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Spermatogenesis is a complex and ordered differentiation process in which the spermatogo-
nial stem cell population gives rise to primary spermatocytes that undergo two successive
meiotic divisions followed by a major biochemical and structural reorganization of the
haploid cells to generate mature elongate spermatids. The transcriptional regulatory pro-
grams that orchestrate this process have been intensively studied in model organisms such
as Drosophila melanogaster and mouse. Genetic and biochemical approaches have ident-
ified the factors involved and revealed mechanisms of action that are unique to male germ
cells. In a well-studied example, cofactors and pathways distinct from those used in
somatic tissues mediate the action of CREM in male germ cells. But perhaps the most striking
feature concerns the paralogs of somatically expressed transcription factors and of com-
ponents of the general transcription machinery that act in distinct regulatory mechanisms

in both Drosophila and murine spermatogenesis.

permatogenesis is a remarkable differentia-
Stion process that takes place continuously
in adult organisms. In mammals, spermato-
genesis occurs in the seminiferous epithelium
under a complex endocrine control, whereas
in Drosophila melanogaster it occurs relatively
autonomously in the testes. In both mammals
and Drosophila melanogaster (hereafter, Droso-
phila) the spermatogonia stem cell population
undergoes self-renewal and gives rise to primary
spermatocytes that differentiate through two
successive meiotic divisions into haploid round
spermatids (Fuller 1998; de Rooij 2001). These
processes are controlled by complex regulatory
programs directing the expression of specific

sets of genes at different developmental stages.
In mouse, a first set of germ cell—specific genes
are expressed in pachytene spermatocytes fol-
lowed by a second wave of postmeiotic tran-
scription in round spermatids where most
genes required for morphological and biochem-
ical reprogramming are expressed (Sassone-
Corsi 2002). In Drosophila, the majority of
transcription including that of genes required
at late stages takes place prior to meiosis. During
the postmeiotic phase, the round spermatids
undergo a major morphological and biochem-
ical transformation involving the loss of most
somatic histones, the condensation of the
genome into a tightly packed protamine-DNA
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complex, flagellar formation, and finally cyto-
plasmic exclusion. Transcription is repressed
during spermatid elongation as the histone
octamer-based chromatin organization is re-
placed by the incorporation of transition proteins
and protamines. In mouse and in humans,
however, a small fraction of the genome retains
a nucleosomal organization (Gatewood et al.
1990). There is much speculation and interest as
to whether inheritance of these histones confers
epigenetic information that plays a role in direct-
ing gene expression following fertilization (van
der Heijden et al. 2008; Albert and Peters 2009).

Study of transcription regulation in sperma-
togenesis is hampered by the lack of an in vitro
differentiation model. Most insight has there-
fore come from model organisms such as Droso-
phila and mouse in which the power of genetics
has proved essential for identifying the factors
and mechanisms involved. This article will
discuss several of these mechanisms that are
unique to germ cells in both of these model
organisms.

SPECIALIZED TRANSCRIPTION
MECHANISMS IN MALE GERM CELLS
OF DROSOPHILA MELANOGASTER

The Gene Expression Program of Drosophila
Primary Spermatocytes

Drosophila primary spermatocytes transcribe
genes they themselves require; additionally
they transcribe the vast majority of genes
required at later stages in spermatids. Although
there is significant postmeiotic transcription in
mammalian round spermatids (Schultz et al.
2003; Potrzebowski et al. 2008), until recently
it was believed to be essentially absent from Dro-
sophila spermatogenesis (Barreau et al. 2008).
For example, protamines that repackage chro-
matin in spermatids are only detected late in
elongation, however, protamine transcripts
accumulate in primary spermatocytes (Jayara-
maiah Raja and Renkawitz-Pohl 2005). Like
other organs, testes express a little over 50% of
the annotated Drosophila protein coding genes,
however, unlike other organs, many of these
genes are testis-specific or highly testis enriched

(Parisi et al. 2004; Chintapalli et al. 2007).
Indeed, transcription of about half the genes
for known sperm proteins are testis-specific or
highly enriched (Dorus et al. 2006). This large
set of testis-expressed genes are activated in pri-
mary spermatocytes by the concerted actions of
two protein complexes.

The Meiotic Arrest Genes Control and
Coordinate Transcription in Primary
Spermatocyte

There is remarkably little interdependence of
cellular events within spermatid differentiation,
as defects in one aspect of spermatid formation
typically do not cause differentiation arrest;
rather they result in abnormal progression
through later stages. For example, spermato-
cytes that fail in the meiotic divisions continue
to spermatid differentiation as 4N cells (Gonza-
lez et al. 1988; Alphey et al. 1992). An exception
to this rule is supplied by the “meiotic arrest”
mutants in which testes accumulate arrested
mature primary spermatocytes (Lin et al
1996; Table 1).

The meiotic arrest genes function in pri-
mary spermatocytes to ensure the coordinate
progression of meiosis and spermatid differen-
tiation. Reasoning that failure to initiate meiotic
divisions in meiotic arrest spermatocytes was
likely to result from failure to produce or acti-
vate key cell cycle proteins, the expression of
the meiotic regulatory proteins CyclinB and
Twine was examined. Accumulation of Twine
protein was disrupted in all the mutants, and
CyclinB failed to accumulate in aly mutants.
In aly mutants, the spermatocytes failed to
express the mRNAs for these two genes, whereas
can (and mia and sa) mutants expressed twine
mRNA but not protein. Because meiosis and
spermatid differentiation are independent, the
expression of eight known spermiogenesis
genes in meiotic arrest mutant testes was exam-
ined and found to be severely abrogated (in can,
mia, and sa mutants) or totally undetectable
(aly mutant) (White-Cooper et al. 1998).
Thus, the meiotic arrest loci were defined as
being critical for transcription of certain sper-
miogenic genes in primary spermatocytes, and
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Table 1. Classification of the meiotic arrest genes in Drosophila

Gene name

Homology/domains Reference(s)

aly-class  aly (always early)

achi+vis (achintya and vismay)
comr (cookie monster)

topi (matotopetli)

tomb (tombola)

can (cannonball)

mia (meiosis I arrest)

mip40 (Myb interacting protein 40kD)
nht (no hitter)

rye (ryan express)

sa (spermatocyte arrest)

can-class

11 Zn fingers

TAF4 histone fold
TAF12 histone fold
TAF8 histone fold

DIRP White-Cooper et al. 2000

TALE class homeodomain  Ayyar et al. 2003; Wang and
Mann 2003

Winged helix Jiang and White-Cooper
2003

Perezgasga et al. 2004

CXC Jiang et al. 2007
TAF5 WD40 repeats Hiller et al. 2001
TAF6 histone fold Hiller et al. 2004
lin-37 Beall et al. 2007

Hiller et al. 2004
Hiller et al. 2004
Hiller et al. 2004

The gene names are shown along with distinguishing structural domains and similarity to other factors.

were subdivided into aly-class and can-class
on the basis of their effects on particular target
genes.

To date eleven meiotic arrest mutant loci
have been described, on the basis of this classi-
fication five are aly-class, whereas six are can-
class (see Table 1). Transcription of all eight
known spermiogenesis genes tested in the orig-
inal 1998 study was dramatically reduced in the
meiotic arrest mutants. To assess what propor-
tion of spermiogenesis genes are controlled by
the meiotic arrest transcriptional module, a
large scale RNA in situ hybridization screen
hasbeen performed (www.fly-ted.org) (Barreau
etal. 2008). Typically, genes that are transcribed
in primary spermatocytes and whose tran-
scripts persist in spermatids consistent with a
postmeiotic role are not expressed in mutant
testes. As a conservative estimate, based also
on unpublished microarray data, over 1500,
and probably more than 2000, genes require
meiotic arrest gene function for their transcrip-
tion in Drosophila primary spermatocytes.
Therefore, the meiotic arrest genes are critical
regulators of gene expression in these cells.

tMAC: A Testis-Specific DREAM Complex

Four of the five known aly-class genes are
expressed exclusively or almost exclusively in
primary spermatocytes, consistent with their
critical function in these cells (Jiang and

White-Cooper 2003; Perezgasga et al. 2004; Jiang
et al. 2007; White-Cooper 2009). One aly-class
locus is complex, with both copies of a recent
gene duplication (achi and vis) being mutated
to give the male sterile phenotype; vis is strongly
testis-enriched in adults; its duplication partner,
achi is expressed ubiquitously at low levels
(Ayyar et al. 2003; Wang and Mann 2003). aly
contains a DIRP domain (domain in Rb-related
pathway), whereas topi, comr, tomb, and achi+
vis proteins all have predicted DNA binding
domains, of the Zn-finger, winged helix, CXC,
and homeodomain classes, respectively. Thus,
these proteins probably act to directly control
transcription by interacting with DNA.

Most animal genomes have only one DIRP
protein and one CXC-domain protein, however,
in Drosophila these genes have duplicated and
aly and tomb are testis-specific paralogs of the
broadly expressed genes mip130 and mip120.
Mip130 and Mipl20 proteins copurify in a
complex (MMB/dREAM) from somatic tissues
with Mip40, Myb, CAF1, Rbf, E2F2, Dp, and
Lin-52 (Korenjak et al. 2004; Lewis et al.
2004). An orthologous complex has also been
purified from Caenorhabditis elegans (DRM)
(Harrison et al. 2006) and from humans
(DREAM/LINC) (Litovchick et al. 2007;
Schmit et al. 2007).

Given the evolutionary conservation of the
protein families it is not surprising that Aly
and Tomb proteins copurify with Mip40 from
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testes in the tMAC complex (testis meiotic arrest
complex) that also contains Topi, Comr, and
CAF1 (Beall et al. 2007). Direct protein inter-
actions have been shown for Topi:Comr, for
Tomb:Aly and for Tomb:Comr (Perezgasga
et al. 2004; Jiang et al. 2007). Notably, Vis
(and Achi) was not found in tMAC, neither
were Myb, Rbf, Dp, or E2F2. Because Achi/
Vis, Aly, and Comr have been shown to coim-
munoprecipitate from testes (Wang and Mann
2003), it is likely that tMAC comes in at least
two forms, one with Achi/Vis, but lacking
Mip40, the other with Mip40, but lacking
Achi/Vis. Curiously, whereas mip40 mutants
are meiotic arrest male sterile, they do not
have an aly-class phenotype, indicating that
Mip40 functions differently from the other
components of the complex (Beall et al. 2007).

Analysis of protein localizations in various
mutant backgrounds also sheds light on the
interdependence of the proteins. Aly and
Comr proteins must both be present for either
to localize to the nucleus (Jiang and White-
Cooper 2003), and for Tomb to be stable,
whereas Tomb is essential to allow Aly and
Comr to interact with chromatin (Jiang et al.
2007). Topi and Achi/Vis seem to be more
peripheral to the core complex, although all
testis-specific members of tMAC must be
present for the complex to efficiently interact
with chromatin (Ayyar et al. 2003; Perezgasga
et al. 2004).

The Meiotic Arrest Genes — Transcriptional
Activators or Repressors of Repressors?

Theoretically, activation of a set of genes in a
developmentally orchestrated manner can be
achieved by several different mechanisms. The
most straightforward is direct activation by a
transcription factor (complex) of all the target
genes. More complex are transcription factor
cascades, in which factors are sequentially acti-
vated as differentiation proceeds. Finally, the
genes could have a default setting of ON, and
be repressed in all cells in which their transcrip-
tion is not desired. Activation would then
involve repressing this repressor. The finding
that transcription of any one meiotic arrest

locus is independent of all the others argues
against a potential transcription factor cascade
mechanism (White-Cooper et al. 2000; Hiller
et al. 2004).

Although the human homolog of Achi/Vis,
TGIE is a transcriptional repressor, Achi in Dro-
sophila testes is an activator (Wang et al. 2008).
dREAM (Beall et al. 2004; Korenjak et al. 2004;
Lewis et al. 2004), and orthologous complexes
in other species have predominantly been linked
to a transcriptional repression rather than acti-
vation (Culi et al. 2006), although some activat-
ing functions are reported (Georlette et al.
2007). LINC does activate expression of certain
cell cycle genes (Pilkinton et al. 2007), and the
activation versus repression role of LINC seems
to be related to the DNA binding factors with
which it is associated (Osterloh et al. 2007;
Schmit et al. 2007). It is likely that dREAM,
which contains Myb, Rbf, and Dp is predomi-
nantly repressive, whereas tMAC, using Comr,
Topi, and Achi/Vis to interact with promoters,
is predominantly activatory. Consistent with
this, all the tMAC subunits associate with
euchromatin in primary spermatocytes, al-
though their binding to specific target pro-
moters has not been reported. The C. elegans
SynMuvB pathway genes also include known
chromatin modifiers, for example, subunits of
the NuRD nucleosome remodeling and histone
deacetylase complex (Fay and Yochem 2007). It
is possible that tMAC interacts with such a com-
plex in primary spermatocytes, and activates
gene expression by regulating chromatin archi-
tecture and accessibility in primary spermato-
cytes (White-Cooper et al. 2000).

tTAFs as Repressors of a Repressor

An alternative mechanism is observed for the
members of the can-class factors that encode
paralogs of the subunits of the general tran-
scription factor TFIID. The TFIID complex is
formed by the TATA-binding protein (TBP)
and 13—14 TBP-associated factors (TAFs)
(Tora 2002; Matangkasombut et al. 2004; Cler
et al. 2009). The composition and organization
of TFIID is highly conserved through evolution.
TFIID has a modular structure with a core
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domain formed by TAF5 and a set of histone
fold-containing TAFs, in which a second mod-
ule comprising TAF1, TAF7, and TBP associates
to form TFIID (Fig. 1) (Gangloff et al. 2001;
Papai et al. 2009). In addition to the TFIID
TAFs that are widely expressed in embryonic
and adult tissues, male germ cells express para-
logs of TBP and several TAFs that play critical,
but distinct roles in spermatogenesis in Droso-
phila and mouse.

The can-class meiotic arrest genes can, mia,
nht, rye, and sa, encode testis-specific paralogs
of ubiquitously expressed TAFs that form the
TFIID core (Hiller et al. 2001, 2004). These
tTAFs share the same structural domains
(histone-folds, WD40 repeats) and form heter-
odimers similar to those described for the
corresponding core TAFs (see Table 1, and
Kolthur-Seetharam et al. 2008). A simple hy-
pothesis is that these factors along with non-
testis-specific components, and testis-specific
splice isoforms of TAFs (e.g., TAF1-2; Metcalf
and Wassarman 2007) assemble to form a
testis-specific TFIID complex. Alternatively, as
a subset of TAFs are also components of other
transcriptional regulatory complexes, for exam-
ple, in the Polycomb Repression Complex 1
(PRC1) with Polycomb group (PcG) proteins
(Saurin et al. 2001) or the GCN5/PCAF histone
acetyltransferases in the SAGA complex
(Timmers and Tora 2005), the tTAFs could
also function through their incorporation in
these complexes.

The idea that the tTAFs form a testis-specific
TFIID complex that binds directly to the pro-
moters of target genes would predict that this
complex be localized to euchromatin in pri-
mary spermatocytes. Although some tTAF asso-
ciation with the chromosomal masses in these
cells is observed, the strongest labeling is in a
subcompartment of the nucleolus (Chen et al.
2005; Metcalf and Wassarman 2007). The action
of tMAC is important for localization of tTAFs
to the nucleolus, as in aly mutant testes Sa pro-
tein localizes in a peri-nucleolar ring (Metcalf
and Wassarman 2007). Only tTAFs and the
testis-specific isoform TAF1-2 have this nucleo-
lar localization, other TFIID subunits are found
associated with euchromatin.

Male Germ Cell Transcription

Polycomb and other PRCI components
localize exclusively to chromatin in spermato-
gonia, but significantly relocalize to the nucleo-
lus in primary spermatocytes (Chen et al. 2005).
This nucleolar localization of PRC1 depends on
the action of the tTAFs, as Pc remains exclu-
sively on euchromatin in sa mutant testes.
Analysis by chromatin immuno precipitation
(ChIP) revealed that tTAFs are normally associ-
ated with the promoters of target spermiogene-
sis genes, and that Pc preferentially accumulates
at these regions in tTAF mutant testes. Together
these observations suggest that tTAFs in pri-
mary spermatocytes act to remove the PRC1
repressor complex from target promoters and
sequester it in the nucleolus (i.e., they repress
the repressors), but they may also directly func-
tion as transcriptional activators, replacing the
ubiquitous TFIID at target promoters.

SPECIALIZED TRANSCRIPTION
MECHANISMS IN MURINE MALE
GERM CELLS

This next section will describe several examples
of specialized transcription mechanism in
murine male germ cells, and highlight the obser-
vation that, although mouse germ cells also
express paralogs of TAFs and other general tran-
scription factors, their mechanism of action is
quite distinct from that in Drosophila.

CREM, ACT, and KIF17b Cooperate in an
Integrated Regulatory Mechanism Unique
to Haploid Cells

Cyclic AMP response element (CRE) binding
protein (CREB) and cyclic AMP response ele-
ment modulator (CREM) are highly related
proteins that regulate transcription in response
to various stress, metabolic and developmental
signals (Hummler et al. 1994; Sassone-Corsi
1995). CREB and CREM bind to the consensus
palindromic CRE 5-TGACGTCA-3’ or half-
CRE 5'-TGACG-3' and 5'-CGTCA-3' elements
present in the promoters of target genes.
CREM exists in multiple isoforms that act ei-
ther as repressors or activators (Foulkes and
Sassone-Corsi 1992). In male germ cells of
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Transcription and
chromatin remodelling

Germ-cell-specific and general transcription

Nucleolus
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Spermatocyte Round spermatid Elongate

spermatid

’ Promiscuous transcription?
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- . Ll . .
Premeiotic transcription THFZ&E' Haploid cell transcription
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Figure 1. Schematic description of TFIID complexes that are involved in transcription in Drosophila and murine
male germ cells. The structure of TFIID as determined from immunoelectron microscopy (EM) experiments is
shown on the left of the figure. The TBP and TAF subunits are represented by colored balls superimposed on the
reconstructed EM model. Drosophila spermatocytes express paralogs of several TAFs that are shown organized in
the form of a partial TFIID complex. The heterodimerization partners of mia and sa remain to be determined
along with the presence of TAFs 2, 7, 11, and 13 in this complex. These spermatocytes likely also contain a TFIID
complex comprising somatically expressed TAFs and the TRF2 complex. Murine spermatocytes predominantly
contain a normal TFIID complex containing TAF4 and/or TAF4b. In haploid cells, TAF4 is strongly down-
regulated leading to loss of full TFIID and accumulation of the TBP-TAF1-TAF7L submodule. TBP can interact
with either TFIIA or ALF to mediate elevated levels of mRNA transcription in these cells. TRF2 also interacts
with either TFIIA or ALF and may mediate transcription of a subset of essential genes or it may interact with
chromatin via TIPT and HP1vy.
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prepubertal animals, low expression of the
repressor isoforms are observed. At puberty,
follicle stimulating hormone (FSH), by an as
yet undefined mechanism modulates the usage
of alternative polyadenylation sites such that
several destabilizer signals in the 3’ untranslated
region of the CREM T activator isoform mRNA
are eliminated leading to increased stability and
the accumulation of the CREM 7 protein to
high levels in postmeiotic round spermatids
(Foulkes et al. 1992, 1993).

CREM knockout leads to early apoptosis of
haploid cells, around step 4 of their develop-
ment, and male sterility showing that CREM
plays an essential role in spermiogenesis
(Blendy et al. 1996; Nantel et al. 1996; Nantel
and Sassone-Corsi 1996). Amongst the direct
CREM targets are the genes encoding pro-
tamines, transition proteins, and outer dense
fiber protein whose expression initiates in
round spermatids, but whose gene products
are required only later during the elongation
stage. Diminished expression of these genes
may account for the reduced sperm count and
abnormalities seen in heterozygous CREM
mutant mice, but do not readily explain the
apoptosis. ChIP from adult testis coupled to
high throughput sequencing shows that
CREM occupies the promoters of more than
6000 target genes in haploid cells (Martianov
et al. 2010). Comparison with transcriptome
data shows that only a small subset of these
genes are deregulated following CREM inactiva-
tion. The deregulated genes include the anti-
apoptotic factor Bcl6b and genes involved in
signal transduction and metabolic processes
(Beissbarth et al. 2003; Martianov et al. 2010).
It is rather the deregulation of these genes that
accounts for the apoptotic phenotype seen on
CREM inactivation.

In somatic tissues, a variety of stimuli and
several different kinases converge to phosphor-
ylate a serine residue (S133 or S117) in the
activation domains of CREB and CREM,
respectively (Johannessen et al. 2004). Serine
phosphorylation results in recruitment of the
p300 and CREB binding protein (CBP) coacti-
vators (Chrivia et al. 1993; Nakajima et al.
1997). Alternatively, CREB can also activate

Male Germ Cell Transcription

transcription of a subset of target genes through
a phosphorylation-independent interaction
with the TORC (transducers of regulated
CREB activity) family of coactivators via the
CREB bZIP domain that enhances interaction
with the TFIID subunit TAF4 (Fig. 2) (Conk-
right et al. 2003; Xu et al. 2007). In haploid cells,
CREM functions by yet another mechanism
that bypasses the requirement for phosphoryla-
tion through interaction with the LIM-only
domain protein ACT (activator of CREM in
testis) encoded by the Fhi5 gene (Fimia et al.
1999) specifically expressed in haploid cells.
ACT functions as a coactivator in yeast and in
mammalian cells in which it stimulates CREM
transcriptional activity. Inactivation of ACT in
mice does not phenocopy loss of CREM as there
is no block in spermatogenesis and males are
fertile (Kotaja et al. 2004). ACT knockout
does, however, lead to a severe reduction in
the number of mature sperm and the appear-
ance of frequent malformations of the sperm
head and flagellum. These observations suggest
only a subset of CREM target genes are regu-
lated using ACT as a coactivator, or that ACT
is required for a general fine-tuning of CREM
target transcript levels.

The activity of the CREM-ACT pathway is
controlled by KIF17b, a testis-specific form of
the kinesin protein KIF17, that interacts with
ACT (Macho et al. 2002). KIF17b colocalizes
with ACT in the nucleus of haploid cells, but
at the onset of the elongation phase, KIF17b
and ACT cotranslocate to the cytoplasm. In
ex vivo models, KIF17b-mediated export of
ACT from the nucleus represses CREM activa-
tion of target genes. Intracellular translocation
of KIF17b is dependent neither on its motor
domain nor on microtubules, revealing a
novel microtubule-independent function for
kinesins (Kotaja et al. 2005). In cell culture
assays, cyclic AMP-dependent protein kinase
A (PKA) phosphorylates KIF17b to regulate
its subcellular localization. Inhibition of the
PKA pathway affects nuclear-cytoplasmic shut-
tling and promotes cytoplasmic accumulation
of KIF17b. If such a mechanism were to operate
in germ cells, it would provide a mechanism in
which cyclic AMP signaling could modulate

Cite this article as Cold Spring Harb Perspect Biol 2011;3:a002626 7



m Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

www.cshperspectives.org

H. White-Cooper and I. Davidson

A Somatic cells
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Figure 2. Schematic model of the CREM-ACT-KIF17b regulatory pathway. (A) In somatic cells, CREB and
CREM activate transcription following phosphorylation of a conserved serine residue and recruitment of the
CBP and p300 coactivators. CREB and CREM can also interact with TAF4 that is required as a coactivator
for their activity. Alternatively, CREB can also activate transcription independent of CBP/p300 via the TORC
coactivators. (B) In germ cells, CREM interacts with ACT. At the elongation phase ACT is exported to the cyto-
plasm by KIF17B to repress CREM activation of target genes. KIF17B also transports mRNAs to the chromatoid
body where it interacts with the MIWI protein. Phosphorylation of KIF17B by PKA increases its cytoplasmic
localization.
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CREM-mediated transcription in male germ
cells through control of KIF17b rather than
direct phosphorylation of the CREM activation
domain.

KIF17b is a multifunctional protein that is
involved not only in the transport of CREM,
but also of a set of CREM-regulated mRNAs
(Chennathukuzhi et al. 2003). KIF17b physi-
cally interacts with a testis-specific member of
the PIWI/Argonaute family, MIWI, a compo-
nent of the chromatoid body implicated in
RNA metabolism (Kotaja et al. 2006; Kotaja
and Sassone-Corsi 2007). This interaction may
play a role in the transportation of mRNAs to
the chromatoid body. Thus, KIF17b links the
processes of transcription and transport of
specific mRNAs in male germ cells.

Together the above studies describe a
unique and integrated mechanism by which
CREM, ACT, and KIF17b act together to regu-
late transcription in developing male germ cells
(summarized in Fig. 2).

TRF2 and TRF3: Two TBP-Related Proteins
with Specific Roles in Male and Female Germ
Cell Development

As described above, the tTAFs play an important
role in Drosophila spermatogenesis. In mouse,
several testis-expressed paralogs of TFIID com-
ponents have been identified, such as TAF4b
that plays an as yet undefined role in maintain-
ing spermatogonia self-renewal (Falender et al.
2005), and TAF7L (see below). One of the most
striking examples is, however, that of the TBP-
related factors TRF2 and TRF3.

TBP has a bipartite structure with a poorly
conserved amino-terminal region and a highly
conserved carboxy-terminal domain that folds
as a molecular saddle-shaped structure and
binds DNA via the concave surface (Burley
1996). In vertebrates, two TBP-related proteins,
TRF2 and TRF3 (also designated as TLF and
TBP2, respectively), share this conserved car-
boxy-terminal domain (Dantonel et al. 1999;
Rabenstein et al. 1999; Teichmann et al. 1999;
Persengiev et al. 2003; Bartfai et al. 2004; Jallow
etal. 2004). In mouse, TRF2 is highly expressed
in male germ cells, whereas TRF3 expression is

Male Germ Cell Transcription

restricted to the ovary (Martianov et al. 2001;
Xiao et al. 2006).

Genetic experiments in mice show a specific
function of these factors in germ cells.
TRF2-null mice are viable and females are fertile
(Martianov et al. 2001; Zhang et al. 2001). In
contrast, male animals are sterile with an almost
complete arrest of spermiogenesis because of
apoptosis of step 7 round spermatids. TRF2
mutant round spermatids are characterized
by the fragmentation of the chromocenter, a
nuclear structure comprising the centromeric
heterochromatin from each chromosome
(Martianov et al. 2002). In normal spermatids,
a single dense nuclear structure is observed,
whereas in TRF2 mutant cells, 3—4 large foci
are found. The chromocenter is proposed to
actas a chromatin organizer prior to the elonga-
tion phase (Zalensky et al. 1995). The TREF2
mutant spermatids undergo apoptosis at the
beginning of the elongation phase suggesting
that chromatin disorganization activates a
checkpoint at this step.

At present, it is not clear whether TRF2 acts
as a transcription factor or has a more direct
structural role on the chromatin and evidence
exists for both possibilities. TRF2, like TBP,
interacts with TFIIA (Teichmann et al. 1999)
and with a paralog of the TFIIA «/f subunit,
ALF (TFIIA-like factor) (Upadhyaya et al.
1999; Ozer et al. 2000), that is specifically
expressed in late pachytene spermatocytes and
in haploid round spermatids (Catena et al.
2005). Like TFIIA, ALF is cleaved into « and 3
subunits that associate with TFIIAy. Immuno-
precipitation experiments show that male
germ cells contain not only TFIIAa/B/y and
ALFa/B-TFIIAy complexes, but also the full
combination of hybrid complexes between the
TFIIA/ALF « and/or B subunits (Catena et al.
2005). The TRF2-TFIIA/ALF interaction sug-
gests that TRF2 may function as a transcription
factor. However, TRF2 does not bind to TATA
sequences and no alternative TRF2 binding
motif or response element has been identified
on the promoters of germ cell expressed genes.
A demonstration that murine TRF2 acts as
a bona fide transcription factor will require
the identification of such elements and the
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demonstration that TRF2 is bound in vivo to
the target promoters.

TRF2 may also have a more direct role on
chromatin as two hybrid experiments have
shown an interaction with TIPT (TRF2 inter-
acting protein in testis), a novel uncharacter-
ized testis-specific protein that is specifically
expressed in late pachytene and haploid round
spermatids (Brancorsini et al. 2008). TIPT also
interacts with the heterochromatin proteins
HPla and HP1y and colocalizes with HP1vy
in the euchromatin compartment. Although
the function of TIPT in testis remains to be
determined, these observations provide a po-
tential direct link between TRF2 and chromatin
organization.

It is noteworthy that in Drosophila, TRF2 is
also required for spermatogenesis. Mutation of
TREF2 leads to defects in meiotic chromatin con-
densation and chromosome segregation (Kopy-
tova et al. 2006). TRF2 forms a high molecular
weight protein complex with the DNA binding
factor DREF and proteins such as ISWT involved
in chromatin remodeling providing further evi-
dence that TRF2 may directly modulate chro-
matin organization (Hochheimer et al. 2002).

The specific role of TRF2 in male germ cells
is mirrored by that of TRF3 in female germ cells.
Oogenesis in mammals, comprises a complex
series of events within the ovarian follicles.
Oocytes are generated from oogonia and then
undergo the early stages of meiotic prophase I.
During reproductive life, oocytes are continu-
ously selected from a pool of primordial follicles
to develop via a growth phase during which they
are arrested at diplotene of prophase I. Studies
of TBP and TRF3 expression show a remarkable
developmental switch. TBP is expressed in the
primordial follicles, but is rapidly down-reg-
ulated prior to arrest in metaphase I (Gazdag
et al. 2007). In contrast, TRF3 is strongly
expressed throughout folliculogenesis, declines
at the oocyte stage and disappears following
fertilization. These results suggest that TRF3
replaces TBP to direct the specific gene expres-
sion program required for oocyte development.
This is indeed the case as inactivation of the
TREF3 gene results in female infertility, deregu-
lation of oocyte-specific genes and altered

chromatin organization (Gazdag et al. 2009).
In contrast, inactivation of TBP in the female
germ line does not affect oocyte formation
demonstrating that it is TRF3 and not TBP
that is essential for oocyte development.

There is thus, a striking parallel between the
roles of TRF2 and TRF3 in the male and female
germ lines. Both proteins show a specific and
dynamically regulated expression in male or
female germ cells, they are required to direct
specific gene expression programs and they
play a role in chromatin organization. Interest-
ingly, however, these factors play more general
roles in embryonic development in other verte-
brates such as the zebrafish Danio rerio or
Xenopus (Veenstra et al. 2000; Muller et al.
2001; Bartfai et al. 2004; Hart et al. 2007; Jacobi
et al. 2007). Evolution has therefore selected a
more specialized role for these proteins in
germ cell function in mammals, where embry-
onic development takes place within the moth-
er’s body.

Evidence for “Promiscuous” Transcription
in Male Haploid Germ Cells

Although there is a remarkable parallel between
the roles of TRF2 and TRF3 in male and female
germ cells, there is also a major difference. In
female germ cells, TRF3 replaces TBP, but in
male germ cells, TBP is strongly up-regulated
and coexpressed with TRF2 (Schmidt and
Schibler 1995; Martianov et al. 2002). TBP
mRNA levels are almost 100-fold up-regulated
in haploid cells compared to somatic tissues,
principally because of use of alternate pro-
moters (Schmidt et al. 1997; Schmidt and Schi-
bler 1997). TBP protein levels are 8- to 10-fold
higher in testis than in somatic cells. Similarly,
TFIIB, RNA polymerase II, TFIIA, and ALF
are also strongly expressed in haploid cells
(Schmidt and Schibler 1995). It has been pro-
posed that overexpression of the general tran-
scription machinery at this stage is required to
produce the large amounts of some mRNAs
that have to be synthesized and stored for
translation during the elongation and remod-
eling phase. There is also evidence that overall
mRNA levels are generally higher in haploid
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cells than in somatic cells because of “pro-
miscuous” transcription where in addition to
transcription of highly expressed testis-specific
genes and of normal “housekeeping” genes,
many other genes are also transcribed albeit at
lower levels (Schmidt and Schibler 1995). It
has been suggested that this may facilitate
DNA repair of the transcribed genes before
transmission to the next generation, because
transcription and DNA repair are coupled (Cit-
terio et al. 2000; Laine and Egly 2006).

In agreement with this idea, ChIP-seq
experiments show widespread occupancy by
CREM of target genes that have no specific
role in spermatogenesis, but whose promoters
are active in haploid cells (Martianov et al.
2010). The euchromatin of round spermatids
therefore seems rather permissive for transcrip-
tion factor binding which, together with high
levels of the basal transcription machinery,
may lead to the expression of a large set of genes
and generally higher mRNA levels. This suggests
a model in which haploid cells express germ
cell-specific paralogs of the general factors for
two distinct purposes, to orchestrate the expres-
sion of a specific gene expression program and
at the same time to ensure sufficient levels of
basal factors to promote elevated levels of
transcription.

Additional evidence for the above hypothe-
sis comes from the study of TAF7L, a germ cell—
specific paralog of the TFIID subunit TAF7 that
plays an important role in transcription initia-
tion (Gegonne et al. 2006). TAF7L was identi-
fied in a screen for spermatogonial expressed
genes located on the X chromosome (Wang
et al. 2001). The TAF7L protein is localized in
the cytoplasm in spermatogonia and early pri-
mary spermatocytes, but from mid-pachytene
stage onward, TAF7L is imported into the
nucleus and accumulates strongly in postmei-
otic cells (Pointud et al. 2003). The import
of TAF7L into the nucleus is coordinated with
both a loss of TAF7 expression, and a potent
up-regulation of TBP. In contrast, the TAF4
subunit of TFIID that is essential for TFIID
stability is strongly down-regulated at the
same stage. Haploid cells therefore appear to
contain an abundance of the TBP-TAF1-TAF7

Male Germ Cell Transcription

module, but low amounts of the core domain
complex and hence low levels of TFIID. Further-
more, the genomes of old world monkeys, apes,
and humans include a retrotransposed copy of
TAF1 encoding TAFIL that displays the same
functional properties as TAF1 (Wang and Page
2002). This may represent a strategy for human
germ cells to evade meiotic sex chromosome
inactivation of TAF1 on the X chromosome,
and maintain high levels of TAF1 activity in
haploid cells. These observations suggest that
high levels of specific and/or promiscuous
gene expression are mediated via the TBP-
TAF1-TAF7L module of TFIID.

This model has been tested by TAF7L inac-
tivation in mouse (Cheng et al. 2007) in which
its loss does not lead to arrested spermatogene-
sis, but to a strongly reduced sperm count and
reduced fertility. Sperm from mutant animals
are characterized by abnormal morphology,
reduced motility, and folded tails. Transcrip-
tome analysis, however, identified only six tran-
scripts with mildly reduced expression. These
relatively minor changes in gene expression are
unlikely to fully account for the observed phe-
notype. Although further transcriptome studies
on purified germ cell populations may reveal
more profound effects on gene expression in-
dicative of a specific function of TAF7L for a
subset of target genes, these observations are
open to an alternative interpretation. Rather
than regulating expression of specific genes in
haploid cells, TAF7L is required to ensure gener-
ally elevated transcription. An overall reduction
in transcript levels is more difficult to observe in
transcriptome array experiments compared to
the selective loss or induction of a set of genes.
This interpretation would explain the paucity
of changes on the Affymetrix array, and account
for a phentotype with a generalized reduction
in spermatogenesis rather than arrest at a spe-
cific stage.

The above results lend weight to the idea
that paralogs of the general transcription
machinery are required in male germ cells for
two different, but related functions. Overex-
pressed components of the basal transcription
machinery, including ALE act together with
the TBP-TAF1-TAF71 sub-module of TFIID to
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direct high levels of mRNA transcription in
haploid cells required for normal spermatogen-
esis. TRF2 on the other hand has evolved to
direct a specific aspect of the gene expression
program and/or modulate chromatin structure
in haploid cells (summarized in Fig. 1). These
ideas can be tested by, for example, knockout
of ALE which one would predict to have a gen-
eral effect on transcription and a phenotype
similar to that of TAF7L rather than leading to
arrest at a specific stage. Further experiments
of this type will confirm or infirm the above
model and lead to a better understanding of
the mechansims required for correct spermato-
genesis and male fertility.

CONCLUDING REMARKS

The studies described above provide insights
into transcriptional regulatory mechanisms
that are unique to male germ cells. TAF paralogs
play important, but mechanistically distinct
roles in both Drosophila and mouse spermato-
genesis. In Drosophila, these proteins act to
sequester the PRCI repressor complex to facili-
tate expression of genes required for spermato-
genesis in spermatocytes. In contrast, in mice,
they may be required to ensure general high lev-
els of mRNA synthesis in haploid cells. A recur-
rent theme, that has now also found an echo in
female germ cells, is the importance of germ
cell-specific paralogs of somatically expressed
factors and of components of the general tran-
scription machinery illustrated by the tTAFs,
TREF2, TRF3, and ALE Consider also TCEA2, a
murine paralog of TFIIS that is selectively
expressed at the late pachytene and round sper-
matid stages (Ito et al. 1996; Umehara et al.
1997). TFIIS was long considered as a transcrip-
tion elongation factor, however, it has now been
shown to be also generally required at the pre-
initiation stage (Guglielmi et al. 2007; Kim
et al. 2007; Sikorski and Buratowski 2009).
Here is yet another example of a germ cell—
specific paralog of the general transcription
machinery, whose function remains to be deter-
mined. An unresolved question is why male and
female germ cells have adopted this strategy to
direct their specific gene expression programs.

The diversity of mechanisms discussed above
suggests that there is probably no single answer.
Future studies should provide further insights
into this question.
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