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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 (cAMP-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, 
CREM, 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 govered 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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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. 
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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- 
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In both sexes, interactions between the devel- 
oping gametes and neighboring somatic cells 
are crucial for fertility (1). The importance of 
this communication in spermatogenesis is un- 
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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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commitment to subsequent stages of follicu- 
lar development, and the measured recruit- 
ment of primordial follicles from the resting 
pool is critical for the continuity of folliculo- 
genesis throughout the reproductive life-span 
of all mammals. 

In the mouse, an initial synchronous wave 
of follicular recruitment occurs within a few 
days of birth. By 10 to 12 days of postnatal life, 
a cohort of secondary-stage follicles develops, 
in which oocytes at midgrowth are surrounded 
by two or more layers of granulosa cells. An- 
tral-stage follicles form between 14 and 24 days 
when fluid-filled cavities develop between the 
layers of somatic cells. Antrum formation sub- 
divides the granulosa cells into two 
spatially and functionally distinct 
populations: Those with closest 
proximity to the oocyte are called 
the cumulus granulosa cells, and 
those lining the follicle wall are mu- 
ral granulosa cells. During the pre- 
antral to antral follicle transition, 
the oocyte acquires the capacity to 
resume meiosis (5), and epigenetic 
modifications essential for fetal de- 
velopment are progressively estab- 
lished (6). Meiotic competence is 0 ? 
associated with the accumulation of ~?~?~ 

cell cycle regulatory factors (7), as F dG 
well as reorganization of chromatin Ga 
and microtubule configurations (8). 
The luteinizing hormone (LH) 0 
surge promotes substantial changes @ @ 
in gene expression in preovulatory A 
granulosa cells (9) and indirectly 
stimulates oocyte meiotic matura- Primordial 
tion and ovulation of a metaphase Follicles 
1-stage egg that is competent to 

undergo fertilization. Fig. 1. The 
Commencing with follicle for- oocytes an 

mation and continuing throughout during the 

folliculogenesis, complex bidirec- paracrne f 
'.~ , .. 1immediate tional communication between membrane membrane 

each oocyte and its surrounding so- female pro 
matic cells is essential for the coor- are essenti; 
dinated development of both germ ment aftel 
cell and somatic cell compartments 
(10). For example, defects in mei- 
otic maturation are evident in mice lacking the 
granulosa cell oocyte junction protein connexin 
37 (11). Although it has long been recognized 
that somatic cells support oocyte development, 
compelling evidence of the oocyte's active role 
in folliculogenesis as well as early embryogen- 
esis has emerged primarily within the last de- 
cade. Oocytes promote granulosa cell prolif- 
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eration and differentiation (10). In turn, the 
oocyte depends on somatic cells to support its 
growth and development (12), regulate mei- 
osis (13), and modulate global transcriptional 
activity in the oocyte genome (14). 

The crucial role of the oocyte in regulating 
the progression of follicular development was 
recently illustrated in experiments that ex- 
change germ and somatic cell components of 
follicles at different stages of development (15). 
Oocytes at midgrowth were isolated from sec- 
ondary-stage follicles of 12-day-old mice and 
combined with somatic cells from primordial 
follicles of newborn ovaries to produce reaggre- 
gated ovaries, which we refer to as (12/0) ova- 

Flcuonss&octeGDF-9 
FolliuoeiO.MP-1 5 

Folliculogenesis & Oocyte-somatic cell communication 

"folliculogenesis clock," it appears to be set by 
the oocyte, at least in immature mice. Oocyte 
factors that participate in relaying communica- 
tions to surrounding somatic cells are indicated 
in Fig. 1. 

Oocyte-derived factors direct initial follicle 
formation in the newborn ovary, and knockout 
mice lacking factor in the germline ox (FIGax), 
an oocyte-specific helix-loop-helix transcrip- 
tion factor, fail to develop primordial follicles 
(16). Factors that trigger the development of 
primary (one-layer) follicles are unknown, al- 
though somatic cell-derived anti-Miillerian 
hormone (AMH) (17) and activins (18) are impli- 
cated in the regulation of this process (Fig. 1). 
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a progression of folliculogenesis, oogenesis, and early embryonic development. Communication between 
id their associated somatic cells is established with primordial follicle formation. Granulosa cells proliferate 
a ensuing stages of folliculogenesis, and oocyte-granulosa cell communication mediated by secreted 
Factors and gap junctions is essential for the developmental progression of follicles. After the LH surge and 
:ly before COC release into the oviduct, meiosis I resumes, beginning with the dissolution of the nuclear 
.; this is termed "germinal vesicle breakdown." After fertilization, meiosis II is completed and male and 
)nuclei undergo chromatin restructuring. Appropriate oocyte-somatic cell interactions during folliculogenesis 
al for female gametogenesis and likely have enduring effects on the potential for embryonic develop- 
r fertilization. Several factors (described in the text) function during specific stages in this progression. 

ries in Fig. 2. As compared to control reaggre- 
gated oocytes and somatic cells of newbom 
mice (0/0), 12-day oocytes accelerated follicle 
development, resulting in ovaries with large 
antral-stage follicles within 9 days (Fig. 2). 
These accelerated follicles contained granulosa 
cells that expressed functional characteristics of 
normal preovulatory follicles; furthermore, the 
resident oocytes were able to resume meiosis 
and undergo fertilization, producing embryos 
capable of development to the blastocyst stage. 
These experiments underscore the pivotal func- 
tions of the oocyte in mammalian folliculogen- 
esis and suggest that a developmental program, 
intrinsic to the oocyte, controls the rate of fol- 
licle development in neonatal mice. If there is a 

Bidirectional signaling between oocytes 
and surrounding somatic cells is integral 
for the progression of preantral follicle de- 
velopment beyond the primary follicle 
stage. Studies in mouse models have iden- 
tified specific protein participants in this 
oocyte-granulosa cell regulatory loop and 
revealed essential roles for these factors in 
folliculogenesis and oocyte development 
alike. Examples include (i) growth differ- 
entiation factor-9 (GDF-9), a transforming 
growth factor-P (TGF-P3) superfamily 
member secreted by oocytes; (ii) KIT re- 
ceptor, expressed on the oocyte surface; 
and (iii) KIT ligand (KITL), which is de- 
rived from granulosa cells. Mice homozy- 
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gous for a null allele at the Gdf9 locus (19) 
or for a hypomorphic Kitl allele (20) exhib- 
it female infertility as a result of blocks in 
follicular development preceding formation 
of secondary follicles (Fig. 1). If defects in 
granulosa cell proliferation and differenti- 
ation in the Gdf9 knockout ovary demon- 
strate the importance of the oocyte to fol- 
licular cell functions, oocyte abnormalities 
observed in this mouse model underscore 
the reciprocal-the necessary roles of so- 
matic cells in oogenesis. In the absence of 
GDF-9, there is increased granulosa cell 
KITL expression and other granulosa cell 
anomalies that cause precocious oocyte 
growth and defects, eventually leading to 
oocyte demise (21). 

tegrity of the COC by inducing hyaluronan 
synthase 2, pentraxin 3, and tumor necrosis 
factor-induced factor 6, and suppressing 
urokinase plasminogen activator (21, 25); 
(ii) stimulates prostaglandin and progester- 
one synthesis and/or signaling pathways in 
preovulatory cumulus granulosa cells (21); 
and (iii) suppresses the luteinization of cu- 
mulus granulosa cells by inhibiting LH re- 
ceptor expression (21). A related oocyte- 
secreted TGF-P superfamily protein, bone 
morphogenetic protein 15 (BMP-15), func- 
tions in a cooperative manner with GDF-9 
to maintain the integrity of the COC and 
maximize female fertility in mice (26). 
Point mutations in the BMP15 coding se- 
quence in Fecundity X Inverdale and 

nal antigen that embryos require"), which is 
necessary for development beyond the two- 
cell stage, has been implicated in establish- 
ing embryonic genome transcription pat- 
terns (30), and DNMTlo, an oocyte-specif- 
ic DNA methyltransferase, maintains 
genomic imprinting crucial for viability of 
the developing fetus (31). In both cases, the 
oocyte-expressed gene product is stored 
during oocyte growth and follicular devel- 
opment and is dispensable until after ovu- 
lation. As we continue to discover factors 
that coordinate the oocyte-granulosa cell 
regulatory loop and follicular development, 
it will be important to define their roles as 
determinants not only of ovarian function, 
but also of embryonic development. 

Fig. 2. The rate of follicle development is regulated by the oocyte. Follicle development is 
shown in 0/0 (control) and 12/0 reaggregated ovaries, 9 days after grafting to the renal bursa. 
Whereas 0/0 ovaries (A) contain no follicles beyond the secondary stage, large antral follicles 
are clearly evident in 12/0 ovaries (B), indicating accelerated follicular development. The 
precocious antral follicles in the 12/0 ovaries exhibit a normal morphology, with an oocyte 
surrounded by cumulus cells (cc), an antral cavity (ac), and mural granulosa cells (mgc). A 
distinct layer of theca cells (t) also surrounds the follicle. Scale bars, 100 Irm. 

Multilayered follicles become subject to 
regulation by extraovarian factors, namely 
the gonadotropin hormones, and require 
follicle-stimulating hormone (FSH) ligand 
and receptor to become large antral preovu- 
latory follicles (Fig. 1), (22, 23). Knockout 
mice lacking oocyte-derived zona pellucida 
protein 3 (ZP-3) or ZP-2 display defects in 
early antral and preovulatory follicle devel- 
opment, cumulus-oocyte complex (COC) for- 
mation, and ovulation (24)-evidence that 
oocytes control somatic cell functions at 
these stages. Blastocysts derived from in 
vitro maturation and fertilization of eggs 
from Zp2 or Zp3 knockout females are not 
capable of completing development after 
transfer to wild-type pseudopregnant recipi- 
ents; this finding suggests that zona matrix 
proteins are important in mediating granulosa 
cell signals and connections to oocytes that 
optimize their later developmental potential 
(24). 

Oocyte-derived paracrine factors are es- 
sential for efficient ovulation. For example, 
GDF-9 (i) promotes the formation and in- 

Hanna sheep cause defects beyond the pri- 
mary follicle stage and infertility in ho- 
mozygote ewes, but enhanced ovulation in 
heterozygotes (27). A dominant activating 
mutation in the TGF-P superfamily recep- 
tor ALK6 is responsible for increased ovu- 
lation rates and litter sizes the in Fecundity 
B Booroola sheep (28), although the impor- 
tance of this receptor in GDF-9 and BMP- 
15 signaling pathways is yet to be deter- 
mined. Many other factors participate in the 
response to LH in the periovulatory period 
and have been characterized in knockout 
mouse models. These include mediators of 
prostaglandin and progesterone pathways 
(e.g., CCAAT/enhancer binding protein P, 
cyclooxygenase 2, and progesterone recep- 
tor) (9). 

During follicle development, oocytes 
accumulate maternal effect factors neces- 
sary to support early embryogenesis, which 
occurs in the absence of de novo transcrip- 
tion of either parental genome (29). Two 
such factors have been characterized in 
knockout mouse models. MATER ("mater- 
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