2176

21. T. Ogawa, |. Dobrinski, R. L. Brinster, Tissue Cell 31, 461
(1999).

22. S. Schlatt et al., Hum. Reprod. 14, 144 (1999).

23. A. Honaramooz, S. O. Megee, |. Dobrinski, Biol. Re-
prod. 66, 21 (2002).

24. J. A Radford, S. M. Shalet, B. A. Lieberman, Br. Med. J.
319, 935 (1999).

25. M. R. Avarbock, C. J. Brinster, R. L. Brinster, Nature
Med. 2, 693 (1996).

"REPRODUCTIVE BlOLOGY

26. M. Nagano, M. R. Avarbock, E. B. Leonida, C. J. Brin-
ster, R. L. Brinster, Tissue Cell 30, 389 (1998).

27. M. Nagano et al., Proc. Natl. Acad. Sci. U.S.A. 98,
13090 (2001).

28. L. D. Russell, in Reproductive and Developmental
Toxicity of Metals, T. W. Clarkson, G. F. Nordberg, P. R.
Sager, Eds. (Plenum, New York, 1983), pp. 227-252.

29. | apologize to colleagues whose work was not cited
because of space limits. | thank R. Behringer, R.

REVIEW

Davies, K. Orwig, and E. Sandgren for valuable com-
ments on the manuscript; M. Avarbock, C. Freeman,
R. Naroznowski, and C. Pope for contributions to
experiments; and J. Hayden for help with photogra-
phy and figures. Supported by the National Institute
of Child Health and Human Development grant
36504, the Commonwealth and General Assembly of
Pennsylvania, and the Robert J. Kleberg Jr. and Helen
C. Kleberg Foundation.

Unique Chromatin Remodeling and
Transcriptional Regulation in Spermatogenesis

Paolo Sassone-Corsi

Most of our knowledge of transcriptional regulation comes from studies in
somatic cells. However, increasing evidence reveals that gene regulation
mechanisms are different in haploid germ cells. A number of highly
specialized strategies operate during spermatogenesis. These include a
unique chromatin reorganization program and the use of distinct promoter
elements and specific transcription factors. Deciphering the rules govern-
ing transcriptional control during spermatogenesis will provide valuable

insights of biomedical importance.

The developmental process of spermatogen-
esis relies on a number of distinct regulatory
programs involving sophisticated hormonal
control from the hypothalamic-pituitary axis
(I). This review concentrates on recent ad-
vances about the unique rules governing post-
meiotic transcription in male germ cells. One
very special feature concerns the process of
chromatin remodeling, which involves vari-
ous steps that are unlike those in somatic cells
(2). Many generally expressed genes use al-
ternative promoters in male germ cells, and
several genes have a homolog whose expres-
sion is specific for the male germ line. Trans-
genesis experiments have revealed that vari-
ous cis-acting regulatory elements direct
expression exclusively to the testis, demon-
strating the presence of germ cell-specific
factors (2, 3-5).

Chromatin Dynamics

In somatic cells, specific chromatin remodel-
ing events have been directly coupled to tran-
scriptional activation and silencing (6-38).
Are the same events operating in male germ
cells? During spermatogenesis, the haploid
genome undergoes extensive reorganization
through meiosis and DNA compaction. Mei-
osis involves homologous chromosome pair-
ing at synapsis and meiotic recombination
(Fig. 1). After desynapsis and completion of
meiosis, gene transcription increases, but
then the haploid genome is compacted within
the sperm head to a volume of about 5% of
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that of a somatic cell nucleus. This remark-
able repackaging event is achieved by replac-
ing histones with protamines (9, 10), argi-
nine- and cysteine-rich proteins that organize
the haploid male genome into a highly spe-
cialized, doughnut-shaped chromatinic struc-
ture that is fundamentally different from the
classical nucleosomal architecture (9, 10).
The reason for the histone-protamine transi-

Homologous
chromosome
pairing and
meiotic
recombination

Transcription phase

Transcription phase

tion is probably related to the high compac-
tion potential of nucleoprotamines and the
requirement for a unique chromatin architec-
ture that would enable a specific transcription
schedule after fertilization.

In mammals, histones are not replaced
directly by protamines (Fig. 1). Transition
proteins (TP1 and TP2) are small, basic nu-
clear proteins that appear when histones are
displaced and chromatin condensation ini-
tiates. Targeted mutation of each transition
protein suggests a redundant role for the tran-
sition proteins (/1, 12). Both TP1- and TP2-
mutant mice are fertile and display only mi-
nor spermiogenesis abnormalities, indicating
that histone replacement and chromatin com-
paction are transition protein—independent
processes. Indeed, precocious chromatin con-

Removal of nuclear
and cytoplasmic

proteins
Mitotic cell Meiotic cell
cycle control cycle control
Synapsis Desynapsis
Primordial @ @
germ cell S— \
: Pachytene Round
Spermatogonia spermatocyte spermatid Eé%r;?na;gg
[ 9000055 ] [ oovsi [
Histones Protamines

Fig. 1. Spermatogenesis is a cyclic developmental process by which spermatogonia cells generate
the mature spermatozoon. These events are characterized by important modifications in chromatin
organization, basically during two periods, meiosis—which includes the synapsis and desynapsis of
the chromosomes—and the histone-protamine transition. Postmeiotically, a powerful wave of
transcription occurs in haploid cells, which is governed by highly specialized molecular mechanisms.
Specific genes operate at distinct steps of the spermatogenic process.
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densation occurs in transgenic mice with pre-
mature protamine-1 translation (I3).

The dynamic displacement of transition
proteins is controlled by phosphorylation-
dephosphorylation events, including direct phos-
phorylation of TP2 by protein kinase A, which
greatly reduces TP2’s DNA condensation prop-
erty (14). Thus, activation of specific signaling
pathways plays a critical role in the timing and
accuracy of the histone-to-protamine transition.
The ubiquitin system, which also is signaling-
regulated, appears implicated in the histone-
protamine conversion by controlling the half-
life, stabilization, refolding, and translocation of
these proteins. Indeed, ablation of the HR6B
gene, which encodes a ubiquitin-conjugating
DNA repair enzyme, results in impaired sper-
matogenesis and in structural alteration of post-
meiotic chromatin (15). The ubiquitin system is
highly active postmeiotically, regulating apo-
ptosis and the massive breakdown of cellular
proteins at that time.

Protamines are also modified posttransla-
tionally, but the physiological significance of
these modifications is mostly unknown. At
least, phosphorylation has been shown to be
essential. Mutation of the calmodulin-depen-
dent protein kinase Camk4, which phosphor-
ylates protamine-2, results in defective sper-
miogenesis and male sterility (/6). Although
Camk4 is expressed in various tissues, no
other phenotypic effect is observed.

The classical view is that replacement of
histones by protamines results in silencing of
transcription. Silencing has been shown to be
coupled to heterochromatin condensation and
recognition of methylated residues on histone
tails by the protein HP1 (heterochromatin
protein-1) (6—8). During chromatin reorgani-
zation in spermiogenesis, HP1 is localized in
the heterochromatic chromocenter of sperma-
tids, a structure believed to function as an
organizer of higher order chromatin fibers.
Because spermatid nuclei are nearly devoid
of histones, the target of HP1 may be meth-
ylated protamines or residual histones that
could contribute to chromocenter architec-
ture. One histone-like protein that remains
associated with the chromatin during the tran-
sition to protamines is the centromeric-spe-
cific H3-like protein CENP-A (/7), which
thereby behaves as a heritable centromeric
molecule. CENP-A also becomes phospho-
rylated, although both functional significance
and modality of this modification are yet
undetermined.

Transcription Mechanisms

A significant number of gene promoters display
an activity highly restricted to male germ cells
(2). In these cells, there is a balance of common
regulators and germ cell-specific factors (3-5).
After meiosis, the beginning of spermiogenesis
is characterized by a massive wave of transcrip-
tional activity, which results in the activation of
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a number of essential postmei-
otic genes in early haploid cells.
To insure this efficient and time-
ly transcription, various general
transcription factors are differen-
tially regulated in germ cells.
TBP (TATA-binding protein),
TFIIB, and RNA polymerase II
accumulate in early haploid
geim cells in much higher
amounts than in any somatic cell.
For example, although adult
spleen and liver cells contain 0.7
and 2.3 molecules of TBP
mRNA per haploid genome-
equivalent, respectively, adult
testes contain 80 to 200 mole-
cules of TBP transcript per hap-

\/

Germ cells differ from so-
matic cells not only for the un-
usual expression levels of these
general factors, but also be-
cause of the presence of testis-
specific isoforms. TFIIA is a
good example. TFIIA is an
RNA polymerase II-associated
factor that stimulates transcrip-
tion by stabilizing TBP associ-
ation with promoter DNA and
by facilitating activator-depen-
dent conformational changes in
the preinitiation complex. A
TFIIA testis-specific isoform,
ALF or TFIIAT has been iden-
tified (19, 20). The expression
pattern of ALF indicates a spe-
cialized function in spermiogenesis. Al-
though TFIIAT or ALF is able to functionally
substitute for TFIIA in a transcription assay,
it seems to have unique association properties
with some activators, probably underscoring
its testis-specific function (19, 20).

The RNA polymerase II-associated com-
plex TFIID is composed of TBP and various
TBP-associated proteins (TAFys). Some of

loid genome equivalent (18). (
c

- the TAFs function in transcriptional regula-

tion, chromatin modification, and DNA re-
pair. Whereas TBP and TAFs are ubiqui-
tous, testis-specific TBP and TAF;; paralogs
have been identified. For example, a testis-
specific paralog of TAF80 exists in Dro-
sophila that has been shown to be essential
for spermatogenesis (27). In mammals, a tes-
tis-specific isoform of TAF55 has been
found, named TAF;Q, whose function is still
unclear (22). It is interesting that TAF;;Q is
encoded by the X chromosome, as well as
TAF;;250, an essential factor for RNA poly-
merase II transcription. Differently from the
autosomes, the X and Y chromosomes are
transcriptionally silenced in mammalian sper-
matocytes, because they are condensed in
heterochromatin (23, 24). The sexual chro-
mosomes are segregated into a special nucle-

Chromatin elements?

Co-activators?

ACT
REM
TFUIIA

Fig. 2. CREB- and CREM-mediated transcription can take place
after interaction with different coactivators. (Top) Schematic
representation of the classical view by which CREB elicits its
function in somatic cells. A key event is CREB phosphorylation,
which promotes the recruiting of CBP, a large coactivator with
HAT (hlstone acetyltransferase) activity. In male germ cells (bot-
tom), CREM is not phosphorylated, and activation is elicited by
association with ACT, a testis-specific coactivator that has no
HAT activity. In both models, activation involves contacts with
factors of the general transcription machinery, such as TBP
(TATA-binding protein). TLF ( TBP-like factor) may operate on
TATA-less promoters, and as TBP does, TLF associates with TFIIA.
Ablation of CREM and TLF genes in the mouse germ line causes
severe spermiogenesis deficiency and increased germ cell apoptosis.
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ar compartment, the “sex vesicle,” where
RNA polymerase II is absent (25). Thus, in
order to ensure efficient transcription, alter-
native isoforms of these critical transcription
factors are likely synthesized from the auto-
somes in haploid cells.

Transcription of TATA-less promoters in
somatic cells is thought to utilize TBP-like
factors that have no direct TATA binding
function. As several testis-specific promoters
do not contain a canonical TATA element,
the role of TBP-like factors during spermat-
ogenesis is relevant. Notable is the case of the
TBP-related protein TRF2 or TLF, which
displays a highly specific developmental pat-
tern of expression, in contrast to TBP, which
is ubiquitously present in all stages of sper-
matogenesis. TLF plays a specialized role in
mammalian spermatogenesis (26, 27), as re-
vealed by the mutation of the gene that causes
a complete arrest of late spermiogenesis and
increased germ cell apoptosis (26, 27). An
unexpected feature of the TLF-deficient mice
is that early spermatids display a fragmenta-
tion of the chromocenter and aberrant HP1
distribution (28), indicating that this tran-
scription factor participates also in the orga-
nization of the centromeric heterochromatin.
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The role of TLF in mammalian spermat-
ogenesis contrasts to its function in Caeno-
rhabditis elegans, Xenopus, and zebrafish
(29-31), where TLF appears to be critical in
early embryogenesis—possibly acting as a
surrogate of TBP at specific promoters whose
expression is required at the onset of zygotic
transcription in the developing embryo.

Specificity of Activation

The molecular and functional connections be-
tween the general transcription machinery and
cell-specific activators have been extensively
studied in somatic cells. Many genes activated
postmeiotically contain CREs (cCAMP-respon-
sive elements), which recruit members of the
CREB family of transcription factors (32).

In somatic cells, CREB binds to CREs and
activates transcription when it becomes phos-
phorylated. The event of phosphorylation trig-
gers the recruiting of a large coactivator, CBP
(CREB-binding protein). CBP has a dual func-
tion. It contacts other elements of the transcrip-
tion machinery and acetylates histones, and
thus possibly contributes to chromatin decon-
densation events that precede transcription (33).

CREB is poorly expressed in testis. In-
stead, another member of the CREB family,
CREMV, is present at very high levels. In germ
cells, CREM interacts with TFIIA and select-
ed TAFs of the TFIID complex. CREM was
thought to play a critical role during the
postmeiotic transcriptional phase. Indeed,
CREM-null mice display a complete block of
the differentiation program at the first step of
spermiogenesis (32). Thus, CREM appears to
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directly influence the fate of male germ cells.
As TLF interacts with TFIIA, which interacts
with CREM, a germ cell-specific complex
appears to operate (Fig. 2). It is noteworthy
that mice lacking either CREM or TLF dis-
play phenotypic similarities, including an im-
portant increase in germ cells apoptosis.
The complex including CREM has addi-
tional unique features. CREM does not seem to
be phosphorylated in germ cells, and thus the
classical signaling-dependent mechanism that
uses CBP is not operating. Instead, CREM is
activated by a tissue-specific coactivator, the
LIM-only protein ACT, whose expression is
exquisitely restricted to male germ cells (34).
The study of the mechanism by which ACT
operates is likely to reveal some important fea-
tures of gene regulation in male germ cells.

Conclusion

The developmental process of spermatogenesis
is governed by a unique genetic and molecular
program. A fine-tuning of the regulatory mech-
anisms devoted to the differentiation of male
germ cells is essential, because errors at any
level could have dramatic consequences for the
maintenance of the species. It is essential that
we pursue a deeper understanding of the mo-
lecular processes regulating gene expression
during spermatogenesis, as it will be highly
valuable for biomedical and therapeutic work.
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Intercellular Communication in the Mammalian
Ovary: Oocytes Carry the Conversation

Martin M. Matzuk,"23* Kathleen H. Burns,"? Maria M. Viveiros,* John ). Eppig*

The production of functional female gametes is essential for the propa-
gation of all vertebrate species. The growth of oocytes within ovarian
follicles and their development to mature eggs have fascinated biologists
for centuries, and scientists have long realized the importance of the
ovarian follicle’s somatic cells in nurturing oogenesis and delivering the
oocyte to the oviduct by ovulation. Recent studies have revealed key roles
of the oocyte in folliculogenesis and established that bidirectional com-
munication between the oocyte and companion somatic cells is essential
for development of an egg competent to undergo fertilization and em-
bryogenesis. The challenge for the future is to identify the factors that
participate in this communication and their mechanisms of action.

Germ cells are uniquely specialized to trans-
mit the genome to succeeding generations. In
animal species, sexual reproduction requires
meiotic division to produce haploid gametes
(i.e., eggs and spermatozoa), which upon fer-

tilization give rise to the totipotent embryo.
In both sexes, interactions between the devel-
oping gametes and neighboring somatic cells
are crucial for fertility (/). The importance of
this communication in spermatogenesis is un-

derscored by clinical cases of male infertility,
transgenic mouse models, and xenogeneic
germ cell transplantation experiments (1, 2).
Similarly, in females, complex intercellular
dialogs have evolved to regulate oogenesis in
species as wide-ranging as fruit flies (3) and
mice.

In the mammalian perinatal ovary, oo-
cytes arrested in the diplotene stage of mei-
osis I become surrounded by a single, squa-
mous layer of somatic cells to form a finite
population of nongrowing primordial folli-
cles (4) (Fig. 1). Primary follicles are recruit-
ed from the primordial pool as oocytes grow
and the surrounding somatic cells (called
granulosa cells) become cuboidal and prolif-
erative. This transition is associated with a
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