
 

 Multifaceted programmed cell death 
in the mammalian fetal ovary
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ABSTRACT  From previous and more recent works reviewed in the present paper, it appears that 
mammalian fetal oocytes face several challenges to survive throughout the stages of meiotic 
prophase I up to the block at the diplotene/dictyate stage and the primordial follicle assembly. 
Depending on the period of development and experimental conditions, these oocytes can undergo 
different forms of programmed cell death (PCD) and cross-talking pathways. We hypothesize that 
they require the continuous support of growth factors to accomplish the activities required to over-
come PCD during prophase I. An extraordinary level of DNA double strand break (DSB) tolerance 
characterizes oocytes during the first stages of meiotic prophase I. However, the activation of a 
p63/p53-and PCNA-dependent DNA damage checkpoint, plays a major role in eliminating defec-
tive oocytes when they reach the diplotene stage. Before oocytes are enclosed into a primordial 
follicle, the shortness of nutrients/growth factors might activate protective autophagy but this can 
turn into their death if starvation is prolonged. Actually, clarifying the relationships among growth 
factor signalling (mainly AKT cascade), apoptotic and autophagic proteins that seem to coexist in 
fetal oocytes, could be the key to understanding PCD in these cells. 
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Introduction

For many aspects, the mammalian ovary is still a mysterious 
organ, in particular concerning the processes that throughout the 
life lead to the exhaustion of the follicles and the internal oocyte 
population. Actually, in all mammalian species, the fertility lifespan 
of the females appears limited by an unavoidable decrease of the 
follicle pool. For a long time, scientists were aware that granulosa 
cells and oocytes undergo massive death physiologically and/
or following pathological and environment conditions. However, 
the mechanisms of such process remained obscure until 1970s, 
when they begin to realize that the granulosa cell and oocyte death 
represented a paradigm of the multiple faces of the programmed 
cell death (PCD). 

During the female germ cell development, the shift from mitosis 
to meiosis, the progression through the meiotic prophase I stages 
and the formation of primordial follicles, are crucial events within 
the fetal or early postnatal ovary during which oocytes undergo 
massive PCD. Later, in the prepuberal and adult ovary, while the 
most part of oocytes within the primordial follicles (ovarian reserve) 
avoid death for long periods (several years in humans), a subset 
of them is continuously engaged in folliculogenesis leading many 
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to death and a few to fully maturation and eventually fertilization. 
An extensive recent report and discussion about the principal 

studies concerning oocyte death in the fetal and early postnatal 
mammalian ovaries can be found elsewhere (Klinger and De Felici, 
2011; De Felici and Klinger, 2011). 

In the present paper, we will limit our review to the most relevant 
new results obtained on this topic in the last few years and will 
discuss them with the aim to give the readers an up- to-date view 
of the progress made in this field. 

Timing and causes of oocyte PCD

Although female germ cells can continuously undergo death dur-
ing prenatal and early postnatal periods, more pronounced waves 
of degeneration have been described during the shift from mitotic 
primordial germ cells/oogonia and meiotic oocytes, in oocytes at 
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the final stages of meiotic prophase I (pachytene/diplotene) and at 
the breakdown of the oocyte nests preluding the primordial follicle 
assembly. Such waves lead to the massive decrease of the oocyte 
number that characterizes early mammalian oogenesis. At least in 
human and mouse, oocyte extrusion from the ovary surface observed 
at perinatal stages might contribute to such depletion (Rodrigues 
et al., 2009, and references herein). 

While at the shift from mitosis to meiosis, female germ cell 
degeneration might occur for defects in the unknown mechanisms 
underlying this crucial event, at later stages, three main causes 
of death of meiotic oocytes have been proposed: 1) an excess of 
oocyte number respect to the available nutrients/growth factors and/
or to the number of the supporting ovarian somatic cells (death by 
neglect), 2) incomplete DNA repair or errors in chromosome syn-
apses occurring throughout meiotic prophase I (death by defects) 
and 3) self-sacrifice of oocytes donating their cytoplasm content 
to a subset of surviving oocytes at the breakdown of the oocyte 
nests leading to the follicle assembly (death by self-sacrifice) (Tilly, 
2001). Recent papers have shown that during the prophase I, other 
causes of PCD in mouse oocytes can be compromised autophagy, 
defect in APC/C activity and transposon jumping. Actually, Gawriluk 
et al., (2011), showed that the ablation of the genes encoding two 
major players of autophagy such as beclin1 or autophagy-related 
protein 7 (ATG7), resulted in a marked decrease of the oocyte 
number after birth. Unfortunately, in this work the characteristics 
of the death and possible loss of oocytes in the fetal ovary were 
not investigated. According to Holt and coll. (Holt et al., 2014), 
defects in the activation of the APC/C complex necessary for the 
zygotene-pachytene transition, as a consequence of Fizzy-related 
(Fzr1) gene ablation, can lead to oocyte apoptosis. Finally, Malki 
et al.,2014), showed that many oocytes were eliminated at the end 
of prophase I as a consequence of DNA damage generated by 
long interspersed element1 (LINE-1) retrotransposons, activated 
during epigenetic reprogramming of the embryonic germline. The 
authors did not characterized the oocyte death, but suggested that 
this process serves to select oocytes with limited LINE-1 activity 
that are therefore best suited for the next generation. 

Mechanisms of oocyte PCD

Apoptotic markers
It is now largely accepted that whatever the causes of oocyte 

degeneration in the fetal and early postnatal ovary, this takes place 
through apoptotic PCD mechanisms. Actually, several reports in 
a variety of species, including human, have identified dying fetal 
oocytes using typical apoptotic markers such as terminal deoxy-
nucleotidyl transferase dUTP nick end (TUNEL) labelling, cleaved 
poly (ADP-ribose) polymerase-1 (PARP-1), plasma membrane 
Annexin V protein and active caspases. Moreover, gene ablation 
experiments and the analyses of the expression of members of the 
Bcl-2 family (Bcl-2, Bax, Bcl-x) carried out mainly in mouse oocytes, 
established a crucial role of these pro- or anti-apoptotic genes in 
oocyte death (for a review, see Klinger and De Felici, 2011) (Fig. 1). 
It is to be noted, however, that the classical morphological description 
of cell apoptosis such as chromatin margination and nucleus and 
cytoplasm fragmentation, is not applicable to dying oocytes, likely 
for the peculiarity of chromosome and cytoskeleton organization 
during meiosis. Moreover, the TUNEL staining, generally used for 
detecting DNA fragmentation resulting from apoptotic cascade, at 
least in vivo and at early stages of meiotic prophase I, does not 
seem to be a reliable marker for apoptosis in all fetal oocytes (for 
references, see De Felici and Klinger, 2011). Recent papers on the 
buffalo and cattle and mouse fetal oocytes as well, also led to such 
conclusion, focusing on PARP-1 as a more suitable marker of oocyte 
apoptosis (Santos et al., 2013; Ene et al., 2013).

Apoptotic pathways
It is not known if the multiple causes of oocyte death reported 

above take different or the same PCD molecular pathways. In this 
regard, no progresses were obtained in the identification of the pro-
apoptotic pathways activated following the withdrawal of the growth 
factors reported to protect mouse or human fetal oocytes from death 
(KL, LIF, IGF-1, NT4/5 and IL-1, see Klinger and De Felici, 2011). 
The results by Gawriluk and coll. (Gawriluk et al., 2011), reported 
above, indicate, however, that fetal oocytes are prone to activate 
autophagy. Actually, this could occur in the absence of adequate 
growth factor amount to preserve oocytes from death. Nevertheless, 
despite this, most oocytes undergo apoptosis likely because under 
prolonged starvation, autophagy turns into cell death effector. This 
might happen both through typical autophagic lysosomal activity 
but also through apoptotic pathways. In fact, beclin 1 is able to bind 
BCL2, BCL-X or MCL1 (myeloid cell leukemia-1) and in this way 
favour the action of proapototic protein such as BAX. Actually, the 
balance between the anti-and proapoptotic proteins BCL-X and BAX 
was shown to be an important regulator of the oocyte death (for a 
review, see, Klinger and De Felici, 2011). A possible scenario is that, 
depending on different conditions, oocytes, can undergo PCD by 
autophagy or BCL-X/BAX rheostat. Under growth factor deprivation, 
in the absence of effective autophagy (Gawriluk et al., 2011), the 
BCL-X/BAX rheostat might lead to apoptosis, while in the absence 
of BAX, autophagy might induce oocyte to death (De Felici et al., 
2008; Rodrigues et al., 2009) (Fig. 2). 

Other players appear in the PCD affecting oocyte as they reach 
the diplotene block and primordial follicles are assembled (Fig. 2). 
At this stage, according to Jones and Pepling (2013), the myeloid 
cell leukemia-1 (MCL-1), previously reported to be expressed at 
high level in human fetal oocytes (Hartley et al., 2002), becomes 

Fig. 1. Expression of BAX in 
meiotic prophase I mouse 
oocytes. Immunohisto-
chemistry for BAX revealing 
different expression levels 
in oocytes within ovarian 
tissue fragments obtained 
from 14.5 dpc mouse ova-
ries and cultured for about 
one week as reported in 
Pesce et al., (1996); while 
BAX was expressed at mod-
erate levels in the most part 
of oocytes, more intense 
staining was observed in 
a subset of oocytes likely 
undergoing apoptosis.
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the prevalent member of the BCL-2 family proteins able to modu-
late the survival of the mouse oocytes. Moreover, at this time, the 
mouse oocyte death seems to be triggered by increased level of the 
proliferating cell nuclear antigen (PCNA) (Xu et al., 2011). The exact 
mechanism by which this protein that acts as a scaffold to recruit 
proteins involved in DNA replication, DNA repair, chromatin remod-
elling and epigenetics, triggers apoptosis of oocytes is unknown. 
It seems likely, however, that PCNA participates to the checkpoint 
activated at this stage to eliminate oocyte with DNA damage (see 
below). In any case, PCNA-mediated oocyte apoptosis depends on 
the availability of the inhibitor of growth 1 (ING1), a member of an 
evolutionarily conserved family of tumor suppressor proteins, and 
results in increasing Bax, casp-3 and Par6 and decreasing Bcl-2 
gene expression (Xu et al., 2011). Interestingly, the oocytes were 
protected from the PCNA dependent apoptosis by the micro RNA 
376a that, by directly binding to the 3’ untraslated region (UTR) of 
the PCNA mRNA, inhibits its translation (Zhang et al., 2014). 

Robust data support the notion that PCD occurring early after 
birth in primordial oocytes is related to their quality. Actually, oocytes 
from mice deficient in several proteins involved in chromosome 
crossover, synapses or DNA repair such as ATM, SPO11, RAD51, 
MSH5, Mei4 and TRIP13, are eliminated after birth for defects in 
such processes (for references, see De Felici and Klinger, 2011). 
The timing of death appears delayed for several days after the defect 
occurring in the oocytes and coincides with the maximum level of 
PCNA and a rapid increase in TAp63 expression (Suh et al., 2009). 
Bolcun-Filas et al., (2014), proposed that in mouse oocytes this DNA 
damage response pathway involves signalling of ataxia telangiectasia 
and Rad3-relate (ATR) to checkpoint kinase 2 (CHK2), which in turn 
signals to both TAp63 and p53. The involvement of both genes in 

such DNA checkpoint was suggested by the observation that p53 
deficiency did not rescued Trip13-/-oocytes while TAp63 deletion 
did not completely protected primordial oocytes from death induced 
by irradiation. Interestingly, a further control level of TAp63 activity 
is phosphorylation by ataxia telangiectasia mutated (ATM) kinase 
or dephosphorilation by a calyculin A-sensitive Ser/Thr protein 
phosphatase (Kim and Suh, 2014). 

At this stage, the oocyte execution to death might depend primarily 
on caspase 9, and at lesser extent caspase 7 (Ene et al., 2013). It 
was already known that caspase 9 was expressed in fetal oocytes 
(Kuida et al., 1998). More recently, Ene et al., (2013) found that the 
mitochondrial apoptotic pathway mediated by caspase 9 is consti-
tutively activated in fetal mouse oocytes throughout prophase I and 
operates specifically for the elimination of oocytes with meiotic errors 
during a narrow window between 18.5 and 21.5 days post coitum 
(dpc). Endogenous apoptosis inhibitors, particularly X-linked inhibi-
tor of apoptosis protein (XIAP), may inhibit the activity of caspase 
9 and allow quality oocytes to survive. From these observations, 
it seems likely that different caspases, as example caspase 2, in 
previous stages (Bergeron et al., 1998; Lobascio et al., 2007), can 
mediate oocyte loss depending on the period of development and 
experimental conditions. 

Interestingly, the capability of the AKT kinase to inhibit XIAP ubiqui-
tination and degradation by phosphorylating residue serine 87, might 
link the oocyte quality control to the availability from the surrounding 
somatic cells of specific growth factor such as KL and IGF-1. Actu-
ally, only the oocytes with elevated growth factor-dependent AKT 
activity might be able to efficiently repair DNA damage and avoid 
apoptosis. The elongation factor 2 kinase (eEF2K) might be also 
involved in decreasing the level of the short lived XIAP by inhibiting 
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Fig. 2. Schematic drawing 
of known and hypothetical 
cross-talking pathways of PCD 
in mouse fetal oocytes. A first 
wave of oocyte apoptosis occurs 
during the early stages of meiotic 
prophase I; a second wave takes 
places when oocytes reach the 
diplotene/dictyate block and are 
enclosed within pre-granulosa 
cells to form primordial follicles. 
Cross-talk between autophagy 
and apoptosis BAX/BCL-Xde-
pendent pathways modulated 
by growth factor availability, 
regulates the first wave; the 
second one, activated by a DNA 
damage checkpoint primarily 
depends on p63/p53 and PCNA 
proteins, probably converging 
on the rheostat BAX/MCL-1 and 
the activity of caspase 7 and 9; 
growth factors might modulate 
also these pathways by holding 
on caspase 9 activity.
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global protein synthesis in defective oocytes (Chu et al., 2014). 
Finally, it is to be mention a paper that provides an elegant in 

vitro model for live imaging studies of peri-and postnatal dynamics 
of oocytes in normal and genetically altered mice (Lin et al., 2014). 
The authors using the Figla promoter to express Cre recombinase, 
established mEGFP/mTomato reporter mice with green oocytes and 
red somatic ovarian cells. When these mice were crossed into the 
Figla null background to accelerate perinatal oocyte loss, live imag-
ing of cultured newborn ovaries provides evidence that few oocytes 
egress and the vast majority disappeared within the confines of the 
ovary. Investigations with TUNEL staining and caspase inhibitors 
confirmed apoptosis as the major process of oocyte elimination at 
perinatal stages in female mice. 

Conclusions and perspectives 

From the previous and the more recent works reviewed here, it 
appears that mammalian fetal oocytes face several challenges to 
survive. Different forms of PCD and pathways can mediate oocyte 
loss, depending on the period of development and experimental 
conditions. An extraordinary level of DNA DSB tolerance character-
izes oocytes during the first stages of meiotic prophase I. It is likely 
that fetal oocytes withstand such high-level DNA double-strand 
breaks (DSB) by virtue of an efficient DNA repair machine involved 
in homologous recombination and the absence (p63, p73) or low 
activity (p53) of transcription factors able to promote apoptosis in 
the presence of DNA damage. In this regard, we hypothesize that 
fetal oocytes throughout all stages of prophase I require the support 
of several growth factors to accomplish such activities. The short-
ness of nutrients/growth factors might activate protective autophagy 
but this can turn into their degeneration if starvation is prolonged. 
Actually, the key to understand fetal oocyte PCD could be in clarify-
ing the relationships among growth factor signalling (mainly AKT 
cascade), apoptotic and autophagic proteins that seem coexist in 
these cells. Actually, in fetal oocytes, the pro-survival function of 
BCL-2 proteins, mainly BCL-X and MCL-1, besides to antagonize 
BAX, might cross talk with autophagic pathways. More clearly, the 
activation of a p63/p53-and PCNA-dependent checkpoint plays 
a major role in eliminating defective oocytes when they reach 
the diplotene stage and are enclosed by pregranulosa cells. The 
resulting apoptotic pathways seem to converge first on NOXA/
BAX and finally on caspase 9 activation or directly on caspase 9 
unblock. Actually, the latter appears constitutively active in the fetal 
oocytes but likely blocked by anti-apoptotic IAP proteins such as 
XIAP. Since the stability of this short live protein can be modulated 
by AKT kinase, downstream the activation of several growth factor 
receptors, the action of growth factors should be investigated also 
on such process. 
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