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Chapter 4

Gene expression in oocytes during  
growth and maturation

Ursula eichenlaub-ritter

INTRODUCTION: RELEVANCE OF 
EXPRESSION PATTERNS STAGE-BY-
STAGE

Mammalian oocytes are exceptional cells. Unlike 
male germ cells they are extremely long-lived 
and initiate the meiotic program during fetal 
development in the embryonic ovary. Much 
unlike most other cell types, they arrest for long 
periods at the G2-phase of the cell cycle and thus 
undergo a discontinuous meiosis. Their develop-
ment is associated with major starts and stops 
in meiotic progression as well as major changes 
in gene expression patterns during transitional 
phases of oogenesis, e.g. when oocytes complete 
the first stages of prophase of meiosis I1, when 
oocytes become meiotically arrested, or when 
follicles and oocytes become recruited from the 
resting to the growing pool2. Before resumption 
of maturation oocytes undergo extensive growth, 
accompanied by high transcription rates. 
However, fully mature oocytes subsequently 
become transcriptionally repressed3,4, whereas 
specific stored messages are recruited by polyad-
enylation to be translated during maturation or 
early embryogenesis5,6.

With respect to cell cycle progression,  
S-phase, chromatin condensation, pairing, 
and recombination take place during meiotic 

prophase I of oogenesis within the fetal ovary, 
followed by a long meiotic arrest phase with 
decondensed chromatin in the G2-phase of the 
cell cycle (dictate or dictyate stage), in which 
the oocyte is surrounded by a single layer of 
squamous non-proliferating granulosa cells 
within a primordial follicle7. Oocytes have an 
intact nucleus (germinal vesicle, GV) through-
out this arrest period and remain quiescent, up 
to decades in humans, before growth is initiated 
and the transition from the resting primordial to 
the primary stage of folliculogenesis is initiated. 
However, during the arrest oocytes may be more 
‘active’ in expression than previously antici-
pated8. Primary follicle development is followed 
by development from the preantral to the large 
antral, preovulatory stage, and finally, oocyte 
meiotic resumption and ovulation.

To acquire full maturational and develop-
mental competence the oocyte has to undergo an 
extensive growth phase. This is associated with 
an accumulation of components for nuclear mat-
uration, dramatic increases in numbers of cell 
organelles like mitochondria, chromatin remod-
eling, and rises in protein and RNA content. Most 
mammalian oocytes mature to metaphase II, in 
response to activation of maturation promot-
ing factor (MPF)9. Most protein is subsequently 
synthesized in the mammalian oocyte10,11 as an 
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essential component of the cytostatic factor (CSF) 
that arrests oocytes with well aligned chromo-
somes in metaphase II (for reviews see references 
12 and 13). This is much unlike the situation in 
mitotic cells, that trigger anaphase once chromo-
somes are stably attached to spindle fibers and 
aligned at the spindle equator (termed: congres-
sion) (e.g. reference 14). Meiosis is completed 
after fertilization and inactivation of maturation 
promoting factor (MPF) downstream from cal-
cium oscillations15–17. Subsequently, ooplasmic 
factors mediate chromatin remodeling and male 
pronuclear formation. Global changes in methyl-
ation imprinting are initiated by oocyte derived 
factors (e.g. references 18 and 19 and Chapter 
6). Importantly, maternal and paternal imprint-
ing marks acquired during gametogenesis have 
to be established and oocytes conditioned such 
that specific marks maintained during matura-
tion and early embryogenesis for mono-allelic 
gene expression (e.g. references 20 and 21 and 
Chapter 6).

The oocyte provides all proteins, especially 
transcription factors, mRNA, tRNA, and ribo-
somal RNA, as well as cell organelles like mito-
chondria to support the first mitotic divisions and 
early embryogenesis. It has to provide for initia-
tion of zygotic gene activation until full zygotic 
gene expression is achieved. All the information 
obtained by genetic models and observations on 
correlations between oocyte quality and devel-
opmental competence in assisted reproduction 
thus support the notion that embryogenesis is 
governed by and begins during oogenesis22,23 and 
is dependent on timed expression during oogen-
esis. The continued development and matura-
tion of the oocyte within the ovarian follicle in 
vivo facilitates the production of oocytes of the 
highest developmental potential. Up to now, in-
vitro conditions do not fully support the process 
of oocyte growth and maturation as effectively. 
This may relate to deficiencies in the extracellu-
lar milieu, or result from the suboptimal quality 
of the oocyte at the beginning of and during cul-
ture, especially in primates (e.g. reference 24).

TEMPORAL AND SUSTAINED 
EXPRESSION OF EARLY MEIOTIC 
GENES FOR GENOMIC INTEGRITY

The early stages of oocyte development in the 
fetal ovary, prior to birth, are characterized by the 
expression of genes that are necessary for chro-
mosome pairing, homologous recombination, 
and DNA repair. This accounts for the require-
ment of meiotic exchange to establish physical 
attachments between homologous chromosomes 
and the formation of chiasmata. The latter are 
required for reductional division, to help chro-
mosomes orient properly on the spindle and to 
segregate from each other at meiosis I (for dis-
cussion see references 25–27). For instance, 
genes expressed in recombination encode pro-
teins of the synaptonemal complex and chro-
mosome cohesion like SCP1, SCP 3, REC 8, 
and SMC1 beta28–30, as well as genes involved 
in recombination and DNA repair such as Atm, 
Spo11, Dmc1, Msh2, Msh 3, Msh 4, Msh 5, and  
Mlh 131–37. Reduced expression, mutation, or 
knockout of such genes can have long lasting 
effects and severe implications for fertility in the 
female, causing death of oocytes38,39 and/or affect-
ing the ability of the oocyte to faithfully segregate 
chromosomes at meiosis I and ovulate metaphase 
II oocytes with normal chromosomal constitution 
(for review see references 26 and 40).

The relevance of stage-specific regulation 
of gene expression by transcription factors and 
factors in initiation of translation at this early 
meiotic stage can be deduced from knockout 
models. For instance, the gene for CPEB (cyto-
plasmic polyadenylation element binding pro-
tein) is a sequence-specific RNA binding protein 
that is involved in translation initiation during 
vertebrate oogenesis. Ablation of CPEB expres-
sion causes arrest at the pachytene stage in 
female meiosis of the mouse. Synaptonemal 
complexes that mediate efficient pairing and 
recombination do not form, presumably because 
expression of mRNAs with cytoplasmic polyade-
nylating elements (CPE), binding sites for CPEB, 
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that encode synaptonemal complex proteins, 
is reduced41. However, translation of CPE-con-
taining mRNA is also required at resumption of 
meiosis. Regulation at pachytene appears to rely 
on phosphorylation of CPEB by kinase Aurora 
A followed by dephosphorylation when oocytes 
enter dictyate stage42. Differential phosphoryla-
tion also modulates transcription of polyadenyl-
ated mRNAs at resumption of maturation and at 
early development (see below).

Genetic models demonstrate how a disturbed 
expression of meiotic genes at early stages of 
oogenesis like Mlh1 affects pool size and leads 
to premature ovarian failure, but also causes pre-
disposition to non-disjunction (errors in chromo-
some segregation) in oocytes at early maternal 
ages28,30,34,43. Interestingly, ceasing of expression 
of the gene for synaptonemal complex protein 1 
(SCP1) is implicated in formation of primordial 
follicles in the mouse1. Most genes in meiotic 
recombination are no longer expressed at the end 
of meiotic prophase I, when nuclear maturation 
becomes arrested in the G2-phase. In contrast, 
genes that apparently remain to be expressed 
at low levels up to meiotic resumption are ones 
that mediate chromatid cohesion, like Smc1b. 
Usually, sister chromatids stay attached to each 
other until anaphase I, when chiasmata are 
resolved synchronously by the loss of cohesion 
between arms of sister chromatids (reviewed in 
references 44 and 45). Reduced Smc1b expres-
sion may be one of the conditions responsible for 
premature loss of sister chromatid cohesion and 
chiasma resolution that predispose to random 
segregation of chromosomes and aneuploidy in 
aged oocytes43. Once chromatids lose cohesion, 
there may be no possibility of re-attachment. 
Although it has been claimed that the ooplasm 
of fully grown GV-stage or metaphase II oocytes 
is capable of expressing genes that induce reduc-
tional segregation of somatic chromosomes, 
the lack of coordinated expression of prophase  
I-specific recombination genes at postnatal stages 
of oogenesis and the absence of a physical con-
nection between homologous parental chromo-

somes render it rather unlikely that the ooplasm 
is able to promote normal chromosome segrega-
tion. In fact, random segregation was observed in 
oocyte reconstitution approaches46–48, although 
meiosis-like spindles may be formed after somatic 
cell nuclear transfer49. This appears to be differ-
ent for oocytes derived by in-vitro development 
from ES cells in animal models, which exhibit 
stage-specific expression of meiotic markers 
and develop within a follicle-like somatic com-
partment50. It will be of great interest to assess 
their stage-specific gene expression patterns to 
identify essential pathways regulating early and 
late meiotic events and, particularly, chroma-
tin remodeling and chromosome separation at 
oogenesis. This may also be useful in improving 
future in-vitro maturation (IVM) approaches.

GENE EXPRESSION AT RECRUITMENT 
OF PRIMORDIAL FOLLICLES AND 
THROUGHOUT FOLLICLE AND 
OOCYTE GROWTH

Oocyte survival at the dictyate stage initially 
depends on follicle assembly, and primordial 
follicle formation prior to birth as in humans51,52 
or shortly after birth as in rodents (e.g. refer-
ences 53 and 54), depending on species (see 
reference 55). At this and later stages, oocyte 
and follicular health or atresia rely on complex 
interactions of oocytes with somatic cells, e.g. 
through interactions via growth and survival 
factors and later via gap junctional communica-
tion56,57 (see Chapter 3). For instance, failure of 
expression of Foxl2 encoding a transcription fac-
tor in mice results in impaired follicle formation 
and deregulated oocyte growth58,59. Oocytes in 
primordial follicles express Gdf9 precociously 
to induce folliculogenesis shortly after birth 
and this causes atresia and premature ovarian 
failure. Early stages mainly depend on locally 
produced intercellular signaling and regula-
tory feedback signaling between the germ cell 
compartment and the oocyte (e.g. reference 60). 
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Later, additional feedback signaling with the 
neuroregulatory axis is essential for normal fol-
licular development and differentiation, and for 
oocyte growth (see Chapter 2). As an example, 
female mice lacking FSHb are infertile and fol-
licular development is arrested at the preantral 
stage of folliculogenesis61.

Multiple gene products act on the oocyte 
or are expressed by oocytes at several distinct 
stages of folliculogenesis and during oocyte 
growth, having distinct and diverse functions. 
For example, Factor in the Germaline alpha  
(FIG-α), a basic helix-loop-helix transcription 
factor, is initially required for primordial follicle 
formation, but also regulates expression of zona 
proteins during oocyte growth62,63. Other factors 
expressed in oocytes at primordial follicle for-
mation include, for example, neurotrophins and 
their receptors, like the tyrosine kinase B recep-
tor (TrkB receptor)64,65.

Cohorts of primordial follicles are continu-
ously recruited from the resting into the grow-
ing phase throughout reproductive life. This is 
accompanied by differentiation of flattened gran-
ulosa cells into large cuboidal granulosa cells of 
the primary follicle by still largely unknown fac-
tors. Anti-Müllerian hormone (AMH), a member 
of the TGF (b) family that signals through a bone 
morphogenetic protein (BMP)-like signaling 
pathway is expressed in the granulosa cells of 
growing and preovulatory follicles and appears 
to play a role in inhibiting primordial follicle 
recruitment. It is also expressed in oocytes of 
preantral and preovulatory oocytes and may 
enhance survival and growth of follicles at 
these later stages of oocyte and follicle develop- 
ment66–69. Expression of AMH and levels of 
AMH in serum are inversely proportional to fol-
licle pool size and can possibly be used to assess 
physiologic age70. Thus AMH may present a 
marker of aging and thus may be predictive of 
the success of IVM.

The length of the oocyte growth phase dif-
fers between species from about 20 days in small 
rodents like the mouse to months in larger mam-

mals (e.g. references 71 and 72). Oocyte growth 
and follicular development to the preovulatory 
stage lasts several months in the human. The 
volume of the oocyte increases 100-fold during 
this period and oocyte diameter expands from 
about 35 to 120 µm73,74. In the mouse the diam-
eter of the oocyte increases from about 10–15  µm  
in the primordial follicle to about 80 µm in 
the preovulatory antral follicle75. Accordingly, 
oocyte volume also increases about 150-fold 
between primordial and large antral stage2. Most 
proteins and RNAs are produced during the 
oocyte’s growth phase, when rapid divisions of 
granulosa cells commence and the oocyte signif-
icantly increases in volume. RNA content rises 
by about 300% during the 2–3 weeks of oocyte 
growth in the mouse. The meiotically compe-
tent, fully grown mouse oocyte contains about 
200 times more RNA than a typical somatic 
cell76. About 20–25% of total RNA accounts for 
tRNA. About 60–65% of the total RNA comprises 
ribosomal RNA, and 10–15% represents hetero-
geneous RNA. About 8% of the latter is polyade-
nylated. While RNA synthesis is high at the early 
and middle growth phase, it is already reduced 
during the late growth period of the oocyte. 
Ribosomal RNA synthesis reaches highest levels 
at the beginning of follicular antrum formation.

Unlike in other vertebrate species (e.g. 
Xenopus) there is no amplification of ribosomal 
DNA for efficient rRNA synthesis in mamma-
lian oogenesis77. However, there is a steady and 
rapid increase in RNA due to active transcrip-
tion with peak values of 0.175 pg/h and a rise 
in protein content due to translation of mainly 
polyadenylated mRNA. Over 90% of the egg’s 
ribosomes are already present in the mouse 
oocyte at 14 days of oocyte growth, although the 
oocyte has by then only reached 60–70% of its 
final size78. The nucleolus enlarges and nuclear 
proteins like fibrillarin, nucleoplasmin, nucleo-
lin, and RNA polymerase I as well as nucleolar 
upstream binding factor are constantly synthe-
sized. In fact, gene expression at the transition 
from the primordial to primary stage particularly 
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involves genes in protein synthesis, ribosome 
biosynthesis and assembly, and translation to 
support oocyte growth2. Interestingly, Pan and 
co-workers also detected a significant increase 
in expression of mRNA of genes coding for pro-
teins in DNA repair and chromatin conformation 
in mouse oocytes at this stage of folliculogene-
sis2. The latter may protect from mutation but 
may also preset the pattern of expression at later 
stages. For instance, expression of DNA damage 
factors like murine HR6A from maternal stores 
may be essential for development since oocytes 
of mHR6A–/– knockout mice do not develop 
beyond the embryonic two-cell stage79.

There are two major transitions in the follicu-
lar and oocyte growth phase that correspond to 
steps in acquisition of maturational and devel-
opmental competence in oocytes, respectively, 
in association with characteristic changes in 
expression. Oocytes initially gain the compe-
tence to resume nuclear maturation although 
they may not be capable to support develop-
ment after fertilization. At a later stage, full 
developmental competence is acquired. In the 
mouse, maturational competence is reached by 
the secondary to small antral follicle stage. Only 
afterwards do oocytes become fully competent 
for supporting embryogenesis to the blastocyst 
stage, corresponding to the transition from the 
small antral to the large antral stage of follicu-
logenesis in the mouse80–82. Analysis of genes 
that are up- or downregulated at these transition 
stages should help to identify critical factors in 
oocytes that support full cytoplasmic and devel-
opmental competence2.

Acquisition of full meiotic competence coin-
cides with a markedly decreased rRNA transcrip-
tional activity. Fully mature oocytes of several 
species examined so far become transcription-
ally quiescent when they reach full nuclear and 
developmental competence3,4. This is associated 
with characteristic alterations in nuclear and 
nucleolar morphology83,84. In pig oocytes it was 
shown that pocket protein, p130, is involved 
in the downregulation of rRNA transcription at 

the end of the oocyte growth phase through an 
inhibition of the activity of upstream binding 
factor (UBF). The latter protein is necessary for 
the function of RNA polymerase I (RNA Pol I), 
which is the actual enzyme driving rRNA gene 
transcription85. Ribosomal RNA genes are re-acti-
vated only at zygotic gene activation. Messenger 
RNA synthesis inevitably ceases in oocytes when 
they resume maturation and undergo germinal 
vesicle breakdown (GVBD).

At the end of the growth period, the oocyte 
is packed with ribosomes, mitochondria, pro-
tein, tRNA, and mRNA, which are maternally 
provided for the resumption of meiotic division, 
for fertilization, and for the rapid divisions and 
early stages of development of the preimplanta-
tion embryo. All of this requires substantial gene 
expression in a temporally and quantitatively 
controlled fashion at the transcriptional and 
translational level. Identification of key factors 
expressed in oocytes to initiate and promote 
oocyte and follicle growth and oocyte matura-
tion to provide a high quality egg supporting 
embryonic development has been greatly facili-
tated in recent years by the analysis of transgenic 
mouse models86, characterization of expression 
libraries, and analysis of differential expres-
sion patterns of oocyte-specific genes through-
out oogenesis and at transition from early to 
advanced stages of folliculogenesis in several 
species, e.g. by transcript profiling using micro-
array analysis, in silico analysis, etc.2,8,87–97.

Growth and survival factors and 
signaling pathways

Many locally produced factors promote the 
primordial to primary follicle transition, for 
instance, growth factors such as kit ligand (KL), 
leukemia inhibitory factor (LIF), bone morpho-
genetic proteins (BMPs), keratinocyte growth 
factor (KGF), and basic fibroblast growth fac-
tor (bFGF) (for reference see Picton and Harris, 
Chapter 2). Primary oocytes in primordial fol-
licles and granulosa cells express the ligand for 
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the c-kit gene for a tyrosine kinase receptor, kit 
ligand (KL), while c-kit mRNA concentration 
increases during oocyte growth in the mouse98. 
FSH-stimulated oocyte growth is inhibited by 
Gleevec, an inhibitor of kit activity, suggesting 
that the correct concentration of FSH is crucial 
for appropriate modulation of expression of KL 
and also of BMP15 to support oocyte growth99. 
Autocrine and paracrine signaling by c-kit/KL 
may be important for oocyte survival and transi-
tion from primordial to primary stage, as is leuke-
mia inhibitory factor100. Basic fibroblast growth 
factor increases KL expression, and together they 
are believed to promote primary follicle forma-
tion101. Keratinocyte growth factor appears to be 
a mesenchymal factor, produced by progenitor 
theca cells, that promotes the primordial to pri-
mary follicle transitions with unknown down-
stream targets for altered gene expression in 
oocytes102.

Several recent studies addressed the charac-
teristic changes in expression patterns during 
primordial follicle assembly and in oocytes pro-
gressing from primordial to primary to preantral 
and large antral stages in rodents using microar-
ray analysis, analyzing expression in either fol-
licles or isolated oocytes (e.g. references 2 and 
102). Several mRNAs for steroidal enzymes as 
well as inhibin, Müllerian inhibiting substance 
(MIS, another term for AMH), and all three zona 
genes appear unregulated at primordial follicle 
formation in the rat ovary102. As expected, genes 
encoding proteins of the synaptonemal com-
plex are downregulated in the oocytes. About 
15% of all the genes upregulated at the tran-
scriptional level at the primordial to primary 
stage of follicle formation comprise metabolic 
enzymes. Endocrine factors inhibin and AMH 
appear downregulated at the transition from 
primordial to primary stage, in contrast to their 
increased expression at primordial follicle for-
mation. In the experimental approach by Pan et 
al. using mRNA from mouse oocytes, one third 
of all genes identified by gene chip analysis to 
be expressed in oocytes of primordial follicles 

changed 2-fold in expression at the transition 
to the primary stage2. About every second gene 
appeared to be either up- or downregulated at 
this stage, as may be expected by initiation of 
oocyte growth. At the protein level, the dramatic 
increase in growth is associated with transitions 
in transcription accompanied by major increases 
in RNA polymerase activity at the progression 
from primordial to growing oocytes103. The final 
acquisition of competence to undergo nuclear 
maturation and to support embryonic develop-
ment is accompanied by global, characteristic 
changes in protein synthesis, first shown in the 
mouse75.

Apart from supporting development after 
fertilization, the oocyte is by itself the major 
driving force in the development, organization, 
and function of the somatic cells of ovarian 
follicles104–106. Growth differentiation factor 9 
(GDF-9), one of the members of the TGF-b growth 
factor family, is a key regulatory oocyte synthe-
sized and secreted molecule that contributes 
to oocyte mediated differentiation of granulosa 
cells and differential expression patterns in the 
somatic compartment of the follicle. For instance, 
it is required for the survival and growth of fol-
licle cells, suppresses apoptosis, and is involved 
in cumulus expansion107–109 (see Chapter 3). 
Follicular development from the primary stage of 
growth is accordingly disturbed in homozygous 
mutations for GDF-9 in sheep, in specific GDF-
9 RNAi-microinjected hamster oocytes, and in 
GDF-9–/– knockout mice108,110. Both GDF-9 and 
BMP-15 proteins are secreted proteins in follicu-
lar fluid. Type II and type I activin receptor-like 
kinase (ALK) receptors in granulosa cells like 
ALK-6 signaling appear to be downstream from 
the receptor-mediated BMP signaling since the 
ability of BMPs to inhibit differentiation of follic-
ular cells was decreased in the presence of ALK-6 
 mutations. Messenger RNA for ALK-6 together 
with related genes for cell-surface receptors such 
as ALK-5 and BMP-RII mRNA is also present in 
oocytes at most, if not all, stages of follicular 
growth. In sheep carrying the ALK-6 mutation, 
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ovarian follicles undergo precocious maturation. 
Three to seven follicles are ovulated, mostly with 
a smaller diameter. BMP-15 and GDF-9 mutations 
in sheep are thought to result in reduced levels 
of mature protein or altered binding to cell-sur-
face receptors. Sheep heterozygous for muta-
tions in BMP-15 or GDF-9 or homozygous for an 
ALK-6 mutation have higher ovulation rates (up 
to 10 times higher) than wild-type animals. In 
sheep, GDF-9 mRNA is present in oocytes before 
and after follicle formation as well as through-
out follicular growth, whereas BMP-15 appears 
expressed only from the primary stage of growth. 
In mouse, both orthologs, GDF-9 and BMP-15, as 
well as other members of the TGF-b superfamily, 
BMP-5 and BMP-6, are highly expressed at the 
primordial and primary follicle stage.

Expression is reduced at the mRNA levels 
from the small antral stage2. Although expres-
sion patterns of BMPs may differ slightly between 
species, possibly related to mono- or multi-ovu-
lar species, the necessity of BMP-15 for folliculo-
genesis in humans has been recently supported 
by the discovery of a BMP-15 mutation that is 
associated with ovarian dysgenesis (for review 
see reference 111). The list of oocyte-controlled 
signaling pathways during follicular develop-
ment includes also Sonic hedgehog (Shh) signal-
ing, signaling through epidermal growth factor 
(EGF), and transforming growth factor alpha 
(TGF-α) as well as their respective ligands that 
are highly expressed at primordial to primary 
follicle stage2,97. For instance, Deltex2 coding for 
a cytoplasmic SH3-ring finger gene that mediates 
Notch receptor signaling is expressed in oocytes 
(see reference 97). Components of Notch path-
way were also identified in cDNA clones from 
human primordial follicles8. Interestingly, there 
was an abundance of retroviral elements and 
transcriptional repressor in the cDNA library 
from human primordial follicles, suggesting that 
they could contribute to the maintenance of this 
stage and to meiotic arrest.

With respect to essential oocyte–granulosa 
cell signaling, expression of connexins that form 

gap junctions between the oocyte and granulosa 
cells is necessary to allow for development of 
the follicle beyond the secondary follicle stage112 
(see also Chapter 3). The family of 2¢,5¢oligoade-
nylate synthasc 1 (OAS1) proteins was originally 
recognized by its involvement in the control of 
the interferon/OAS/RNase L pathway of degra-
dation of viral double stranded RNAs (dsRNAs) 
in host defense against viral infection. OAS1D 
has recently been identified in the cytoplasm of 
growing and maturing oocytes and may protect 
from loss of oocytes in response to viral infec-
tion. OAS1D–/– mice are subfertile, revealing 
the significance of expression of this gene in 
mammalian oogenesis113. In conclusion, it is far 
beyond the scope of this review to list all regula-
tory components that are expressed in growing 
oocytes and their signaling pathways. The sig-
nificance of expression of the plethora of known 
and novel oocyte and germ cell specific genes 
encoding growth and survival factors and their 
ligands that appear up- or downregulated at 
oocyte growth is awaiting further analysis.

Transcription factors in oocyte growth 
and developmental competence

The homeobox gene Nobox (newborn ovary 
homeobox-encoding gene), first identified in a 
cDNA library of the mouse ovary114, is expressed 
in mouse oocytes from primordial follicles 
through antral stages and appears essential for 
progression from primordial to primary stage 
of oogenesis115, possibly because downstream 
expression of genes like mos, oct-4, rfl4, fgf8, 
zar1, dnmtlo, gdf9, bmp15, and H1oo is regu-
lated. The gene for oocyte-specific mamma-
lian H1 linker histone, H1FOO, is exclusively 
expressed during oocyte growth and maturation. 
The message is alternatively spliced, and protein 
synthesis coincides with recruitment of resting 
primordial follicles into a developing primary 
follicular cohort. Association with perinucleolar 
heterochromatin suggests a role in restructuring 
chromatin at the transition to oocyte growth115. 
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The transcription factor Oct-4 that is involved 
in maintaining pluripotency in stem cells and 
the embryo may have two additional roles in 
oogenesis: in the recruitment of oocytes for ini-
tiating growth and in the selection of oocytes for 
ovulation116. Messenger RNA for Oct-4 is tran-
scribed during oocyte growth but is not pres-
ent in oocytes at the primordial follicle stage. 
Oogenesin-1 is a recently recognized oocyte-
specific transcription factor that is expressed in 
mouse oocytes from primordial to preovulatory 
follicles, while related family members of the 
transcription factor oogenesin 2–4 appear first 
expressed in primary but not in primordial fol-
licles117. Thus, expression of these factors may 
contribute to the transition in stage-specific gene 
expression in oocytes. The functional signifi-
cance of oocyte-specific homeobox transcription 
factors like obox-1, 2, 3, and 6, whose mRNAs 
were detected in mouse oocytes, is still unclear 
– they may contribute to transcriptional activa-
tion at initiation of and during oocyte growth 
(for discussion see reference 118). The obox-5 
gene that may be central to initiation of oocyte 
growth, is markedly increased at primordial to 
primary follicle transition as well as the tran-
scription factors Mrg1, Tcfap2e, and Gli32. The 
latter may regulate transcription of target genes 
like the BMPs119, coinciding with the increase in 
their expression in the growing oocyte. Mrg1 may 
stimulate expression of multiple other transcrip-
tion factors2. Zfp37 codes for a KRAB-box zinc 
finger protein that was inferred to be expressed 
preferentially in growing oocytes97. Expression of 
Sox8 transcription factor was found only in the 
oocytes of preantral follicles and in the oocytes, 
cumulus cells, and mural granulosa cells of pre-
ovulatory follicles. Initially Sox8 was believed to 
affect expression of AMH, but this could be dis-
proved experimentally, so that its oocyte-specific 
function is still unclear67.

Major increases in expression of some genes 
at early stages of mouse oocyte growth are fol-
lowed by substantial reductions in mRNA levels 
in oocytes when folliculogenesis progresses to 

the antral stage. Such patterns of expression are 
characteristic for Polr2h and j, Tafl1, Cebpb, and 
Cebpd genes. Downregulation at antral stages is 
also characteristic for genes like Sp4, Crebbp, 
and Tcfl2, which are implicated in reduced activ-
ity of RNA polymerase II. Sp4 mRNA is reduced 
by 33%, and Tcf12 decreases by 12.5% at small 
to large antral follicle stage in the mouse oocyte2 
concomitantly with cessation of oocyte growth 
and acquisition of maturational competence.

Many transcripts have to remain dormant 
until their products are spatially and temporally 
required in development. Clast-4 is a homolog 
of the Drosophila Cup protein, a translational 
repressor during female germ line development 
in the fruit fly. Clast-4 mRNA and protein are 
highly expressed within the cytoplasm of grow-
ing oocytes. The mouse Clast-4 protein is stable 
during this developmental window and post-
translationally modified by phosphorylation 
upon oocyte meiotic maturation120. This might 
release translational repression in order to syn-
thesize maturation proteins that are required for 
oocyte and embryo development (see below).

Oocyte growth, and chromatin 
structure and remodeling in control of 
expression

Histone mRNAs are the only metazoan mRNAs 
that are not polyadenylated. Instead, they end 
with a conserved stem-loop structure, which 
is recognized by the stem-loop binding protein 
(SLBP)121. Histone synthesis in immature and 
maturing mammalian oocytes appears governed 
by a translational control mechanism that is 
directly regulated by changes in the amount 
of SLBP. SLBP binds to the highly conserved 
sequence in the 3¢-untranslated region of the 
non-polyadenylated histone mRNAs. Unlike in 
somatic cells where SLBP is expressed during S-
phase, SLBP is expressed in growing oocytes of 
the mouse at the G2-phase of the cell cycle and 
further accumulates substantially during mei-
otic maturation. Ablation of expression of SLBP 
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causes a significant decrease in pronuclear size 
and in the amount of acetylated histone detect-
able on the chromatin of fertilized zygotes of 
SLBP-depleted mouse oocytes. This supports the 
concept of a tight link between oocyte quality 
and developmental potential. The competence 
to control chromatin constitution during oocyte 
growth impinges on expression patterns at early 
embryogenesis122.

DNA methylation (for review see reference 18 
and Chapter 6), histone post-translation modifi-
cations, e.g. acetylation123, and changes in chro-
matin organization and nuclear structure124,125 
are all involved in global and specific changes in 
gene expression and represent epigenetic mech-
anisms in control of gene expression. Chromatin 
structure and imprinting involving methylation 
at GpG islands at promoters of developmentally 
expressed genes is intimately involved in pro-
gramming expression, and this is particularly 
important during oocyte growth and after fertil-
ization, e.g. when oocytes are matured in vitro 
(e.g. references 21 and 126 to 128, and Chapter 
6). This review will not focus in detail on such 
regulatory mechanism in gene expression in 
oocytes but it is of interest that expression pro-
files of oocytes developing in vitro to metaphase 
II either from mouse oocytes obtained from pri-
mordial follicles or from the secondary follicle 
stage are quite similar. However, some genes dif-
fer in expression profile, possibly reflecting the 
lower developmental competence when culture 
was from the primordial follicle stage. Of note, 
these may be relevant for epigenetic modulation 
of gene expression. It is remarkable that Ctcf, 
coding for a protein that blocks methylation of 
specific DNA sequences129, as well as Dnmt-
3a, coding for an active de novo DNA methyl-
transferase required for development130, appear 
upregulated in the metaphase II mouse oocytes 
that have a reduced developmental potential2. 
Increased repression by methylated DNA due to 
increased expression of these genes has there-
fore been discussed in respect to critical changes 
in the growing oocytes that could contribute to 

reduced size characteristics for in-vitro grown 
and matured oocytes131,132. It could also criti-
cally affect expression patterns at embryogenesis. 
Alterations in expression of genes in chromatin 
conformation and imprinting, e.g. in association 
with IVM or adverse exposures, might therefore 
be of high relevance for developmental poten-
tial as well as for genetic disease in the offspring 
(discussed in Chapter 6).

Screening ovarian libraries by in-silico sub-
traction approaches as well as by differential 
display identified new oocyte-specific genes that 
are expressed in a temporally controlled fash-
ion. Interestingly, there is increasing evidence 
that some of the oocyte-specific genes are either 
up- or downregulated in a coordinate fashion2 
as they are transcribed from specific chromo-
some domains in clusters133. For instance, the 
clusters on mouse chromosome 9 comprise the 
oogenesin genes, those on chromosome 7 the 
Obox genes, and another cluster on chromosome 
7 the Nalp family of genes, related to Mater, a 
maternal effect gene that is essential for embryo-
genesis. Tcl1 genes are in a cluster on mouse 
chromosome 9, shown to have human orthologs 
expressed in oocytes. The F-box genes (FBO12) 
on mouse chromosome 9 belong to a family of 
proteins that serve as link between target pro-
teins and ubiquitin-ligases such as early mitotic 
inhibitor 1 (Emi-1), an inhibitor of anaphase 
promoting complex that prevents MPF inacti-
vation (see below)134. Other genes may code for 
proteins that interact with the cytoskeleton (e.g. 
actin/dynein) and other proteins that may help 
to reorganize the chromatin133. Finally, some 
genes on mouse chromosome 12 encode known 
oocyte-specific genes (e.g. oocyte secreted pro-
tein 1, Oosp-1) with zona protein-like domains 
that may be involved in zona formation. It has 
been suggested that the clustering of expressed 
genes reflects coordinated gene regulation in 
oocytes by large-scale genome organization and 
oocyte-specific regulation of chromatin consti-
tution2,133. Pan et al. suggested that local differ-
ences in histone modifications are involved2. 
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Spatial organization of telomeres and chromatin 
domains within the nucleus during oogenesis 
may also play a role133. This suggests that spatial-
temporal changes in the cytoskeleton, nucleus, 
and cellular organization may affect efficiency 
and control of expression as well as the quality 
of the oocyte.

A major change in chromatin/DNA configura-
tion in the GV is characteristic for the acquisition 
of meiotic competence135. While DNA is diffusely 
distributed within the nucleus of meiotically 
incompetent oocytes, termed non-surrounded 
nucleolus (NSN), condensation of DNA in a rim-
like fashion is characteristic for fully mature 
oocytes (termed surrounded nucleolus, NS)81,136 
that are transcriptionally suppressed31,83. In 
NSN oocytes ribosomal transcripts are accumu-
lated within the nuclear matrix with nucleolus 
organizing regions (NORs) within the nucleolus. 
In contrast, NORs are in the nucleolar periphery 
in the mature SN oocytes136. The expression of 
histone deacetylase 4 (HDAC4) mRNA appears 
low in growing oocytes, but to be characteristic 
for fully grown oocytes. The HDAC4 protein has 
been implicated in transcriptional repression 
but is also associated with the chromosomes at 
resumption of maturation. Message decreases 
sharply after fertilization137. Currently it is 
unclear in which way chromatin reorganization 
contributes to transcriptional silencing in mature 
GV stage oocytes because mouse oocytes defi-
cient in nucleoplasmin 2 (Npm2) do not develop 
to the SN stage but are still transcriptionally 
repressed. Also, chromatin hyperacetylation due 
to Trichostatin A (a deacetylase inhibitor) expo-
sure does not release from the transcriptionally 
repressed state, although it induces chroma-
tin decondensation4. In contrast, core histone 
deacetylation is associated with the modification 
of chromatin and termination of RNA synthesis 
from blastomere nuclei when they are exposed 
to cytoplasm of mature, fully grown oocytes138. 
ATRX, a member of the SNF2 family of helicase/
ATPases, that is associated with chromosomes, 
may also critically affect chromatin constitution. 

Expression appears to be required for chromo-
some alignment and meiotic spindle organiza-
tion in metaphase II stage mouse oocytes4. The 
regulatory mechanisms for transcriptional silenc-
ing and spatio-temporal regulation of chromatin 
conformation have still to be uncovered and the 
functional significance of the silencing is still an 
enigma in oogenesis research.

There may be also a link between gene expres-
sion in oocytes, the presence of maternal mRNA 
and protein at early embryogenesis, and changes 
in chromatin organization that facilitate zygotic 
gene expression and nuclear reprogramming. 
Mouse nucleoplasmin (Npm2) protein accu-
mulates in oocyte nuclei and persists in preim-
plantation embryos. Npm2–/– knockout females 
have fertility defects owing to failed preimplan-
tation embryo development139. Experimental 
data showed that pretreatment of mouse somatic 
nuclei with Npm2 facilitated activation of 
oocyte-specific genes from somatic cell nuclei 
injected into Xenopus laevis oocytes140. Zygote 
arrest 1 (Zar1 and ZAR1 in mouse and human, 
respectively), the first identified oocyte-specific 
maternal-effect gene, is also transcribed during 
oocyte growth. Maternal and paternal genomes 
remain separate in Zar1–/– mutants and there 
is a marked reduction in the synthesis of the 
transcription-requiring complex Zar1, suggest-
ing that the protein is required for zygotic gene 
activation141. The role of MATER (maternal anti-
gen that embryos require) and other members 
of the NACHT NTP family of proteins that are 
expressed during oocyte growth and required for 
early embryogenesis142,143 is still under inves-
tigation. MATER protein was detected in mito-
chondria and nucleoli, suggesting that it may 
participate in both cytoplasmic and nuclear 
events during early development143.

Notably, among approximately 11 000 genes 
whose transcripts were detected in mouse 
oocytes by microarray, about 5% showed sta-
tistically significant expression changes with 
advanced maternal age, including members of 
the NALP gene family and genes involved in 
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chromatin structure, DNA methylation, genome 
stability, and RNA helicases144. It remains to be 
determined whether optimizing oocyte growth 
and maturation in vivo or in vitro may reduce 
or prevent age-associated changes in expres-
sion of such genes, in particular, when they are 
involved in nuclear remodeling and zygotic gene 
activation at embryogenesis in order to obtain 
healthy oocytes with high developmental poten-
tial. Polycomb group (Pc-G) gene products that 
are expressed in growing and mature oocytes 
are essential to maintain stable repression of 
homeotic (HOM C) genes during development. 
Messenger RNA of members of the Pc-G like Yin 
Yang 1 (YY1), Enhancer of Zeste (EZH2), and 
Early Ectoderm Development (EED) are involved 
in X-chromosome inactivation145. Their deregu-
lation in ART or, possibly, in IVM could contrib-
ute to disturbances in epigenetic regulation with 
adverse effects on embryo health (see reference 
145 and Chapter 6).

DIFFERENTIAL EXPRESSION OF 
GENES REQUIRED FOR OOCYTE 
MATURATION AND EARLY 
EMBRYOGENESIS

The fate of mRNAs can differ depending on the 
need to provide proteins for metabolic activi-
ties associated with growth and acquisition of 
meiotic competence of the oocyte, or processes 
essential for meiotic progression or early embryo-
genesis146. For instance, housekeeping genes 
like b-actin are actively transcribed and trans-
lated during murine oocyte growth, account-
ing for 1% of the total protein synthesized. The 
store of mRNA rises to 2 ¥ 104 molecules, then 
decreases by 50% at metaphase II and becomes 
further reduced to 10% of the initial amount by 
the two-cell stage. The zona proteins ZP-1, ZP-2, 
and ZP-3 are coordinately expressed, predomi-
nantly during oocyte growth under the control 
of Fig-α transcription factor62,147. At mid growth 
phase they represent a large fraction, 1.5% of the 

total polyadenylated RNA. At ovulation mRNA 
is substantially lower (5% of peak values) and is 
undetectable in the embryo. Other mRNAs like 
that encoding lactate dehydrogenase (LDH-b) are 
more stable in mature oocytes and embryos. The 
synthesis of LDH protein reaches high levels, 
comprising up to 2–5% of the totally synthesized 
protein or 200–400 pg in murine oocytes148. 
However, it only recently became obvious that 
the relative rate of expression of genes, for 
instance as in metabolism, is influenced by 
oocyte–granulosa cell cooperativity, which may 
have a major impact on egg quality (for discus-
sion, see reference 106 and Chapter 2).

Regulation of translation by 
polyadenylation

Generally, most mRNAs are immediately poly-
adenylated within the nucleus and then tran-
scribed in the cytoplasm of the growing oocyte 
(Figure 4.1). Abundant mRNAs for typical 
housekeeping genes with long poly(A) tails 
actively transcribed during oocyte growth 
include actin and globin mRNAs. However, 
others are temporarily stored and expressed 
at distinct times during maturation or in early 
development in a temporally coordinated fash-
ion. Stored mRNAs especially abundant in 
fully grown mouse oocytes are, for instance, 
those encoding c-kit, zona protein ZP-3, lactate 
dehydrogenase, and the product of the c-mos 
proto-oncogene76,149. Control of expression 
was first extensively studied for genes like tis-
sue plasminogen activator, tPA, and hypoxan-
thine phosphoribosyltransferase (HPRT) in the 
mouse148, and mRNA for the spindle associated 
protein spindlin150, and notably, cell cycle regu-
latory components like cyclins A1 and B2151–153, 
Mos154,155, and Cdc25 156 in several species. 
Maturation dependent polyadenylation associ-
ated with translational initiation and expression 
was earlier also described for mRNAs of anti-
oxidant enzymes, glutathione peroxidase (GPX), 
and Mn-superoxide dismutase (Mn-SOD)157.
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Figure 4.1 Overview of storage, recruitment, and translation initiation of mRNAs in growing and 
maturing oocytes. PAP: poly(A) polymerase; PARN: poly(A) RNase; PABP: cytoplasmic poly(A) binding 
protein; MPF: maturation promoting factor. For further explanation see text. (Modified from reference 
179)
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Prior to maturation, repression of a large 
number of these mRNA species is controlled 
by deadenylation of the 3¢ end of the untrans-
lated region (3¢UTR) of the mRNA, usually to 
about 20 nucleotides146. Messages with a short 
poly(A) tail are much less susceptible to deg-
radation150. For translation, polyadenylation 
by poly(A) polymerases (PAPs) is required 
(see Figure 4.1). The core factors that con-
trol adenylation and translational initiation in 
vertebrate oocytes and embryos include key 
components like the cytoplasmic polyadenyl-
ation element binding protein (CPEB), an RNA 
binding protein with recognition motif and 
zinc finger, associated with the cytoplasmic 
polyadenylation element on the mRNA (CPE) 
that specifies which mRNAs undergo poly-
adenylation158,159 (Figure 4.2a). Furthermore, 
cleavage and polyadenylation specificity factor 
(CPSF) is a multi-factor complex that interacts 
with a conserved, ubiquitous hexanucleotide 
AAUAAA of the 3¢UTR of the mRNA160 (Figure 
4.2a). In addition, symplectin, believed to be 
a scaffolding protein that anchors the CPEB 
and CPSF proteins, may help to position the 
poly(A) polymerase to prolong the poly(A) 
tail161,162 (Figure 4.2c). In contrast, Maskin, 
a CPEB and initiation factor (eIF4E) binding 
protein, prevents polyadenylation163,164 and 
inhibits the association of the mRNA with 
ribosomes (Figures 4.1, 4.2b, and 4.2c). The 
masking inhibits not only polyadenylation but 
also the recruitment of the elF4F elongation 
initiation complex to the 3¢UTR of the mRNA 
by preventing ring formation of the mRNA 
required for interactions between the 3¢ and 
5¢ UTR of the mRNA. Ring formation for ini-
tiation of translation is achieved by associa-
tion of the elongation initiation complex at the 
5¢UTR cap structure with the poly(A) binding 
protein (PABP) that is itself associated with the 
3¢UTR of polyadenylated mRNAs (Figure 4.1). 
This requires a long poly(A) tail for PABPs to 
interact with the mRNA (about 100–150 nucle-
otides)165. Therefore, it is mainly the regions at 

the 3¢ untranslated end of the mRNA (Figure 
4.2a) and the presence/release of maskin or 
related proteins allowing or preventing poly-
adenylation (Figure 4.2c) that direct storage, 
masking, and recruitment of mRNAs6,161,166,167.

Deadenylation is catalyzed by a poly(A)-
specific ribonuclease (PARN; Figure 4.1). When 
oocytes re-enter the meiotic cycle, removal of 
masking factors occurs downstream from inac-
tivation of protein kinase A164 and activation 
of MPF166,167 (Figure 4.2c), by displacement of 
masking factors and recruitment and activation 
of poly(A) polymerases (PAP or Gld2) by CPEB/
CPSF. Stage-specific post-translational modifica-
tions of proteins like maskin and CPEB (Figure 
4.2c) then contribute together with the poly(A) 
binding protein (PABP) to recruit the eIF4F ini-
tiation complex to the 5¢UTR and cap structure 
of the mRNA and to initiate translation (Figures 
4.1 and 4.2b).

At resumption of meiosis and at fertiliza-
tion there are major switches for control of 
polyadenylation of mRNAs that greatly affect 
translational initiation and/or mRNA stabil-
ity168. The timing of adenylation/deadenyl-
ation depends on the specific cis sequences 
in the 3¢UTP of the message and their rela-
tive distance on the mRNA for deadenylation 
and polyadenylation at the appropriate time 
(Figure 4.2a) (e.g. reference 155). During oocyte 
maturation it is predominantly the cytoplas-
mic polyadenylation elements on the 3¢UTP 
(CPEs or adenylation control element, ACE), 
and the canonical AAUAAA hexamer of the 
premRNA in the 3¢UTR that associate with 
proteins like CPEB, and CPSF, respectively 
(Figure 4.2a). They direct polyadenylation 
by influencing activity of RNA PAP (or rather 
Gld2 PAP in oocytes), or poly(A) deadenylases 
(PARN), respectively (Figure 4.2c). Screening 
by microarray analysis showed that in Xenopus 
oocytes more than 500 mRNAs from 3000 in 
an array were regulated at the post-transcrip-
tional level during oocyte maturation and early 
embryogenesis169.
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Translational inactivation of mRNA

Messenger RNAs in growing mouse oocytes that 
contain a short poly(A) tail (<90 residues) are 
much more stable compared to those with longer 
poly(A) tails. Those with about 150 residues are 
immediately translated150. Messenger RNA can 
be stored in the mouse oocyte for long periods 
during the growth phase with half-life times of 
approximately 28 days170. In Xenopus some mes-
sages without poly(A) tails are stable up to the 
mid-blastula transition171,172. Microinjection of 
RNAs containing long poly(A) tails (100–200 
As) into mouse oocytes has shown that PARN 
reduces the length of the poly(A) tail of injected, 
foreign cytoplasmic mRNAs efficiently to about 
20 to 50 adenosines at the 3¢UTR of the mRNA 
during oocyte growth. A message with a short 
poly(A) tail is not only more stable, but ini-
tiation of translation is repressed by the de- 

adenylation173, as shown above. Thus, poly(A) 
tail removal is the initial and rate-limiting step 
in mRNA turnover that controls storage as well 
as decay. Deadenylation is the main mechanism 
responsible for translational silencing of mater-
nal mRNAs during oocyte maturation and early 
development to cause translational repression 
or save them for their timed recruitment at a 
specific stage of maturation or development, 
depending on the 3¢UTRs172. Most mRNAs, 
especially those of housekeeping genes like 
actin, appear deadenylated at GVBD as shown 
in the mouse174, and this requires the activity 
of poly(A)-specific ribonuclease (PARN, or de- 
adenylating nuclease, DAN)175. PARN is a mem-
ber of the RNaseD family of RNA deadenylating 
nucleases. Interestingly, disturbances in default 
deadenylation and enhanced, untimely expres-
sion appear characteristic for bovine oocytes 
with low developmental potential176. Thus it 

Figure 4.2 Messenger RNA sequences and RNA-binding proteins in regulation of circularization and 
initiation of translation of mRNAs during oocyte maturation and early development (modified from 
references 197, 224, and 246). (a): Modulation of expression of mRNAs by elements in RNA and bind-
ing of conserved proteins. CPEB and CPSF influence targeting of PAP to elongate the poly(A) tail for 
binding of PAPB. (b) Model of circularization of the mRNA. The N-terminal domain of elF4G adapter 
protein (hook-shaped gray structure, 4G) of the el4F complex (indicated by strippled line) is associated 
with the elFE cap binding protein (4E) to mediate binding to the PABP while the C-teminal domain 
of the elF4G protein of the elF4F complex is associated with the helicases elF4A (4A) and recruits the 
40S ribosomal subunit with elF3 (F3) and the methyl tRNA with elF2 (triangle F2) to initiate RNA 
translation. (c) Upper part: masking of mRNAs with short poly(A) tail by binding to Maskin or related 
proteins to the CPEB, thus preventing tight interaction between CPEB and CPSF to position PAP/Gld2 
poly(A) polymerase to elongate the poly(A) tail. Maskin phosphorylated by PKA when bound to elF4E 
excludes the elF4G protein from the complex and prevents ring formation by attachment to PABP. 
Lower part: upon resumption of maturation and activation of MPF/cdk1, Maskin is phosphorylated 
by cdk1 and this releases its interaction with elF4G (and possibly CPEB). Further phosphorylation by 
Eg2/aurora A kinase may facilitate centrosome attachment and regulation of microtubule length by 
maskin. Downstream from synthesis of Mos and activation of MAP kinases, phosphorylation of elF4E 
by kinases facilitates binding to the methylated cap mRNA at the 5¢UTR and interaction with ePABP in 
circularization. Phosphorylation of CPEB by Eg2/aurora A kinase may induce conformational changes 
that promote tight interaction between CPEB, CPSF, and symplekin to position the PAP/Gld2 poly(A) 
polymerase at the 3¢UTR to induce polyadenylation. In turn, this provides sites for attachment of 
embryonic PABP (ePAB) for ring formation and association of the ePAB with the elF4G adapter protein 
of the el4F initiation complex. For further explanation and references, see text
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is feasible that overexpression of genes due to 
insufficient deadenylation in not fully devel-
opmentally competent oocytes such as derived 
from a suboptimal follicular environment might 
contribute to reduced quality.

Microinjection of PARN antibodies into 
Xenopus oocytes resulted in untimely overexpres-
sion of housekeeping genes175. Overexpression 
of PABP also prevented translational silencing177 
(Figure 4.1), suggesting that the relative abun-
dance of PARN, PAP/Gld2, and PABP affects tem-
poral control of expression at oogenesis. Alizadeh 
et al. showed, by subtractive cDNA analysis of 
oocytes and one-cell embryos, that H1oo, c-mos, 
tPA (tissue type plasminogen activator gene), 
and Gdf-9 transcripts underwent rapid degrada-
tion after fertilization of mouse oocytes178. This 
appeared associated with the presence of CPEs 
near a poly(A) signal in the 3¢UTR of all of these 
mRNA species, suggesting that polyadenylation, 
translation, and subsequent degradation of these 
stage-specifically expressed genes may have 
occurred.

Cell cycle control and translation of 
genes for maturation

Before discussing cytoplasmic polyadenylation 
it is necessary to understand the salient features 
of cell cycle regulation in mammalian oocytes. 
Resumption of maturation is species-specifically 
regulated. In vertebrates like Xenopus, the signal-
ing by progesterone initially induces translation 
of the Mos protein, which then triggers increases 
in expression of the catalytic subunit of matura-
tion promoting factor (MPF) and MPF activation 
(for review see references 146, 172, and 179). In 
mammals like the mouse, protein synthesis is not 
required for initial resumption of maturation. 
The G-protein coupled receptors rendering ade-
nylate cyclase active180–182 and the cAMP trans-
mitted by gap junctions from the cumulus to the 
oocyte retain high cAMP and, accordingly, high 
activity of the cAMP-dependent protein kinase A 
(PKA) in meiotically arrested oocytes (for review 

see reference 183). The latter inhibits activation 
of preMPF, the complex of inactive cdc2/cdk1 
(cyclin dependent kinase 1) and cyclin B, that 
is already present in sufficient concentrations to 
induce resumption of maturation in meiotically 
competent oocytes, until inactivation of PKA 
has occurred (Figure 4.3). PKA mediates mei-
otic arrest by phosphorylation and inactivation 
of the cdc25 phosphatase184–186, concomitantly 
with the phosphorylation and activation of the 
Wee1 kinase (Figure 4.3). The latter renders MPF 
inactive by phosphorylation of the catalytic sub-
unit of MPF, the cdc2 kinase (also termed cyclin 
dependent kinase 1, cdk1) on a regulatory site in 
the meiotically blocked, maturation competent 
oocyte187. Resumption of maturation is medi-
ated by activation of phosphodiesterase 3 (PDE3), 
causing reduction in cAMP levels188,189 (Figure 
4.3). Moreover, downstream from the LH surge, 
Leydig insulin-like 3 protein (INSL3) appears to 
activate inhibitory G proteins, thereby decreas-
ing cAMP production and initiating resump-
tion of meiosis190. Inactivation of PKA changes 
the balance between activity of the phosphatase 
Cdc25 and the kinase Wee1. Eventually, removal 
of inhibitory phosphorylation on residues of the 
cdk1 kinase will activate MPF (Figure 4.3). In spe-
cies like the mouse, no new protein synthesis is 
required for meiotic resumption, e.g. after removal 
of cumulus, whereas oocytes of other species like 
the pig still require synthesis of Cdc25C phospha-
tase from stored mRNA for GVBD176. Accordingly, 
in mouse and most other oocytes the key factors 
in cell cycle control that mediate initial resump-
tion of meiosis are already present in fully grown 
oocytes. However, progression to metaphase II 
and meiosis II arrest depend on synthesis of sev-
eral additional key proteins in cell cycle control 
and maturation (Figure 4.3), and this appears to 
be conserved between vertebrate oocytes. For 
instance, new protein synthesis of the regulatory 
subunit of MPF, cyclin B, is required after GVBD 
throughout oocyte maturation. Accordingly, the 
relative rate of cyclin B synthesis may influence 
the kinetics of meiotic progression191.
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Acquisition of meiotic competence in the 
mouse is accompanied by characteristic changes 
in expression of genes engaged in regulation of 
maturation. Proteins like the catalytic and regu-
latory subunits of maturation promoting factor, 
CDC2/CDK1, and cyclin B, as well as their acti-
vating/inactivation phosphatase/kinase Cdc25 
and Wee1, respectively, change in subcellular 
distribution and expression192. Accordingly, 
mouse cyclin cdcnb1 mRNA and phosphatase 
cdc25b mRNA are already upregulated at the 
primordial to primary stage of folliculogenesis, 
while cdc2a mRNA encoding the catalytic sub-
unit of MPF increases at the small antral to large 

antral stage. Wee1 is downregulated at the tran-
scriptional level concomitantly, presumably in 
preparation for decreased activities at resump-
tion of maturation2. Acquisition of meiotic com-
petence in the mouse coincides with an increase 
in cdc25c transcription, probably supporting the 
enhanced synthesis of this protein that induces 
activation of preMPF at resumption of matura-
tion in an autocatalytic loop by dephosphorylat-
ing preMPF at the regulatory site of cdk1 (Figure 
4.3). Active MPF in turn is required for inducing 
polyadenylation of c-mos mRNA, thus initiating 
translation of Mos protein and the downstream 
activation of MAP kinases in mammalian oocytes 
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Figure 4.3 Major pathways in cell cycle control and regulation of maturation and early develop-
ment by post-translational mechanisms involving newly synthesized proteins. Gene products that are 
synthesized at maturation are printed in bold letters; boxes indicate function of newly synthesized 
proteins at maturation or in the preimplantation embryo. Arrows and T lines indicate activation or 
inactivation, respectively, by post-translational modification; double arrows symbolize induction of 
synthesis as a consequence of activation of kinases, e.g. MPF (cdk1/CyclinB). For further explanation, 
see text
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(e.g. reference 193). Selective ablation of cyclin 
B expression by RNAi in GV stage mouse oocytes 
thus results in low MPF activity and prevents 
polyadenylation of c-mos mRNA.

After oocytes have undergone GVBD, formed 
a spindle, and aligned all chromosomes at the 
equator (termed chromosome congression), 
entry into anaphase I is initiated by activation of 
APC/C, the anaphase promoting complex45. This 
complex is present and induces degradation of 
the regulatory subunit of MPF, cyclin B, as well 
as the protein securin. Securin is associated 
with separin, a protease, up to metaphase, thus 
rendering it inactive. Upon release of securin, 
separase is free to proteolytically cleave proteins 
of the meiotic cohesin complex that hold sister 
chromatid arms attached to each other before 
anaphase, thus preventing chiasma resolution 
(for review, see references 179 and 194). Upon 
APC/C activation cohesins are cleaved by sepa-
rase and cohesion is lost between the arms of sis-
ter chromatids, so that homologs separate. MPF 
is also transiently inactivated by degradation of 
cyclin B45. The sustained synthesis of cyclin B 
from mRNA stores and recruitment of protein 
from the cytoplasm restores MPF activity and 
is also required for sustained cytostatic arrest at 
metaphase II, in the presence of aligned chromo-
somes195,196. Timed translation of cyclin B has 
been studied extensively in oocytes, revealing 
regulatory regions in the 3¢ untranslated part of 
the mRNAs that are responsible for regulation 
(see below). Ret f inger protein-like 4 (Rfpl4) was 
discovered during an in silico search for germ 
cell specific genes. RFPL4 mRNA accumulates 
in all growing oocytes and rapidly disappears 
at early embryogenesis. Downstream from rec-
ognition and initiation of polyubiquinylation by 
APC/C it appears to target proteins like cyclin B 
for degradation at anaphase of meiotic divisions 
as a component of the ubiquitin–degradation 
pathway197.

Another key factor that is essential for meiotic 
cell cycle regulation in mammalian oocytes is 
Mos kinase. Mos mRNA is translated at resump-

tion of maturation. It is an essential component 
of cytostatic factor (CSF) (for discussion, see 
references 13, 198, and 199). The kinase phos-
phorylates MEK and MAP kinases in a phos-
phorylation cascade together with several other 
substrates, which contribute to meiotic arrest at 
metaphase II (Figure 4.3). Mos protein can also 
bind to tubulin and regulates spindle formation 
and positioning of the spindle for unequal divi-
sion at first polar body formation13,200. In effect, 
Mos translation is required for normal cell cycle 
regulation and CSF arrest in oocytes, although 
the pivotal factor in CSF is probably the Emi2 
meiotic inhibitor of APC/C (see below).

At the transition from meta- to anaphase the 
so-called spindle attachment checkpoint (SAC) 
is expressed in oocytes (see references 201–204). 
Initially believed to be a component of CSF, it is 
now clear that SAC senses attachment of spindle 
fibers to chromosomes and tension on centro-
meres by bipolar attachment of chromosomes 
at mitosis and meiosis I and II202. Several essen-
tial proteins involved in checkpoint control are 
synthesized from mRNA after resumption of 
maturation as suggested by RNAi approaches. 
For instance, knockdown of the checkpoint com-
ponent Mad2 in oocytes45,203,204 by injection of 
specific small interfering RNAs may speed up 
meiotic resumption and ablate checkpoint con-
trol at meiosis, showing the significance of timed 
synthesis for ordered chromosome segregation 
in oocytes and for maturation kinetics (Figure 
4.3). Indeed, checkpoint control may be essen-
tial for prevention of aneuploidy when there are 
disturbances in spindle formation45,203,204. Emi1, 
another essential component of cell cycle con-
trol in oogenesis, is expressed throughout meio-
sis, albeit the protein is rather unstable (Figure 
4.3). Emi1 is an inhibitor of the APC/C. Ablation 
by RNAi in mouse oocytes results in spontane-
ous activation, suggesting that it is a pivotal CSF 
component205. Possibly, Emi2 represents the 
major and most important component of CSF as 
an inhibitor of the APC at meiosis II17. Emi2 is 
more stable compared to Emi1 and was the first 
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component identified to be a direct target of the 
calcium calmodulin kinase II (CamKII) (Figure 
4.3). This calcium activated kinase is induced 
by fertilization and mediates CSF inactiva- 
tion206–208. Emi2 is also a target of polo-like kinase 
1207 that marks it for destruction by phosphory-
lation. As long as Emi2 concentration is high, 
oocytes remain arrested at metaphase II by inhi-
bition of APC/C. It was earlier shown that levels 
of polo-like kinase protein increase at GVBD (plk 
in Figure 4.3) and the kinase associates initially 
with the spindle poles, depending on phosphory-
lation by MAP kinases209,210, downstream from 
Mos kinase. Polo-like kinase 1 (plk1) has multiple 
tasks. It appears involved in an autocatalytic loop 
between CDC25C phosphatase and M-phase pro-
moting factor (MPF), supporting the conversion 
of pre-MPF to active MPF by dephosphorylation 
of cdk1 (Figure 4.3). Plk1 is activated before MPF 
in maturing porcine oocytes211. Destruction of 
Emi2 is triggered in coordination with fertiliza-
tion events. Activation of CamKII leads initially 
to phosphorylation of Emi2 at a specific motif 
(Figure 4.3). This then enables Plk1 to strongly 
interact with Emi2, and, in turn, phosphorylate 
and target it for destruction207 (as indicated in 
Figure 4.3). Comparable to fertilization, ablation 
of Emi2 by RNAi causes exit from CSF-mediated 
metaphase II arrest17. The experimental data thus 
suggest that key components of cell cycle regula-
tion, including Emi2, need to be synthesized from 
a pre-existing message at maturation to mediate 
normal meiotic progression as well as arrest at 
meiosis II (Figure 4.3).

Mouse meiotic mutants as well as ablation of 
expression of genes by degradation and inactiva-
tion of translation by introduction of anti-sense 
RNA, double-stranded RNA, or RNAi into oocytes 
have revealed that several other genes involved 
in regulation of the cell cycle, spindle formation, 
and early development need to be synthesized 
from mRNAs during maturation (Figure 4.3). For 
instance, DOC1R (deleted oral cancer 1 related), 
initially described as a tumor proto-oncogene, 
has been identified as a MAP kinase substrate 

that is synthesized during oocyte maturation 
and that, when knocked down, will result in 
spindle deregulation and random microtubule 
aster formation in mouse oocytes212. DOC1R pro-
tein increases during maturation whereas MISS 
protein (MAP kinase-interacting and spindle sta-
bilizing protein), another MAP kinase substate, 
is unstable in meiosis I, and only stably associ-
ates with the meiosis II spindle213 (Figure 4.3). 
PARD6A is a protein that is apparently synthe-
sized at resumption of meiosis, concentrated on 
the spindle half that will attach to the cell cortex, 
and is essential for unequal division at meiotic 
anaphase in oocytes214. Formin 2 encodes an 
actin-polymerizing protein involved in spindle 
migration to the oolemma that needs to be syn-
thesized at oocyte maturation215. Furthermore, 
ablation of expression of CDC6, a checkpoint 
component in S-phase in mitosis, showed that 
translation of mRNA is essential for spindle for-
mation at meiosis I and thus constitutes another 
essential oocyte factor for maturation that is 
synthesized stage-specifically211. Finally, several 
mRNAs translated after resumption of matu-
ration or in early embryogenesis are essential 
maternal components for meiosis and/or early 
development. For instance, it appears that NuMA 
(nuclear mitotic apparatus antigen) needs to be 
synthesized during maturation179. This protein 
is required for spindle formation and function 
in meiosis. In addition, it is one of the maternal 
products that are transiently enriched at the mei-
otic metaphase II spindle, subsequently transits 
to the female and male pronucleus after fertiliza-
tion, and is required for normal development216. 
Spindlin (Spin) is another maternal effect gene 
expressed from maternal mRNA stores at matu-
ration. It is associated with the spindle at meta-
phase II when it is phosphorylated by MAP 
kinase217,218. The message for Spin encoding the 
30-kDa protein is highly expressed in mature 
oocytes (Figure 4.3).

Differential polyadenylation and translation 
occurs at two critical points: upon oocyte matu-
ration and after fertilization. While the message 
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is diminished in meiosis II, the protein level 
is high in the zygote and may play an impor-
tant role in zygotic gene activation (ZGA)219. 
Depletion of oocytes of maternally expressed 
spindle-associated proteins like NuMA and 
spindlin by removal of chromosomes and the 
spindle before somatic cell nuclear transfer in 
cloning may be one etiologic factor in the fail-
ure to obtain viable embryos179,220. The apolar 
localization and recruitment of proteins by the 
spindle may also facilitate their targeting to 
specific sites in the embryo (e.g. pronuclei or 
mitotic spindles) such that disturbances due 
to oocyte freezing or suboptimal conditions 
at maturation might adversely affect develop-
ment. Several studies support the notion that 
not only control of timely expression but also 
spatial distribution of gene products influence 
development (e.g. references 221 and 222). For 
instance, Cdx2 mRNA coding for a transcrip-
tion factor is localized toward the vegetal pole 
in the mammalian oocyte. The message reori-
ents after fertilization and mRNA and protein 
become concentrated in the late-dividing, two-
cell-stage blastomere that defines the lineage to 
trophectoderm223. In conclusion, many proteins 
that are cell cycle dependently synthesized dur-
ing maturation are pivotal in the control of cyto-
skeletal, chromatin, and embryonal regulation 
in mammalian oocytes and in polarization of 
the embryo (Figure 4.3).

Translation of polyadenylated mRNA

Initiation of translation is a complex multi-step 
process that requires a large number of protein 
factors and multi-protein complexes, in addition 
to ribosomes165 (Figure 4.2b). Cap-dependent 
translational initiation in eukaryotes requires a 
methylated guanosine residue at the 5¢untrans-
lated region of the mRNA (m7GpppN) (Figure 
4.2a and b). The 5¢cap structure attracts the 
eukaryotic initiation factor eIF4F complex (indi-
cated by strippled lines in Figure 4.2b) to recruit 
it to the mRNA. The eIF4F complex is hetero-

trimeric, consisting of a cap-binding protein, 
eIF4E (4E in Figure 4.2b), an RNA-dependent 
helicase, eIF4A (4A in Figure 4.2b), and a large 
protein serving as an adapter in the complex, 
eIF4G (hook-like structure with N- and –C-ter-
minal domains termed 4G in Figure 4.2b)168,221. 
Concomitantly, a ternary complex with GTP and 
the initiator Met-tRNA forms that associates with 
the 40S ribosomal subunit and several initiation 
factors, such as eIF1, eIF1A, and eIF3 (triangle 
termed F2 in Figure 4.2b). The 43S preinitiation 
complex binds to the eIF4F complex to form the 
48S preinitiation complex. After completion 
of initiation, the initiation complex scans the 
mRNA for the translation start codon AUG, and 
GTP hydrolysis occurs. Finally, the translational 
elongation by the 80S ribosome starts.

Synergistically with the cap structure circu-
larization of the mRNA by protein–protein inter-
actions between proteins attached to the 3¢ and 
5¢ ends of the mRNAs acts as a rate-limiting step 
in initiation to promote the initiation process 
(Figure 4.2b). For this, the eIF4G adapter protein 
in the initiation complex associates with its N-ter-
minal domain with the poly(A) tail of the 3¢UTP 
of the mRNA by binding to PABP (gray boxes in 
Figure 4.2b). Concomitantly, eIF4G recruits eIF3 
(termed F3 in Figure 4.2b) with its C-terminal 
domain to the 40S ribosomal complex. In com-
bination with eIF5 it may serve as an adapter for 
proteins associated with the heterotrimeric eIF2 
complex and the Met-t-RNA224. When all the fac-
tors for translational initiation have assembled 
they promote initiation of translation. In mouse, 
expression of embryonal poly(A) binding protein 
(ePAB), an ortholog of Xenopus embryonal PABP, 
appears to be particularly relevant. It is present 
during maturation and at metaphase II, as well 
as in the one-cell and two-cell embryo225. The 
protein becomes undetectable from the four-
cell stage. The expression up to major zygotic 
gene activation argues for a role in translational 
activation of maternally derived mRNAs during 
mammalian oocyte and early preimplantation 
development226.
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According to the need for circularization, 
the presence of a poly(A) tail and interaction of 
PABP with the elF4F complex on mRNAs decide 
on whether and when mRNAs can be translated. 
In effect, it is also the timing of polyadenylation 
and modifications of molecules in the protein–
protein interactions that influence translation. 
For instance, modification of the cap structure in 
maturing oocytes contributes to efficient trans-
lational initiation. The cap of certain mRNAs 
may be modified by methylation of riboses in the 
trinucleotide at the 5¢UTR227. Such ribose meth-
ylation occurs concomitantly with recruitment 
and translational activation of mRNAs like Mos 
in Xenopus oocytes227. The cap-binding factor 
also becomes phosphorylated at resumption of 
maturation, probably by the MAP kinase path-
way (Figure 4.2c228). This enhances the affinity of 
the protein for the mRNA 5¢ cap in the initiation 
event222. The hypermethylated cap within the 
eIF4F complex may ensure that certain molecules 
become very efficiently associated with polyri-
bosomes and translated, right after polyadenyl-
ation. When eIF4G, which mediates the binding 
of the 5¢ cap to PABP, is enzymatically cleaved, 
the recruitment of stage-specifically expressed 
mRNAs coding for c-mos, cyclin B1, and other 
proteins to polyribosomes is blocked179,229.

Post-translational mechanisms in 
mRNA recruitment

According to their function, most cellular 
mRNAs encoding housekeeping proteins that are 
efficiently translated during oocyte growth attain 
the poly(A) tail already in the nucleus (about 450 
residues) and, after nuclear export, can directly 
associate with ribosomes. Initiation of transla-
tion can proceed according to the mechanisms 
shown in Figures 4.1 and 4.2b. As demonstrated 
above, especially during gametogenesis/oogen-
esis, several types of mRNAs appear to become 
deadenylated and masked by proteins associat-
ing with the mRNA, preventing their expres-
sion. Translational repression may involve 

masking factors, which associate with RNA in 
the cytoplasm but also already in the nucleus. 
For instance, association of a masking protein 
FRGY2, a DEAD-box RNA-helicase, with mRNA 
species starts within the nucleus of the grow-
ing Xenopus oocyte230. The catalytic subunits of 
casein kinase II (CkII) and two other proteins, 
FRGY2a and FRGY2b, were found to be involved 
in the masking of mRNAs. FRGY2 is phosphory-
lated by CkII, which appears to be important for 
the masking/unmasking reaction231. MSY2, the 
mouse ortholog of Xenopus FRY2 and of human 
contrin232, functions as a co-activator of tran-
scription in male germ cells and plays an impor-
tant role in the translational repression and 
storage of both paternal and maternal mRNAs 
in spermatocytes, spermatids, and oocytes (see 
reference 233). In the mouse, MSY2 is one of 
the most abundant proteins (2% of total protein) 
in fully grown oocytes. Deletion in transgenic 
msy2–/– mice causes infertility in both sexes, 
and early loss of oocytes, and defects in ovula-
tion in females234. The reduction of MSY2 in GV-
arrested oocytes by using Zp3-promoter-based 
transgenic RNAi methodology for knockdown 
of expression also leads to subfertility or infertil-
ity. This is consistent with the proposed func-
tion of MSY2 to stabilize mRNAs in oocytes and 
thereby facilitate mRNA accumulation during 
oocyte growth. Specificity of binding appears to 
be linked to transcripts derived from genes with a 
Y-box-containing promoter. MSY2 is inactivated 
by degradation at resumption of oocyte matura-
tion, which may contribute to the recruitment of 
maternal mRNAs at this transition.

The recruitment of stored maternal mRNAs 
for polyadenylation in the cytoplasm is a 
complex process that mainly relies on post- 
translational mechanisms and sequential syn-
thesis and activation of stimulatory kinases. The 
processes have been studied most extensively in 
Xenopus oocytes, but appear largely conserved. 
For instance, as in Xenopus, masking and inhi-
bition of polyadenylation by exposure to poly-
adenylation inhibitor 3¢-deoxyadenosine (3¢-dA) 
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up to metaphase I prevents meiosis progression 
in in-vitro maturing bovine oocytes, possibly 
by inhibiting the constant lengthening of cyclin 
B1 mRNA151. Such observations in experimen-
tal models underline the significance of timed 
polyadenylation and expression of meiotic genes 
from stored, timely recruited mRNAs. Release 
from repression of masked, dormant RNAs 
requires the CPE (also termed adenylation con-
trol element, ACE) and a hexanucleotide down-
stream in the 3¢UTR of the mRNA or a related 
consensus sequence. In masked mRNA the 
CPE is associated with the CPEB protein that, 
in turn, appears bound to the Maskin protein 
in stored deadenylated mRNAs (Figure 4.2c). 
This prevents the elongation initation complex 
efficiently docking to the 3¢UTR of the mRNA 
because the message is rendered with a short 
poly(A) tail and has no site for binding of PABP. 
As described above, PABP is involved in ring 
formation. CPSF associated with the hexamer in 
the 3¢UTP is also prevented from tight interac-
tion with CPEB by the presence of Maskin and 
therefore cannot position the PAP on the 3¢UTR 
for polyadenylation (upper part of Figure 4.2C). 
The two proteins CPEB and CPSF are in contact 
with the protein symplekin161. The latter helps 
to attract and activate the meiotic poly(A) poly-
merase Gld2. Once maskin is released and CPEB 
phosphorylated this may induce conformational 
changes so that Gld2 can elongate the poly(A) 
tail (lower part of Figure 4.2c). Maskin also binds 
translation initiation factor 4E (eIF4E), an inter-
action that excludes eIF4G and in this way pre-
vents formation of the eIF4F initiation complex 
(Figure 4.2c).

However, upon resumption of maturation 
and activation of MPF/cdk1, maskin is phos-
phorylated by MPF and this releases it from 
CPEB and from eIF4F164 (detachment in Figure 
4.2c). Mutation of residues for MPF phosphory-
lation alleviates the cdk1-induced dissociation 
of maskin from eIF4E and translation initia-
tion. Downstream from cdk1 activation another 
kinase, Eg2/aurora A kinase, a member of the 

aurora family of mitotic serine/threonine kinases, 
is activated during maturation, which, in turn, 
can phosphorylate CPEB235. The quantity of 
aurora A/Eg2 protein is already high in the GV of 
mouse oocytes and remains stable during matu-
ration up to metaphase II236. Phosphorylation of 
CPEB by aurora A participates in the control of 
sequential protein synthesis by enhancing the 
affinity of binding between CPEB and CPSF, pro-
moted by attachment to symplekin161. CPSF in 
turn may recruit/position PAP. CPEB/CPSF pro-
teins complexed by symplekin can target poly(A) 
polymerase GLD2 to catalyze polyadenylation of 
the 3¢UTR of the message161. The mechanisms 
are conserved since mouse GLD-2 (mGld2), 
a recently identified cytoplasmic PAP, is also 
expressed in the oocytes exclusively after GVBD 
at meiosis I and II and appears essential for the 
progression from metaphase I to metaphase II 
during oocyte maturation237. Upon elongation 
of the poly(A) tail, PABP can bind and recruit 
eIF4G of the elF4E complex for ring formation 
and stimulation of expression. Maskin may have 
several functions as it can be phosphorylated by 
different kinases and at different sites. Before 
maturation, Maskin is already phosphorylated 
by protein kinase A. This does not influence 
initiation of translation but appears critical for 
the protein to localize on the spindle of somatic 
cells161. After resumption of maturation, phos-
phorylation of Maskin by E2/aurora A kinase 
(Figure 4.2c) may help to promote microtubule 
growth from asters and contribute to the deter-
mination of microtubule steady-state length238.

Apart from these mechanisms of translational 
initiation involving differential phosphorylation 
of Maskin, the early cytoplasmic polyadenylation 
and translational activation of multiple mater-
nal mRNAs can also occur in a CPE- and CPEB-
independent manner. The sequential action of 
distinct 3¢-UTR-directed translational control 
mechanisms and related RNA-binding proteins 
can possibly coordinate the complex temporal 
patterns and extent of protein synthesis during 
vertebrate meiotic cell cycle progression in such 
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cases155,172,239. Generally, it appears to be the 
context, for instance, the number and distance 
between the CPEs and the hexanucleotide, the 
presence of RNA-binding and interacting pro-
teins, and the activity of kinases, which controls 
the timing and extent of polyadenylation155,240. 
As an example, DAZL proteins like human DAZ 
and BOULE stimulate translation by promoting 
initiation. Collier et al. showed that DAZL pro-
teins interact with PABPs and thus may contrib-
ute to the activation of specific translationally 
silent mRNAs during germ cell development241. 
DAZL protein is abundantly expressed in mature 
human oocytes and embryos, and expression in 
the embryo may relate to quality and develop-
mental capacity242.

CONCLUSIONS AND PERSPECTIVES

Currently we are at a time when qualitative anal-
ysis of gene expression in mammalian oocytes 
of different species is progressing towards quan-
titative assessments, in order to proceed from 
genomics and proteomics to metabolomics and 
systems biology. We are still far from understand-
ing the complex regulatory processes that govern 
regulation of gene expression in oocyte growth 
and maturation, in para- and autocrine signaling 
cascades during folliculogenesis, and in ovula-
tion and early development. Even less so, we do 
not comprehend the influences of environment, 
in-vitro conditions, and aging on gene expres-
sion. However, several recent studies analyzing 
global gene expression or expression of particular 
genes in unstimulated versus stimulated cycles 
provide evidence that the endocrine environ-
ment has a profound influence and may greatly 
impinge on gene expression, and oocyte quality 
and developmental competence (e.g. references 
2, 21, 116, and 243). For instance, the expression 
of the transcription factor Oct-4 is increased in 
primordial follicles of mice primed with PMSG, 
and following the LH surge in preovulatory antral 
oocytes116. This suggests that Oct-4 may not only 

have a role in regulation of gene expression to ini-
tiate growth, but also in the selection of oocytes 
for ovulation in response to endocrine signaling. 
Expression patterns of preovulatory oocytes of 
the mouse were shown to differ between oocytes 
obtained from unstimulated cycles and stimu-
lated cycles, and this was associated with a bet-
ter developmental potential of oocytes from the 
stimulated compared to the unstimulated cycle2. 
Such approaches may reveal pivotal compo-
nents that are needed for normal development. 
Currently, there is a hunt for predictive indica-
tors of oocyte health, in particular with respect 
to optimize in-vitro maturation. For instance, the 
expression of insulin-like growth factor II (IGF-
II) was not found in metaphase II in-vitro grown 
oocytes from preantral follicle culture compared 
to in-vivo controls, and this was associated with 
reduced developmental potential after fertiliza-
tion113. Differential expression related to mater-
nal age and/or depletion of the follicular reserve 
is also of high relevance, especially in ART, when 
patients of advanced age ask for help in con-
ception. Thus, there are reports suggesting that 
aging may affect expression of components of 
the spindle assembly checkpoint244 and chromo-
some cohesion43 that may contribute to increase 
risks for meiotic non-disjunction (errors in chro-
mosome segregation). Other genes that appear 
repressed with advanced maternal age are can-
didate maternal effect genes required for early 
embryogenesis144. The large increase in numbers 
of libraries of genes expressed at distinct stages of 
oogenesis, coupled with improvement in meth-
odology for assessing gene expression in silico 
as well as through experimental approaches, the 
availability of animal models, and the improve-
ment in culture methods, now greatly facili-
tates comparative/subtractive and quantitative 
approaches to identify key factors in regulation 
and test for their influence on developmental 
potential (e.g. reference 245). The present review 
just provides a glimpse at the complexity of dif-
ferential expression and its temporal, stage-spe-
cific regulation in oocytes. Apart from assessing 
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expression at the translational and protein level, 
it should however be kept in mind that the spa-
tio-temporal regulation is crucial in the context 
of oocyte quality, the polar distribution of cel-
lular components, and the functional integrity at 
the level of the cytoskeleton and the chromatin 
configuration. Therefore, it is essential to ana-
lyze gene expression in a global fashion as well 
as by functional approaches to improve IVM and 
oocyte quality in ART.
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