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Portrait of an oocyte: our obscure origin
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Oocytes play a pivotal role in the cycle of human life. As we discuss here, after emerging from germline stem cells
in the fetus, they grow in a follicular niche in which development is harmonized for timely ovulation and hormone
secretion after puberty. Most human oocytes have poor developmental competence and are peculiarly vulnerable
to chromosomal malsegregation, especially as women pass the optimal years of fertility and may begin to turn to
assisted reproductive technologies (ARTs) and egg donation. Research needs to focus on the molecular factors
involved and the environmental niche required for optimal development of oocytes, with the aim of increasing their
numbers and quality for ARTSs, since these are the factors that so often limit human fertility.

Eggs have fascinated philosophers and scientists ever since Aris-
totle pondered the mysteries of chick development, but the min-
ute mammalian egg remained elusive until von Baer’s discovery in
1826 (1). Subsequently, the creation of haploid gametes through
meiosis and their union by fertilization were observed and under-
stood by successive generations of biologists (2). While the sper-
matozoon makes a complementary genetic contribution to the
zygote, the oocyte is obviously its major cytoplasmic donor, con-
tributing nearly all the organelles and nonchromosomal molecules
needed for development. Although fertilization marks the debut
of a new genetic entity, it is abundantly clear that embryogenesis
is deeply rooted in oogenesis.

Oocytes are highly specialized to undergo the unique processes
of meiosis and fertilization and to execute a molecular program
for development. Upon fertilization, their reproductive role is
achieved through formation of blastomeres, the cells produced by
the first cleavage divisions of the fertilized oocyte that are the pre-
cursors of all cell lineages in the fetus and its membranes. Oocytes
are therefore highly differentiated and the mothers of totipotent
cells at the same time, a paradox we address later (see Molecular pro-
gram for development below). But it is not just their amazing biology
that drives scientific curiosity — they set limits on the reproduc-
tive lifespan of a woman, are very common causes of infertility,
and contribute to major birth defects, including Down syndrome.
Unfortunately, research is hindered by their extreme rarity and by
greater bioethical constraints than with any other cell type, except
products of their fertilization.

Until oocytes were harvested routinely for in vitro fertilization
(IVF), beginning in the early 1980s, few gynecologists had ever seen
aliving female gamete from our species. Although IVF procedures
are common and ovarian stimulation is standard practice, oocytes
remain very scarce and precious. Moreover, the great majority of
oocytes donated to research come from IVF programs in which
they failed to be fertilized or were immature, and only rarely do
freshly harvested cells presumed to be mature and fertile become
available for study. Such drawbacks are compounded by a post-
ovulatory lifespan of only one day at most, and by the inability
to propagate oocytes, as can be done with cell lines. Progress has
therefore depended on animal models, including nonmammalian
species, despite differences in the size and polarity of eggs. The
cytoplasm of human oocytes appears relatively uniform, as we shall
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explain, and this has huge implications for invasive assisted repro-
ductive technology (ARTs) such as intracytoplasmic sperm injec-
tion (ICSI), in which a single sperm is injected into the cytoplasm
of an oocyte to treat most forms of male infertility, and embryo
biopsy for preimplantation genetic diagnosis, in which one cell is
removed for genetic diagnosis and/or screening for aneuploidy.
Materials deposited during oogenesis visibly polarize the eggs of
amphibians, flies, and many other animals, determine the plane
of the first cleavage division, and become sequestered in specific
early lineages of the embryo. Another notable difference between
species is the absence of germline stem cells in mammals, or at
least active ones, after birth, and ovaries are generally believed to
eke out a dwindling endowment of nonrenewable oocytes during
adulthood. The fecundity of human ovaries is more constrained
than in most other species because the store of oocytes is exhaust-
ed by mid-life (i.e., menopause). Moreover, oocyte fertility starts to
decline precipitately early in mid-life (beginning when women are
approximately 30 years old), when aneuploidy becomes remark-
ably prevalent (3). Since rapid ovarian aging is universal in our spe-
cies, an evolutionary explanation is called for.

Oocytes harvested for IVF or at ovulation are arrested at meta-
phase I in a cloud of “cumulus” cells, a subpopulation of gran-
ulosa cells in the follicle whose main functions are to support
oocyte development and to contribute to hormone and growth
factor production. This is the final stage of a long, complex his-
tory beginning with primordial germ cells in the epiblast of an
implanting embryo (4). After multiplying and migrating to the
gonadal anlagen, they continue to undergo mitosis until entering
meiotic prophase, so that at birth virtually the entire 1-2 million
germ cells, now called oocytes, have reached the diplotene stage
of prophase I (5). They have therefore already undergone meiotic
recombination, so that each oocyte has a unique genetic constitu-
tion, and they become enveloped in a layer of pregranulosa cells to
form primordial follicles. But they cannot ovulate, resume meiosis,
or undergo fertilization until after several weeks of growth in the
follicle, which enlarges from the primordial stage (approximately
35 microns diameter) to the grape-sized Graafian stage that is
ripe for ovulation. In this Review we consider oocyte development
across the entire span of follicle growth.

Developmental niche

Oocytes cannot be understood in isolation from their follicles,
which provide the environment in which they become competent
to undergo fertilization and produce a viable embryo. Follicles
(specifically granulosa cells) create an essential niche for oocyte
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survival, nourishment, and regulation (Figure 1). After remaining
quiescent in the ovary for one to more than fifty years, primordial
follicles initiate growth of their oocyte and pregranulosa cells, a
process that involves the PI3K signaling pathway (6) but is inde-
pendent of follicle-stimulating hormone (FSH) from the pituitary
gland (7). Only a small fraction of the total oocyte population
(apparently chosen at random) grows at one time; otherwise, the
ovary would be rapidly depleted. Oocyte growth is coordinated
with that of granulosa cells, which become progressively more
active in steroid and inhibin production under the influence of
gonadotropin stimulation and which, in turn, provide feedback
on the hypothalamo-pituitary unit. The granulosa and theca cells
have somewhat complementary roles in the production of estro-
gens and androgens (and progesterone, beginning shortly before
ovulation), but although oocytes contain steroid receptors, they
are not known to be affected by these hormones, except in frogs,
in which progesterone triggers meiosis. Anti-Mullerian hormone
is also secreted by granulosa cells, but at an earlier stage and as a
paracrine factor affecting small follicle commitment to growth (8).
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Figure 1

Schematic diagram of follicle maturation in the ovary. Prior to birth, pri-
mordial germ cells migrate to the developing ovary and, after a period of
proliferation, they enter meiosis |. At birth the ovary contains many pri-
mordial-stage follicles, which contain small, non-growing oocytes sur-
rounded by a single granulosa cell layer. These follicles develop in the
step-wise manner depicted to become preovulatory, Graafian-stage fol-
licles, which contain a fully grown oocyte. Oocytes reach metaphase I
of meiosis after the ovulatory surge of gonadotropins that occurs mid—
menstrual cycle. Meiosis is only completed upon oocyte fertilization.

At one time, oocytes were regarded as passengers in follicles, pas-
sive and dependent, but the metaphor has changed to that of
oocytes being like captains of their vessels (9). Strong evidence
that they direct follicle development was obtained when mid-
growth oocytes were shown to accelerate follicle development to
the Graafian stage (Figure 1) after being combined with granulosa
cells from an earlier stage of follicle development (10).

TGF-f family members are some of the most important secretory
products of growing oocytes, notably growth differentiation factor 9
(GDF9) and the closely related bone morphogenetic protein 15
(BMP15), which have synergistic roles in follicle growth (11, 12).
BMP15 stimulates granulosa cell expression of KIT ligand, which
in turn acts via the KIT receptor on oocytes to inhibit BMP15
expression, although the physiology is undoubtedly more com-
plex, involving also the theca cell layer (13-15). This local feed-
back loop helps to explain why differentiation goes awry in oocy-
tectomized follicles. In the presence of the oocyte, granulosa cells
are stimulated to multiply and synthesize hyaluronic acid, while
plasminogen activator and progesterone secretion are inhibited,
in part by the actions of GDF9 and BMP15. These interactions
thus coordinate compartments of the follicle to prevent premature
ovulation and luteinization, the process whereby a postovulatory
ovarian follicle transforms into a corpus luteum (16-19).

Despite the oocytes’ commanding role, communication is bidi-
rectional, and follicular cells are interdependent. Metabolic coop-
erativity is needed for the very survival of oocytes, which are defi-
cient in some metabolic pathways. For example, they are unable to
use glycolysis to generate energy, instead depending on pyruvate as
a principal energy source (20). GDF9, BMP15, and FGF8 secreted
by oocytes approaching maturity promote expression in granu-
losa cells of genes encoding enzymes that stimulate production of
donor metabolites for oxidative metabolism (21). Likewise, they
promote expression of genes encoding amino acid transporters and
enzymes and outsource cholesterol biosynthesis to granulosa cells
for membrane growth and other functions (22, 23). Nutrient and
informational molecules diffuse across the porous zona pellucida,
which is the thick glycoprotein shell secreted by growing oocytes
that persists until shortly before embryos implant, but cytoplas-
mic continuity created by heterologous gap junctions is also vital,
allowing bidirectional transport of small molecules between the
granulosa cells and oocytes. These gap junctions, composed of
connexin 37 hexamers, form at contact points between transzonal
projections from granulosa cells and the oocyte membrane or
microvilli (24, 25). When connexin 37 is genetically deleted, fol-
licle and oocyte development halt in mid-growth (Figure 1) (26).
FSH, a master survival factor for granulosa cells, affects the density
of transzonal projections by an unknown mechanism, implying
that ovarian stimulation protocols might influence oocyte qual-
ity (27). During conventional stimulation for harvesting multiple
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oocytes for IVF treatment, endogenous FSH is pharmacologically
suppressed to gain greater control of the ovarian response to FSH
administration. If oocyte quality is somewhat lower in stimulated
than natural cycles, as is widely assumed, this is not necessarily due
to any adverse effects of FSH per se, but likely a result of recruiting
a wider range of follicle stages than the narrow window of selec-
tion for the single, dominant follicle in spontaneous cycles.
Harmonious oocyte and granulosa cell growth and differentia-
tion, so important for timely maturation, ovulation, and steroido-
genesis, are safeguarded by cellular interactions and interdepen-
dency within follicles, the fundamental developmental units of the
ovary (28). Hence, research that aims to culture small oocytes, either
as an alternative technology for ovarian stimulation in vivo or after
frozen banking for fertility preservation, must heed the physiologi-
cal requirements of granulosa cells in which they are nurtured. The
follicular structure also helps to explain why oocyte (and therefore
embryo) quality is heterogeneous within a cohort, since each oocyte
has a unique follicular microenvironment and developmental tra-
jectory. Finally, as knowledge advances, we may see renewal of the
old teleological debate about whether the chance of a given follicle
ovulating is affected by the intrinsic quality of its oocyte.

Growth and differentiation
Although mammalian eggs are comparatively tiny, they are far
more voluminous than any somatic cell, expanding to 120 um
in diameter in humans and growing 100-fold in volume and in
abundance of organelles and structural and soluble components
(29, 30). The enlarged nucleus is called a “germinal vesicle” because
its diffuse chromosomes stain weakly with basic dyes. They only
faintly resemble the “lampbrush” chromosomes of the much larg-
er frog egg, in which chromatin forms brush-like loops serving as
factories for RNA synthesis (31). Nevertheless, mammalian oocytes
are transcriptionally superactive, as the large nucleolus indicates
ribosomal RNA production. When transcription is halted, a hood
of heterochromatin forms around the nucleolus in fully grown
oocytes competent to resume meiosis (32).

The small oocytes of primordial follicles contain a dense cloud
of organelles of unknown significance comprising mitochondria,
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Figure 2

A panel showing 6 human oocytes harvested
after ovarian stimulation for assisted concep-
tion that are either pre- or post-fertilization and
vary in quality and developmental potential.
(A) Normal, metaphase Il stage with first polar
body (indicated by white line). (B) Unfertilized
oocyte containing many large vacuoles (V).
(C) Pronuclear stage with extensive cyto-
plasmic fragmentation (F). (D) Oocyte with a
single pronucleus (P) after fertilization by ICSI
(haploid). (E) Triploid zygote with 2 large and
1 small pronucleus, suggesting that fertiliza-
tion was dispermic. (F) Tetraploid zygote with
four pronuclei after presumptive trispermic
fertilization. A, B, D, and F reproduced with
permission from An Atlas of Human Gametes
and Conceptuses (50). C and E reproduced
with permission from An Atlas of Human
Blastocysts (141).

Golgi elements, and ER. This structure, reminiscent of the so-
called “Balbiani body” in non-mammalian eggs, disperses after
growth commences (33). The Golgi apparatus breaks into flat-
tened sacs in the cortex, where zona proteins are processed and
cortical granules are packaged to prepare for their role in hard-
ening the zona pellucida against the entry of additional sperm
after fertilization (34). The cytoplasm contains a honeycomb of
ER, and the widely distributed polyribosomes increase four-fold
during oocyte growth to meet the demands of protein synthesis.
In humans, the dominant centrosomal material for aster forma-
tion (i.e., formation of the star-shaped microtubule cluster sur-
rounding the centrosome for the first embryonic division) is not
maternally inherited (as in mice) but comes from the fertilizing
spermatozoon (35). As a result, male infertility due to defects in
aster formation is unlikely to be overcome by ICSI (35). Oocytes
have only small reserves of glycogen and lipids, and specific yolk
proteins comparable to vitellogenins in non-mammals are absent
(except in the platypus), having disappeared during the evolution
of internal fertilization, placentation, and lactation (36).
Lacttice-like structures in rodent oocytes were at one time thought
to be yolk proteins because they occupy more than 5% of the cyto-
plasm at maturity and progressively disappear after fertilization,
until they are lost in blastocysts (37). Recent studies of peptidyl-
arginine deiminase 6 (PADIG6) support an alternative hypothesis
propounded many years ago, namely that the cytoplasmic lattices
represent storage of mRNAs, ribosomes, and the rest of the trans-
lational machinery (38, 39). Consistent with this view, the lattices
contain PADI6 and, if the Padi6 gene is knocked out, they are com-
pletely absent in eggs, which exhibit defective ribosomal function
and embryonic genome activation and never develop beyond the
2-cell stage (40, 41). Such findings imply the lattices are involved
with the translational machinery, and the presence of a human
ortholog of Padi6 points to similar mechanisms in human eggs.
Oocytes have radial symmetry apart from a slightly eccentric
nucleus, but the meiotic spindle forming before ovulation migrates
to the cortex to determine the cleavage plane for shedding the first
polar body (the daughter cell generated by asymmetric cell division
of the oocyte during meiosis I that contains very little cytoplasm)
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(Figure 2A). This defines what is sometimes called the “animal
pole”, strictly speaking a misnomer because, in contrast to those in
frogs, human cytoplasmic domains fated to form specific cell lin-
eages after fertilization do not exist. Despite the continuing debate
about a molecular program for forming an embryonic axis, mam-
malian eggs are definitely not constrained, if any poles exist at all,
because they have a regulative character (42). This is reassuring
because loss of a blastomere(s) by fragmentation, cryoinjury, or
biopsy (e.g., for preimplantation genetic diagnosis) is unlikely to
cause maldevelopment, although a larger reduction in the endow-
ment of maternal cytoplasm certainly reduces viability (43).

The zona pellucida accounts for more than 5% of peak pro-
tein synthesis. Because it contains the primary sperm receptor
(zona pellucida 3 [Zp3]) (44), its specificity and function made
it an attractive target for immunocontraception research in the
past. The mouse zona pellucida consists of three highly glycosyl-
ated proteins organized as Zp2-Zp3 fibrils noncovalently cross-
linked by Zp1, with expression coordinated by the transcription
factor FIGLA (factor in the germline o), which is also needed for
establishing germ cells (45) and which is present in humans (46).
Human oocytes possess a fourth zona protein, ZP4, which is only
represented in mice as a truncated pseudogene (47).

When the three zona pellucida proteins are knocked out in turn,
different effects are observed in mice (48). Without Zp1, the zona
pellucida is weaker than normal and the females are less fertile.
Without Zp2, the zona matrix is merely a thin membrane of Zp1
and Zp3 fibrils that disappears before ovulation, and the eggs fail
to develop afterward. The most severe phenotype is caused by lack
of Zp3, which completely inhibits zona pellucida formation and
fertility. This phenotype can be rescued by inserting into the cells
the coding sequence for human ZP3, although the oocytes are
unable to bind human sperm because they need either ZP4 or spe-
cies-specific glycosylation (49). The corresponding mutations have
not been reported in humans and are likely to be rare causes of
infertility. Among thousands of patients, our center has encoun-
tered only a single case in which every oocyte was naked in recur-
ring stimulation cycles and a natural cycle (50) (Figure 3). The
oocytes were delicate, requiring reduced suction pressure for suc-
cessful follicular retrieval and gentle injection for ICSI, but after
fertilization they cleaved to the 8-cell stage, at which point they
were transferred to empty donor zonae before being placed in the
uterus. However, implantation failed in every cycle except for one,
which resulted in a short-lived pregnancy, although the woman
subsequently had a viable twin pregnancy from donor eggs. This
976
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Figure 3

A rare case of mature human oocytes uniformly
zona-free. (A) The zona pellucida was complete-
ly absent in all oocytes harvested from a patient
with infertility. (B and C) The eggs formed pronu-
clei after ICSI and cleaved to the 2—4 cell stage
in vitro (B), although they never generated an
ongoing pregnancy when replaced in the uterus
(C), even after transfer to evacuated zonae.
Reproduced with permission from An Atlas of
Human Gametes and Conceptuses (50).

case confirms the critical importance of a normal zona pellucida
for human fertility.

Apart from a few obvious examples, morphology is unreliable
for judging the competence of living oocytes, and there are no
visible indicators of aneuploidy (51). The degree of cytoplasmic
granulation probably has little significance, although large cyto-
plasmic inclusions, central granularity (resembling a bull’s eye),
and ER clusters are claimed to be detrimental (52-54). Occasion-
ally, the cytoplasm is highly vacuolated (possibly from obstructed
ER tubes) or it breaks up into fragments during meiotic matura-
tion, both of which predict a poor outcome before or at least after
implantation (Figure 2, B and C). Abnormal ploidy is common
and has many causes (Figure 2, D-F). But the morphology of eggs
is unclear until their cumulus cells have been dispersed for ICSI or
after fertilization and, in general, the appearance and growth rate
of embryos are better indicators of implantation potential than is
oocyte morphology (55).

Molecular program for development

Synthesis of mRNAs is strongly upregulated in growing oocytes,
reaching a plateau at full size before falling silent when the ger-
minal vesicle breaks down, which is a sign that the nuclear mem-
brane has disappeared as meiosis resumes after a prolonged stop-
over at prophase I (56, 57). Nascent mRNAs are usually processed
and translated quickly, but many are converted to storage forms
in oocytes, and regulation of gene expression becomes completely
dominated by translation instead of transcription. Hence, a critical
period exists from when the oocyte reenters meiosis until embryo
cleavage, when the embryonic genome becomes activated, implying
that the first days of development depend on protein synthesis from
the repository of maternal transcripts. Consequently, the health of
early embryos depends on materials and biosynthetic activity laid
down in the egg. As implied eatlier, individual differences in mRNA
profile and abundance within a cohort of oocytes or with age might
predict their viability and potential (58), and there is some evidence
that deficiency of the spindle checkpoint assembly regulator MAD2
and related molecules contribute to aneuploidy (59).

On economic grounds, it might be expected that gene prod-
ucts would appear in a timely manner and in quantities closely
matching physiological need, but this is not necessarily the case.
Components of maturation-promoting factor (MPF), part of the
complex molecular machinery driving the cell cycle, are expressed
long before oocytes become competent for meiosis. Moreover, lac-
tate dehydrogenase is a superabundant protein, greatly exceeding
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Number4  April 2010



Transcription

review series

Figure 4
Diagrammatic representation of the suppression of
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the needs for carbohydrate metabolism. Such inconsistencies may
eventually be explained by more pleiotropic roles.

Since the oocyte population forming prenatally has to serve
the entire reproductive lifespan, some germ cells have to survive
for decades, during which time they probably deteriorate from
accumulated effects of aging. Once released from their follicular
environment at ovulation, they deteriorate rapidly. Between the
primordial stage and ovulation, they do not have a rigidly fixed
schedule for development. Some develop faster than others,
depending on the follicle trajectory, and there is flexibility in their
timetable before ovulation until activated by the surge of lutein-
izing hormone. For example, in patients with polycystic ovaries
who develop ovarian hyperstimulation syndrome (OHSS) from
FSH stimulation, it is possible to “coast” follicles (delay ripening)
for up to three days by withdrawing stimulation without seriously
compromising oocyte quality (60). Presumably mRNA and protein
stability are unaffected.

The half-lives of mRNAs in oocytes are measured in days or weeks,
not hours, as in most somatic cells. After they are recruited from
storage for oocyte maturation, fertilization, and cleavage, more
than 90% of transcripts disappear by the first cleavage division,
and the rest have disappeared by the blastocyst stage (61). How do
these molecules achieve such stability, and what determines their
degradation? A freshly transcribed mRNA undergoes splicing to
make a mature molecule that is exported to the cytoplasm where,
in a ribonucleoprotein (RNP) complex and after incorporation
of initiation factors, nascent polypeptide chains form. Transla-
tion depends on polyadenylation at the 3" end of the molecule,
but stored mRNAs have had their poly(A) tails shortened to 20-40
nucleotides and are “masked” (62). Translational control is com-
plex, but it involves three main elements. First, transcripts for stor-
age in oocytes have U-rich, cis-acting cytoplasmic polyadenylation
elements (CPEs) upstream of the processing signal (AAUAAA) in
the 3" untranslated region (63, 64). Second, CPE-binding protein
(CPEB) plays a key role in translational repression/activation by
recognizing the CPE in association with other factors (which is the
third element) (65). Figure 4 provides a simplified illustration of
interactions between the molecular players involved in the transi-
tion from translational dormancy to expression, induced by the
Aurora A kinase in frog eggs. When poly(A) ribonuclease (PARN)
is expelled from the complex, germ-line development factor 2
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the freshly transcribed and spliced transcript is incor-
porated into a RNP complex, it can either be translated
directly or enter a prolonged period of translational
dormancy. Transcripts that can be stored contain a
CPE at the 3'-untranslated end, to which the protein
CPEB binds. Phosphorylation of the latter causes
release of PARN from the complex, enabling GLD2
to elongate the poly(A) and hence facilitate translation
by interaction with other proteins. In dormant mRNAs,
another CPEB-associated protein, maskin, inhibits an
initiation factor (elF4G) required for recruiting the 40S
ribosomal subunit to the 5’ end of the mRNA by bind-
ing the cap-binding eukaryotic initiation factor (4E).
408, 40S ribosomal subunit.

PARN

AAAAAA..N

(GLD2) elongates the tails by 200-250 nucleotides, a precondition
for translation. In addition, maskin, a CPEB-associated protein,
inhibits translation by competing with other factors that enable
recruitment of the 40S ribosomal subunit to the AUG start codon.
Details are easier to study in species with large eggs, such as frogs,
but are likely to apply broadly to mammals.

The importance of polyadenylation is revealed for Mos RNA,
which encodes a regulator of meiosis. In the absence of the pro-
tein, oocyetes fail to progress from meiosis I to meiosis II, but the
cells are rescued by injecting the mRNA, provided it contains the
proper CPE to enable polyadenylation (66). Stem loop-binding
protein (SLBP) is another translational regulator that is abundant
in oocytes, where it binds to the 3’ region of histone mRNAs for
regulating translation (67). Histones are needed to replace acidic
protamines in the male pronucleus by insertion into newly syn-
thesized DNA in growing embryos (67). Without SLBP, histones
H3 and H4 fail to accumulate and embryos stop dividing at the
2-cell stage, although they can be rescued by replacing the pro-
tein (68). Despite examples of successfully reversed deficiency of a
gene product, microinjection of mRNAs or proteins into oocytes
is unlikely to become a general method for improving their viabil-
ity in the near future because many genes are active at earlier, less
accessible stages of oogenesis, and the extent to which deficiencies
in transcription during oocyte growth or translation afterward
contribute to poor oocyte quality is far from clear.

Recently, small RNAs have been implicated as translational
controllers, many of them shadowing the timing of appearance
and disappearance of mRNAs encoding proteins. When Dicer,
an enzyme that processes precursor molecules into mictoRNAs
(miRNAs), is knocked out in oocytes, virtually the entire, hetero-
geneous population of miRNAs is eliminated, spindle defects
appear, and development never progresses to the 2-cell stage (69).
Furthermore, as a protective mechanism for the germ line, siRNAs
from pseudogenes, also processed by Dicer and acting with Piwi-
interacting RNAs, serve through RNA interference pathways to
suppress mobile genetic elements from transposons (70, 71). Such
discoveries are surely the beginning of a new chapter for under-
standing the fine control mechanisms for translation in oocytes.

We now return to the conundrum mentioned earlier of how
oocytes can be differentiated and totipotent at the same time. The
most plausible explanation is that they are RNA-centric, meaning
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Table 1
Maternal effect genes expressed in mouse oocytes

Gene Expression Function Stage at which development arrests Ref.
Bne1 Oocyte; sperm; early embryo Transcription factor 1- to 2-cell stage embryo 86
Smarca4 Ubiquitous Chromatin remodeling; EGA 2-cell stage embryo 87
Dnmtio Oocyte through to implanting embryo DNA methylation Post-implantation 88
Filia Oocyte Spindle integrity Pre-implantation 84
Ooep Oocyte Cortical complex with Mater 2-cell stage embryo 85
Hsf1 Oocyte to blastocyst; adult tissue Molecular chaperone 1- to 2-cell stage embryo 89
Nirp5 Oocyte to blastocyst Translational control 2-cell stage embryo 90
Npm2 Oocyte to blastocyst Chromatin remodeling 1- to 2-cell stage embryo 91
Padi6 Oocyte to blastocyst Translation control 2-cell stage embryo 4
Dppa3 Germ cell to blastocyst; stem cells; germ cell tumors RNA/DNA binding Blastocyst 92
Zarl Oocyte to 2-cell stage embryo; testis Chromatin remodeling 2-cell stage embryo 93

Bnc1, basonuclin 1; Dnmt1o, the oocyte form of DNA methyltransferase (cytosine-5) 1; Dppa3, developmental pluripotency—associated 3 (also known as
Stella); Hsf1, heat shock factor 1; Nirp5, NLR family, pyrin domain containing 5 (also known as Mater); Ooep, oocyte-expressed protein homolog (also
known as Floped); Smarca4, SWI/SNF related, matrix associated, actin dependent regulator of chromatin, subfamily a, member 4 (also known as BRM/

SWiI2-related gene 1 [Brg1]); Zar1, zygote arrest 1.

that developmental control has been transferred from transcrip-
tion to translation. The brief divorce between the genome, whose
synthetic activity pauses, and the cytoplasm, whose stored program
is translated, confers developmental plasticity on the cell so that
transcripts can be recruited for highly specific functions, while the
chromatin is at liberty to be remodeled for embryogenesis (72).
This theme encompasses the evolutionary spectrum, although the
timing of embryonic genome activation varies between species. In
human embryos this activation has been pinpointed by inhibit-
ing RNA polymerase activity to the 4- to 8-cell stage (73), whereas
it occurs 1-2 cleavage divisions earlier in mice. In either case it is
remarkably early compared with frogs, in which transcription is not
reinitiated until the tadpole stage, although this is reached within
hours, not days, of fertilization because cell division is so rapid.

Imprinted genes are developmentally important and expressed
mono-allelically according to the parent of origin. The inactive
allele is silenced by epigenetic modification, specifically DNA
methylation of CpG islands in the 5’ region. Taking complemen-
tary examples, H19 is unmethylated (and expressed) in mouse
oocytes, whereas the maternally imprinted genes small nuclear
ribonucleoprotein N (Snrpn) and insulin-like growth factor 2 recep-
tor are progressively methylated (and silent) during oocyte growth
(74). Although H19 and Snrpn expression is normal in mouse
embryos generated after superovulation, surprising methylation
errors are observed transgenerationally in sperm from the result-
ing male offspring (75). Moreover, the normally silent paternal
H19 allele is expressed in mouse embryos cultured in a suboptimal
medium (76). This is a cautionary signal for in vitro maturation
(IVM) of oocytes harvested from preovulatory follicles (an ART
that eliminates or substantially reduces the need for the gonado-
tropin-induced ovarian stimulation step of IVF and its associated
health risks, in particular OHSS), especially if culture starts at
early stages of oocyte maturation when epigenetic reprogramming
is occurring. Although there have been only 1,000-2,000 births so
far from IVM worldwide, the health as a whole of the several mil-
lion babies born from ARTs has been reassuring, and imprinting
abnormalities are very rare (77).

One of the problems of assessing ART safety is the high biological
incidence of aneuploidy in oocytes, which rises so much faster with
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age than in spermatozoa or lymphocytes (78). Weak checkpoint
control and chromatid presegregation at metaphase due to meio-
sis-specific cohesin deficiency appear to be proximate causes, pro-
viding some molecular foundations for the enigmatic vulnerability
of eggs (79, 80). Human oocytes are also moderately sensitive to
ionizing radiation, especially at primordial follicle stages, which can
be completely eradicated by apoptosis after exposure to therapeutic
doses of either radiotherapy or high-dose chemotherapy (81). Inter-
estingly, when mice were treated with ethyl nitrosourea, a potent
mutagen, the great majority of infertility phenotypes were in males
rather than females, in which sperm production was either partially
impaired or completely absent (http://reproductivegenomics.jax.
org) (82). More reassuringly, the effects are apparently all-or-noth-
ing, since young cancer survivors of either sex who remain fertile
after gonadotoxic treatment do not have an excess risk of having
children with major congenital malformations (83).

While few mutations specifically affecting oocyte and embryo
quality have been described, genetic polymorphisms could account
for occasional cases of infertility in which meiotic maturation, fer-
tilization, or cleavage is blocked. Maternal effect genes are principal
candidates because mutant females are infertile, though healthy,
and males are completely unaffected because there is no significant
carryover of gene products stored in spermatozoa to the embryo
(Table 1). The proteins encoded by maternal effect genes are some
of the most abundant in oocytes, most are involved with transcrip-
tion and translation, although some are found in cortical complexes
(84). In mammals, about a dozen maternal effect genes have been
identified so far, depending on definition, with the aforementioned
Padi6 an example. Mutations of maternal effect genes block mouse
oocyte/embryo development between late oogenesis and the blasto-
cyst stage (Table 1; refs. 41, 84-93), as does mutation of some genes
expressed more widely, but only the former have effects specific
to fertility. As examples of other oocyte-expressed genes, CCCTC-
binding factor and postmeiotic segregation increased 2 (Pms2) are
translated from mouse oocyte mRNAs needed for cleavage, but
they are not considered products of maternal effect genes because
they also have somatic functions including epigenome regulation
(94) and DNA mismatch repair (95), respectively. Genetic defects in
orthologs of maternal effect genes in humans are likely to presenta
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Figure 5

Schematic illustration of molecular and cellular maturation of human oocytes. Stages of development from initiation of oocyte growth in small
follicles through meiotic maturation and fertilization to cleavage. Competence to resume meiosis is reached in fully grown oocytes several days
before ovulation. Transcription becomes silent after the resumption of meiosis until the 4- to 8-cell stage, and gene expression is dependent on
translation of stored mRNAs until embryonic genome activation occurs 3—4 days later. Protein synthesis increases to a plateau when the oocyte
is fully grown. Progression through stages of meiosis depends on phosphorylation changes in MPF and MAPK. When the oocyte is cytoplasmi-
cally mature, oscillations of [Ca2*]; released from stores in the ER are triggered by the fertilizing sperm.

similar phenotype and might explain why so many human embryos
are of poor quality. Perhaps hypomorphic proteins from partially
penetrating polymorphisms only have mild effects on fertility
unless, when more than one is present, their impact is additive,
because several of the abundant maternal effect proteins interact
in the subcortical complex (85).

Oocyte maturation

Oocyte maturation is the process that creates the fully mature
gamete whose fate hangs on timely fertilization after ovulation.
The cell is suspended between mortality and the possibility of
producing virtually unlimited numbers of progeny. Maturation is
triggered by the gonadotropin surge that occurs in the middle of
awoman’s menstrual cycle and, after polar body emission, the cell
cycle continues without interruption or pausing for DNA synthe-
sis to the next meiotic division. The division halts at metaphase II
approximately 36 hours after the surge (Figure 5). While the first
meiotic reduction division uniquely involves genetic recombina-
tion and extends over many years, the second is brief, similar to
mitosis, and its completion depends on fertilization. It has long
been known that germinal vesicle oocytes can spontaneously
resume maturation in culture without hormones, a process that
apparently involves protein phosphorylation and withdrawal from
inhibitory influences within the follicle. Since mature oocytes were
always rare, some of the early pioneers of IVF could only obtain
immature oocytes that had to be matured in vitro (96). IVM is
being adopted again as a strategy for avoiding the risks of OHSS
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in patients with polycystic ovaries. It produces respectable preg-
nancy rates, although oocyte competence is lower than in standard
IVEF cycles, presumably because a premature harvest yields oocytes
that are not yet cytoplasmically mature even though they readily
undergo nuclear maturation (97).

Extensive reorganization of intracellular organelles occurs dur-
ing oocyte maturation, notably reorganization of mitochondria
to provide a local energy supply, cortical granule migration to
prepare for blocking polyspermy, and ER movement anticipat-
ing the phasic release of Ca?* from ER stores after fertilization
(98-100). Maturation is driven by cell cycle kinases, mostly those
also responsible for regulating mitotic cycles (101, 102). MPF and
MAPK are key molecules regulating downstream targets and con-
tributing to spindle assembly (103-10S5). Their activation coin-
cides with germinal vesicle breakdown, and activity increases dut-
ing maturation, apart from a transient decline in MPF activity
after metaphase I, until they peak in fully mature oocytes (103,
106, 107) (Figure 5). They represent the cytostatic factor long
known to maintain metaphase II arrest (108).

Maturation is essential for normal development and ploidy
because premature fertilization at metaphase I can cause trip-
loidy. However, most immature oocytes cannot elicit the repeated
Ca?* responses needed for successful activation by a fertilizing
spermatozoon (109-111). This capacity is not fully acquired until
metaphase II, and it wanes during postovulatory aging, when the
intracellular calcium signal converts from an activating signal to
one that induces apoptosis (109, 112, 113). After an initial burst
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of intracellular Ca?* ([Ca?*];) oscillations follow with a periodicity
of 20-30 minutes, triggering a cascade of cortical granule exocy-
tosis, resumption of meiosis, recruitment of mRNAs, pronuclear
formation, and progression to the first mitotic division (114). The
key importance of [Ca?']; oscillations was confirmed by experi-
ments in which injections of Ca?* stimulated parthenogenesis in
unfertilized oocytes (115), whereas a Ca?* chelator inhibited fer-
tilization (116, 117). When electrical pulses triggered Ca?* release
from intracellular stores, the extent of parthenogenetic devel-
opment varied with the number of [Ca?*]; oscillations elicited.
Cortical granule release (an early response) needed fewer [Ca?*];
transients than pronuclear formation and entry into mitosis (late
events) (118, 119), and a high frequency was needed for survival to
post-implantation stages (120). Failure of Ca?* signaling could be
responsible for cases in which a patient’s oocytes fail completely
in repeated IVF treatment cycles to activate after ICSI. A Ca?*
ionophore has been used to rescue fertilization (121), although a
more physiological stimulus is desirable, as we describe next.

Fertilization-induced [Ca?]; oscillations are driven by the phos-
phoinositide signaling pathway in which phosphatidylinositol
4,5-bisphosphate anchored in the plasma membrane is cleaved by
PLC into two second messengers, inositol 1,4,5-trisphosphate (IP3)
and diacylglycerol (DAG) (122). IP3 binds to IP; receptors (IP;Rs)
located on the ER membrane and induces release of Ca?* into
the cytoplasm from ER stores (123), whereas DAG regulates Ca?*
influx through activation of PKC (124). In mammalian oocytes,
fertilization-induced [Ca?*]; oscillations are mediated predomi-
nantly by the type 1 IPsR (IP3R-1) (125, 126), since antibodies spe-
cific for IPsR-1 block both the Ca?* response and activation (117,
127). Abnormalities in abundance or localization or posttransla-
tional modifications of IP;R-1 during oocyte maturation are all
potential causes of fertilization failure (111, 128, 129). Overcom-
ing abnormalities in the signaling pathway will be challenging,
but it might be possible to reverse deficiency of the “sperm factor”
responsible for triggering [Ca?*]; transients by injecting the sperm-
specific isoform of PLC (PLCC) to activate eggs if ICSI fails in male
factor infertility cases (130, 131).

After the oocyte is activated, the sperm nucleus undergoes
decondensation and histone substitution to form the male pro-
nucleus, which acquires latent transcriptional potential. Decon-
densation is achieved by reduction of the disulfide bonds in
protamines (132), probably involving glutathione accumulated
during oogenesis and the product of a maternal effect gene,
nucleoplasmin 2 (NPM2) (91). Fertilization arrest from failure of
decondensation can theoretically be caused by either an incompe-
tent oocyte or a resistant sperm nucleus.

Future developments

Human oocytes have moved toward the center stage of modern
biology from behind a curtain of obscurity. Yet, despite the dra-
matic growth in the use of ARTs, the ratio of oocytes harvested to
live-born babies has remained stubbornly high at approximately
25:1 for young women, with wide variation between treatment
centers, numbers harvested, cryopreservation, and maternal age
(133). This low efficiency is mainly due to poor oocyte quality, par-
ticularly when reproductive age is advanced, and better screening
methods are needed to identify competent gametes. Single cells
present a difficult challenge for screening, and non-invasive meth-
ods (such as genetic/epigenetic/molecular analyses of polar bod-
ies, cumulus cells, and spent culture medium), although attractive
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in theory, have limited applications or are still under development.
Selection of embryos for implantation potential is likely to remain
more practicable than screening eggs because there is more time
for abnormalities to become manifest after fertilization. Improv-
ing oocyte quality (oomedicine) is another strategy that is attrac-
tive in theory but difficult in practice. As for boosting the number
of oocytes for treatment and research, current ovarian stimulation
protocols have probably reached the biological limit. Yet, there are
urgent needs to produce more and better-quality oocytes. A break-
through would relieve pressures on egg donation services and facil-
itate single-embryo transfer to avoid pregnancy with multiples.
Oocytes are also needed for research into the causes of aneuploidy
and for somatic cell cloning in regenerative medicine.

For the foreseeable future, the number and quality of oocytes
will remain strictly limited for biological and bioethical reasons.
There is therefore tremendous hope, mingled with caution, of
progress through new culture technologies, either by generating
gametes grown from the more abundant small-follicle stages (134)
or from germline stem cells persisting after birth (135, 136). A suc-
cessful culture environment will need to be sophisticated enough
to mimic the follicular niche and incorporate stage-specific signals
to control growth, differentiation, epigenetic modifications, and
meiosis. Standard culture conditions are unlikely to suffice, and
advances in microfluidics may help to engineer a more physiologi-
cal microenvironment. Oocyte-like cells were recently derived in
culture from ES cells and various somatic cells, including the pan-
creas, fetal skin, and surfaces of human postmenopausal ovaries
(137). While there is no doubt that germ cells can form in embry-
oid bodies from ES cells, culture conditions are still unable to reca-
pitulate the specific and evolving conditions needed to generate a
fertile oocyte, defined by the ability to produce a healthy baby.

Likewise, there are widespread doubts about attempts to
improve oocyte quality by transferring cytoplasm from young
donor oocytes, especially given the small amounts that can be
injected and limited understanding of the causes of poor quality
and aging. Although a number of babies have been conceived after
this procedure (138), concerns about genetic safety suspended
practices in the USA. Germinal vesicle transfer to an enucleated
donor oocyte enables a more complete replacement of cytoplasm
but is limited by the effectiveness of protocols for IVM and qualms
about mitochondrial heteroplasmy (in which mitochondria from
more than one cellular origin are present in a single cell). Transfer
of the spindle-metaphase II chromosome complex to enucleated
donor oocytes has, however, proved successful, with three healthy
monkeys born so far (139). Since mitochondria are only inherited
maternally, the risk of transmitting mitochondria from an egg
containing mitochondrial DNA mutations for a child-to-be is vir-
tually eliminated. But all these strategies depend on limited sup-
plies of donor oocytes.

Despite many obstacles, there is reason to be optimistic about
the future of this field. Exquisitely sensitive molecular tools now
enable single oocytes to be analyzed, something that is extremely
important when studying rare and heterogeneous cells. A national
egg bank could facilitate progress, since low-temperature preserva-
tion is now more effective, so that researchers need not be attached
to IVF clinics to obtain material and precious cells are not wasted.
Eventually, a deeper understanding of oocyte competence and
aging will emerge, giving leverage for new technologies for cul-
turing oocytes and even repairing defects by molecular medicine.
Additionally, if the promise of induced pluripotent stem cells (iPS
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cells) is sustained, they may provide a new source of oocytes and
create opportunities for correcting genetic abnormalities at an
early stage. iPS cells closely resemble ES cells but are generated
from transfected somatic cells, and healthy mice created from
them have fertile germ cells (140). Thus, we anticipate human

iPS cells will eventually become a source of germ cells for mak-

ing oocytes. Though we cannot predict the pace of progress, nor
whether the gametes will be safe for treating infertility, the discov-
ery process will surely bring the benefits of a deeper understanding

of the biology and pathology of oocytes.
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