variants with alternative 3’ end
usage based on analysis of SAGE libraries of
Spga, Spcy, and Sptd [47]. Unique SAGE tags at
each stage of spermatogenesis were mapped to
the SAGEmap database to retrieve the unigene
cluster. Tags sharing the same unigene cluster
within or among the stages were compared
against different alternative splicing resources
and validated by real-time PCR. The number of
genes with 3’ end alternative splicing variants
(3" AS) expressed in Spga, Spcy, and Sptd was
74, 58, and 62, respectively. Two hundred and
seven genes with 3" AS were expressed in both
Spga and Spcy. The number of genes expressed
in both Spga and Sptd was 249, and the number
expressed in both Spcy and Sptd was 158. There
were 73 genes with different 3’ AS in all three
stages examined. Novel variants involved in
developmental and transcriptional control were
identified. Examples included heat shock protein
4 (Hsp4), H3 histone, family 3B (H3f3b), and
ubiquitin protein ligase E3A (Ube3a). In sum-
mary, SAGE not only provides a rapid global
survey of the gene expression profile in the germ
cell transcriptome but also allows identification
of novel alternative splicing variants that may
contribute to the unique characteristics of sper-
matogenesis. Further functional studies of these
variants will provide new insight into germ cell
development during spermatogenesis.

Antisense Transcription

Though antisense transcription has been recog-
nized in prokaryotes for many years, the wide-
spread occurrence of antisense transcripts in
humans and mice has only been recently docu-
mented. Most studies on antisense transcription
used a computational approach to identify the
global presence of antisense transcripts or focused
on a single gene. Few reports document the
mechanism by which an antisense transcript is
generated. A number of processes in spermato-
genesis such as genomic imprinting, translation
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repression, and stage-specific alternative splicing
are frequently associated with antisense tran-
scripts [7]. A systematic search for antisense tran-
scripts in spermatogenic cells has not previously
been reported.

Utilizing the germ cell SAGE database, our
laboratory, employing orientation specific
RT-PCR and molecular cloning, demonstrated
that a significant percentage (31.1%) of differen-
tially expressed genes in spermatogenic cells are
associated with antisense transcripts [48].
Nucleotide sequence analysis of orientation spe-
cific RT-PCR products of 19 genes, as well as
cloned full-length antisense transcripts, showed
that antisense transcripts could potentially arise
through a wide spectrum of mechanisms, includ-
ing reverse transcription of sense mRNA in the
cytoplasm, transcription of the opposite strand of
the sense gene locus, transcription of a pseudo-
gene, as well as transcription of neighboring
genes and the intergenic sequence. Some of the
antisense transcripts underwent normal and alter-
native splicing, 5’ capping, and 3’ polyadenyla-
tion like their sense counterparts. There were also
antisense transcripts that were not capped and/or
polyadenylated in the testis. In all cases, the lev-
els of the sense transcripts were higher than that
of the antisense transcripts while the relative
expression in nontesticular tissues was variable.
Thus antisense transcripts have complex origins
and variable structure. Sense and antisense tran-
scripts could be regulated independently.

Noncoding RNA Transcription

Mammalian cells produce thousands of noncod-
ing RNAs (ncRNAs) of unknown function [51,
56-63]. These non-protein-coding portions of the
genome often were considered “junk,” but pres-
ent research has highlighted that ncRNAs can
have a wide range of regulatory functions. Small
ncRNASs such as microRNA (miRNA) [64], Small
interfering RNA (siRNAs) [65] and Piwi-
interacting RNA (piRNA) [66] have been widely
reported to function in various regulatory pro-
cesses, including male germ cell development
[67-74]. Recently, a new class of ncRNAs known
as long ncRNAs (>200 bp) has also been demon-
strated to function in developmental regulation,
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such as mouse ESCs pluripotency and differenti-
ation [75-78]. These observations suggest that
long ncRNAs may be indispensible in male germ
cell development.

To identify potential specific long ncRNA
involved in male germ cell development, we
searched the SAGE data for the presence of long
ncRNA candidates. A computational algorithm
was developed to blast, map, and compare the
RNA secondary structure of these candidates
against various ncRNA databases, including
NRED [79], RNAdb [80], fRNAdb [81], and
NONCODE [82]. A total of 50, 35, and 24 poten-
tial long ncRNA candidates were identified in
Spga, Spcy, and Sptd, respectively. These long
ncRNA transcripts could be classified based on
their association with various genomic features,
such as promoter, intronic, intergenic, and anti-
sense. Preliminary functional analysis in a P19
differentiation cell model suggested some long
ncRNAs decreased remarkably following induc-
tion of differentiation by retinoic acid. The
decrease was more obvious in the comparison of
testes from vitamin A deficient (VAD) and con-
trol animals (Boucheron et al., unpublished).
Several ncRNAs exhibited more than a 1000-fold
decrease when compared to control testis. These
results suggested that long ncRNA might play an
active role in male germ cell differentiation and
were dependent on retinoic acid-related regula-
tory pathways.

Germ Cell Transcriptome Informatics

The integration of genome and transcriptome data
provides a powerful approach for understanding
transcription regulatory networks in germ cell
biology. However, the magnitude of this genomic
data is a challenge for wet-lab biologists, as they
require efficient informatics skills in data han-
dling and processing. Fortunately, an emerging
number of online user-friendly tools are available
that allow for analysis of transcriptome data from
a variety of angles, including static retrieval of
data from databases and dynamic analysis at a
systems biology level through integration of dif-
ferent biological information.
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Fig.8.2 Overview of transcriptome-related databases

Germ Cell Transcriptome Resources

The advent of various high-throughput technolo-
gies and completion of various genome projects
in recent years have generated a huge amount of
information. To allow effective data mining of
these data in a standard format and facilitate the
sharing of experimental setup and protocols, cen-
tralized public database resources were estab-
lished. Currently, the most popular Web-based
public repositories for transcriptome data are
Gene Expression Ominbus (GEO, http://www.
ncbi.nlm.nih.gov/geo/) at the National Center for
Biotechnology = Information (NCBI) and
ArrayExpress Archive (http://www.ebi.ac.uk/
microarray-as/ae/) atthe European Bioinformatics
Institute (EBI) (Fig. 8.2).
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All data in GEO and ArrayExpress are either
complied in Minimum Information About a
Microarray Experiment [83] (MIAME) or
Minimum Information about a high-throughput
SeQuencing Experiment [84] (MINSEQE) for-
mat to enable the interpretation of experimental
results in an unambiguous fashion and to poten-
tially reproduce the experiment. A specific ID, in
the form of GSE number (GEO) or E-GEOD-
number (ArrayExpress), is assigned to an experi-
ment. At the time of writing this review
(Feb, 2010), the GEO and ArrayExpress
database contain a total of 15,683 and 9977
experiments, respectively. In addition to GEO
and ArrayExpress, online specialized resources
on germ cell transcritptome are also available,
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which can be divided in terms of platform as
described in the next section.
Microarray-based  transcriptome  resource:
GermOnline. GermOnline [85, 86] is a microar-
ray expression database that focuses on mitosis-,
meiosis-, and gametogenesis-related studies. It
adopted a familiar Ensembl-database layout for
data presentation. Currently, it covers published
transcriptome data from eleven species. The data
are presented in Ensembl genome browser for-
mat. A microarray information management and
annotation system (MIMAS) and a comprehen-
sive system for online editing of database entries
(MediaWiki) were applied to describe experi-
mental data from various microarray-based
experiments, such as RNA expression levels,
transcript start sites and lengths, and exon com-
position. The database also provides an open
environment for scientists to maintain database
entries on genes and gene products in a complete
and accurate manner by submitting up-to-date
curations. The database is accessible at http://
www.germonline.org/.

Sequence-based transcriptome resource:
GermSAGE and GonadSAGE. GermSAGE [87]
(http://germsage.nichd.nih.gov) is a comprehen-
sive Web-based database generated by SAGE.
Data deposited represent major stages in mouse
male germ cell development, with sequence tag
coverage of 150k in each SAGE library. The
database covers 452,095 tags derived from type
A spermatogonia, pachytene spermatocytes, and
round spermatids. It provides an array of easy
tools for browsing, comparing, and screening
male germ cell transcriptome data. The data can
be exported or further analyzed by aligning it
with various annotations available in the built-in
genome browser of the database. This flexible
platform is useful for gaining a better understand-
ing of the genetic networks that regulate sper-
matogonial cell renewal and differentiation and
allows for novel gene discovery.

GonadSAGE [88] (http://germsage.nichd.nih.
gov) is another SAGE database on male gonad
development. A total of six male mouse embry-
onic gonad stages were included (E10.5, E11.5,
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E12.5, E13.5, E15.5, and E17.5). The sequence
coverage for each SAGE library is above 150K.
A total of 908,453 SAGE tags are represented in
all the libraries and is by far the most comprehen-
sive resource available. Altogether, it contains
24,975 known and over 275,583 unannotated
transcripts, including an extensive presence of
antisense transcripts and splicing variants.

Chromatin Remodeling
and Spermatogenesis

Background

Eukaryotic gene regulation is more complicated
than prokaryotic gene regulation. Transcriptional
regulation is tightly coordinated, determined not
only by the genetic information stored in the DNA
sequence but also by interactions between a diver-
sity of modifiers on chromatin. The complexity of
eukaryotic transcriptional control is reflected by
the structure of chromatin, which is composed
of small repeating units, the nucleosomes.
A nucleosome consists of double-stranded DNA
wrapped on histone proteins. Four histone pro-
teins, namely, H3, H4, H2A, and H2B, respec-
tively, form the octamer core of the nucleosome.
During DNA packaging, DNA helix is deposited
on the H3(2)/H4(2) tetramer, followed by incor-
poration of two sets of H2A/H2B dimmers. Such
packaging allows the huge chromosome to be
organized in a compact structure. It is postulated
that the linker histone protein H1 further promotes
chromatin packaging to a higher-order structure
by potentially shielding the negative charge of
DNA linking nucleosomes.

Histones are not solely for DNA packaging.
The eukaryotic system has evolved another
mechanism of gene regulation by changing the
chemical nature of histone tails extruding from
the nucleosomal core. This is achieved by several
posttranslational modifications on the amino resi-
dues of the N-terminus of histones. Currently,
known covalent modifications on histones include
acetylation and ubiquitination of lysine, methyla-
tion of arginine or lysine, and phosphorylation of
serine or threonine [89]. Together with methyla-
tion on cytosine of DNA, these modifications
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form the epigenetic marks in mammalian
genomes. By interacting with different chromatin
modifiers, epigenetic marks provide an additional
layer of gene regulation through establishing
either an active or repressive state of chromatin.
Epigenetic control of gene expression permits
different cell types to express unique sets of genes
despite having the same genome.

A large number of histone variants are found in
male germ cells. Many of these variants are testis-
specific. Expression of these testis-specific vari-
ants suggests the existence of a special nucleosomal
architecture during spermatogenesis. There is
nuclear reorganization in the chromatin of sper-
matids, where histone—protamine transition takes
place. Postmeiotic haploid spermatids utilize
protamine, an arginine-rich H1-like small protein,
to replace histone. In addition, mammalian germ
cells utilize another testis-specific nuclear protein,
the transition proteins (TP1 and TP2), prior to
protamine displacement. Transition proteins may
not be essential for fertility since knockout of TP1
or TP2 did not result in infertility [90, 91]. It is
generally believed that transition proteins replace
histones, preparing the chromatin for protamine
incorporation. Male germ cells use protamines to
create highly compact nuclei, the size of which is
about 5% of the somatic nucleus. Unlike transi-
tion proteins, protamines are essential for the
development of mature sperm. Loss of protamine
in mice resulted in male infertility [92]. The cre-
ation of a compact nucleus is not favorable for
gene transcription. Indeed, HP1 is recruited to the
heterochromatic chromocenter of spermatids after
the histone—protamine transition, indicative of a
silencing mechanism coupled with heterochro-
matin condensation (HP1 is a transcription repres-
sor binding to methylated H3 in transcriptionally
silenced heterochromatin).

Chromatin-Related Transcriptional
Regulations in Spermatogenesis
Transcriptional regulation in male germ cells is
different from somatic cells as evidenced by the
use of histone variants, the expression of testis-
specific homologs in the transcriptional machin-
ery, and the use of alternative promoters in
spermatogenesis.

For transcription to initiate, nucleosomes must
be reorganized to allow access to promoters of
transcription factors. Mechanisms include a tran-
sient unwrapping of the DNA from histone
octamers or shifting nucleosomes along the
length of DNA (nucleosome sliding). To accom-
plish this, chromatin remodeling complexes uti-
lize ATP hydrolysis to disassemble the
nucleosomal core, possibly by a mechanism of
histone displacement. Chromatin remodeling
complexes SWI/SNF, RSC and Pol II are respon-
sible for histone displacement, with histone
chapersones as the acceptor. Remarkably, differ-
ent testis-specific histone variants, such as TH2A,
TH2B, H2A.Z, TH3, H1t, H1t2, and HILSI, are
incorporated during spermatogenesis and sper-
miogenesis. Incorporation of variants can change
the nucleosomal structure (or the epigenetic
modification on the variants’ tails), thus influenc-
ing gene regulation. For instance, during sper-
matogenesis canonical H3 is displaced by variants
H3.3A and H3.3B. H3.3 variants prominently
replacing H3 at active genes [93] probably
accounts for active transcription in spermato-
cytes. Although the role of testis-specific variants
on chromatin structure and function of male germ
cells is unclear, it is generally believed that the
variants result in altered nucleosomal structure,
creating a specialized nuclear organization that
facilitates binding of chromatin remodeling fac-
tors and prepares the sperm genome for subse-
quent fertilization. Notably, a non-testis-specific
H3 variant, CENP-A, localizes to the newly
duplicated centromere of germ cells. CENP-A is
not displaced during the histone—protamine tran-
sition. Its inheritance raises the speculation that it
might function in fertilization.

Transcription activation involves three classes
of proteins, namely, TATA-binding protein, DNA
binding transactivator, and coactivator protein
complex. Some transcription factors (TBP, TFIIB,
RNA polymerase II) are constitutively expressed
but at a much higher level in haploid germ cells
[94]. Some are restricted to testis. Some, instead
of expressing a regular form in somatic cells, are
expressed in testes with a tissue-specific isoform.

A well-studied example is the expression of a
testis-specific transcription activator CREM
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(cyclic AMP-responsive element modulator).
CREM is highly expressed in postmeiotic germ
cells [8]. It is a homolog of CREB (cAMP
response element-binding protein), an activator
of cAMP-responsive promoter elements (CREs).
In somatic cells, phosphorylation of CREB trig-
gers transcription activation. However, CREB is
not expressed in testes. Instead, CREM is actively
expressed in haploid germ cells for transcrip-
tional regulation of many genes critical for late
spermatogenesis. CREM-mutant mice showed
defective spermiogenesis and increased apopto-
sis of germ cells [95]. Unlike CREB, CREM is
phosphorylation-independent, but activated by a
coactivator ACT. Notably, ACT is also restricted
to male germ cells.

The transcriptional initiation complex in germ
cells contains TLF (TBP-like factor), which acti-
vates genes with TATA-less promoters.
Expression of TLF is developmentally regulated
in spermatogenesis. Knockdown of TLF caused
complete arrest of late spermiogenesis and frag-
mentation of the chromocenter in early sperma-
tids [96]. Male germ cells express homologs of
other transcriptional factors in the transcriptional
machinery. For example, a homolog of TFIIA
(Transcription factor II A) is predominantly
expressed in testes, the biochemical function of
which is indistinguishable from its counterpart
[97, 98]. TAF7L (TAF7-like RNA polymerase
II), a paralog of TAF7 of the TFIID complex, is
X-linked and testis-specific [39]. Since the X
chromosome is silenced in spermatocytes and
spermatids, an autosomal homolog may exist
particularly for spermatogenesis.

Conclusions

Investigation into regulation of gene expression
in spermatogenesis is hampered by the lack of a
comprehensive understanding of gene expression
in germ cells. This is further confounded by limi-
tations of the traditional single gene—single path-
way approach. In the past decade, many
transcriptome studies have been conducted to
examine the biology of germ cell development.
With the availability of comprehensive germ cell
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transcriptome databases, identification and char-
acterization of gene functions in male germ cell
development become possible. It is now clear
that the germ cell transcriptome is more complex
than previously envisioned. It involves not only
protein-encoding genes but also non-protein-
coding transcripts such as antisense transcripts,
small and long noncoding RNAs, etc. Dynamic
regulation and usage of the germ cell transcrip-
tome are also obvious. A significant number of
male germ cell-specific transcripts undergo alter-
native splicing or are derived from sex-linked
progenitor genes through retroposition to gener-
ate testis-specific isoforms, presumably to cope
with the specific needs in the spermatogenic pro-
cess. The application of genome-wide analysis
and systems biology approaches should permit
elucidation of more novel modes of transcription
regulation and identification of biological path-
ways critical for male germ cell development.
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