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Abstract. Fertility is declining worldwide and many couples are turning towards assisted reproductive
technologies (ART) to conceive babies. Organisms that propagate via sexual reproduction often come
from the fusion between two gametes, an oocyte and a sperm, whose qualities seem to be decreasing
in the human species. Interestingly, while the sperm mostly transmits its haploid genome, the oocyte
transmits not only its haploid set of chromosomes but also its huge cytoplasm to its progeny. This
is what can be defined as the maternal inheritance composed of chromosomes, organelles, lipids,
metabolites, proteins and RNAs. To decipher the decline in oocyte quality, it is essential to explore
the nature of the maternal inheritance, and therefore study the last stages of murine oogenesis,
namely the end of oocyte growth followed by the two meiotic divisions. These divisions are extremely
asymmetric in terms of the size of the daughter cells, allowing to preserve the maternal inheritance
accumulated during oocyte growth within these huge cells to support early embryo development.
Studies performed in Marie-Héléne Verlhac’s lab have allowed to discover the unprecedented impact
of original acto-myosin based mechanisms in the constitution as well as the preservation of this
maternal inheritance and the consequences when these processes go awry.

Keywords. Oocyte, Meiotic divisions, Biophysics, Actin microfilaments.
Note. Marie-Héléne Verlhac is the recipient of the prize Jaffé - Fondation de I'Institut de France 2022.
Manuscript received 18 March 2024, revised 13 May 2024, accepted 23 May 2024.

1. Massaging the oocyte nucleus for a good
quantitative and qualitative transcriptome

1.1. A non-specific gradient of pressure positions
large objects in the centre of the oocyte

The position of the nucleus in a cell can instruct
morphogenesis in some cases, conveying spatial and
temporal information. Abnormal nuclear position-
ing can lead to disease [1]. In oocytes from many
species, nucleus position regulates embryo develop-
ment. For example, in Drosophila it is located under
the antero-dorsal oocyte cortex and defines the fu-
ture dorso-ventral axis of the embryo and of the adult
body plan. However, in mammals, the oocyte nu-
cleus is centrally located and does not instruct any
future embryo axis. Yet an off-centre nucleus cor-
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relates with a poor outcome for mouse and human
oocyte development [2, 3]. This is surprising since
oocytes further undergo two extremely asymmetric
divisions in terms of the size of the daughter cells (en-
abling polar body extrusion), requiring off-centring
of their chromosomes (Figure 1).

We discovered that in the mouse, the nucleus
is positioned at the centre of the oocyte via an
acto-myosin gradient of pressure [4]. This gradi-
ent of pressure arises from a gradient of velocities
of actin-positive vesicles. These vesicles are posi-
tive for Rablla [5] and two essential actin nucle-
ators, Spire 1 & 2 as well as Formin 2 are anchored
onto their membrane [6,7]. As a consequence, actin
filaments grow from the vesicles and this is why
we name them actin-positive vesicles. Furthermore,
these vesicles are cargos for Myosin Vb [5, 8] and
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Figure 1. Scheme of the end of oocyte growth, oocyte divisions and early development after fertilization.
The nucleus (pink) is centred at the end of oocyte growth thanks to the presence of increasing acto-
myosin-based forces. Oocytes are arrested in prophase I in the ovary and will resume meiosis upon
hormonal trigger. Meiosis resumption is marked by nuclear envelope breakdown (NEBD). The first
meiotic spindle assembles in the absence of canonical centrosomes. It migrates towards the closest
cortex, which permits a first asymmetric division in size (extrusion of the first polar body, 1st PB),
allowing the oocytes to preserve the maternal inheritance accumulated during growth. There is no
DNA replication between the two meiotic divisions, which permits the formation of a haploid gamete
after second polar body extrusion (2nd PB). Fertilization occurs after ovulation, in the oviduct, when the
oocyte is arrested in metaphase of the second meiotic division (Metaphase II) and at that stage the second
meiotic spindle stays anchored into the cortex. The arrow represents chromosome motion.

we showed that when the acto-myosin Vb meshwork
is dynamic (growing and shrinking and containing
vesicles that move along the actin filaments via the
Myosin Vb motor activity), it propels the whole cyto-
plasm by advection (Figure 2). We demonstrated, us-
ing biophysical and 3D agent-based simulations that
this gradient is non-specific and propels large objects
towards the oocyte centre both during prophase I
and meiosis I, allowing the oocyte to preserve its large
organelle content, despite undergoing asymmetric
divisions [9] (Figure 3).

1.2. A mechano-transduction cascade controls
gene expression in the oocyte

Importantly, we showed that forces from the acto-
myosin cytoskeleton, which position the nucleus, in-
crease in intensity during the last stages of oocyte
growth in the ovary, due to an increase in F-actin
density [10]. As a consequence, advection of the
cytoplasm rises during these last stages of growth
and more forces impact the nuclear envelope. We
quantified the fluctuations of the nuclear envelope
and showed that they depend on the presence of F-
actin [11, 12]. The oocyte nuclear envelope under-
goes prominent and important shape changes, ar-
guing that it is massively deformable and not ex-
tremely rigid. By performing RNA sequencing com-
paring control versus oocytes that are devoid of a key

oocyte cytoplasmic F-actin nucleator, Formin 2 [13-
15], we observed a significant downregulation of
about 200 genes in oocytes devoid of acto-myosin
based forces from the cytoplasm [11]. We also ob-
served a reduction in the motion of chromosomes in-
side the nucleus in those mutant oocytes [11]. Since
these genes are distributed randomly in the mouse
genome, we believe that a mechano-transduction
cascade agitates the whole nucleoplasm, promot-
ing the transcription of genes that are active at
that stage.

1.3. A mechano-transduction cascade controls
splicing activity in the oocyte

In addition, we showed that these nuclear fluctu-
ations also affect nuclear organization, in particu-
lar nuclear body organization. Nuclear bodies are
extremely dynamic membrane-less organelles which
are essential accelerators of mRNA processing. We
demonstrated that growing mouse oocytes experi-
ence an increase in cytoplasmic acto-myosin based
forces that boost nuclear condensate fusion (Fig-
ure 4) [10]. When biomolecular condensates in-
crease their mobility, they have a greater chance
of colliding with each other and because they are
liquid-like, the chances of fusion also increase. This
leads to a decrease in the number of biomolecu-
lar condensates and to an increase in their size,
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Figure 2. Scheme representing the acto-myosin based forces which promote nucleus centering.
(A) Global scheme of F-actin (red filaments) and Myosin Vb motor (violet) anchored into Rab11a-positive
vesicles (red circles) as shown in [4-8]. (B) Zoom on the effect of Rabl1a-positive vesicle motion on the
cytoplasmic fluid, moving by advection.
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Figure 3. Confronting simulation to experiments to validate the non-specific nature of the gradient of
pressure. Left: Oocytes arrested in prophase I and microinjected with inert objects, such as oil droplets
(white arrows). These oil droplets mimic the nucleus behavior, in terms of F-actin recruitment (right
picture) and capacity to become centralized with velocities comparable to the nuclear ones. Right:
Modelling and 3D-simulations of the motion of inert objects subjected to the gradient of pressure of

actin-positive vesicles allow to confront theory and experiments [9]. Scale bar: 10 um.

as we observed in oocytes [10] (Figure 4). Nuclear
bodies are distinct membrane-less organelles which
play essential roles in the control of gene expres-
sion. Among those best characterized so far, one can
find the nucleolus, which has essential functions in
ribosomal subunit biogenesis; Cajal bodies, which
participate in the maturation of small nuclear and
small nucleolar ribonucleoprotein particles (snRNPs
and snoRNPs); nuclear speckles, essential for tran-
scription and mRNA maturation and processing; hi-
stone locus bodies, associated with the biogenesis of
histone mRNAs; PML (ProMyeloid Leukemia) bodies,

involved in the cell cycle and genome repair and
maintenance; and paraspeckles, which regulate gene
expression through sequestration of specific tran-
scripts and protein components [16-18]. These nu-
clear bodies, also named nuclear condensates, are
composed of specific RNAs and proteins and can
be recognized using specific markers. Importantly,
these condensates cooperate globally inside the nu-
cleus to transcribe, process and export RNAs towards
the cytoplasm, accomplishing key functions in the
cell. Nuclear speckles extensively contribute to var-
ious RNA maturation and splicing [19]. The capacity
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Figure 4. Scale-crossing activity of forces from the cytoskeleton inside mouse oocytes. Left: picture of a
fully-gown oocytes observed by transmitted light, where chromosomes appear in pink. Scale bar: 10 pm.
Right: scheme representing how increasing acto-myosin based forces promote nucleus motion, nuclear
envelope fluctuations, nuclear bodies coarsening and increase of molecular mobility and hence splicing
activity inside nuclear speckles. F-actin in red, nucleus in pink, nuclear bodies in various colors, nuclear

speckles in violet and molecules in green circles.

of the cytoskeleton forces to organize the nucleo-
plasm, and in particular nuclear speckles, has been
conserved during the evolution of species being also
observed in growing Drosophila oocytes [10]. We
also showed that larger nuclear speckles display in-
creased splicing activity, suggesting the presence of
a cascade of energy transfer from the acto-myosin
mechanical forces towards motion of nuclear bodies
and up to molecules inside the nuclear speckles (Fig-
ure 4). This energy transfer enhanced condensate-
associated activity such as active splicing, modulat-
ing mRNA processing [10] (Figure 4). Beyond repro-
duction, this mechanism sheds new light on numer-
ous anomalies linked to defects in cytoplasmic forces
correlating with defects in condensate architecture
observed in many cancers [20, 21], as is the case of
PML nuclear bodies in Acute Promyeloid Leukemia
(APL-type of Leukemia) [22].

Our work in oocytes suggests that the cytoskeleton
promotes transcriptional activity but also promotes
mRNA processing and thus modulates the quantity
and quality of maternal transcripts.

2. A thickening of the cortex prevents oocyte
cortical contractions and preserves the ar-
chitecture of organelles

A few decades ago, we also took an interest in study-
ing the motion of the first meiotic spindle to the
closest cortex, a prerequisite for the asymmetry in
size of the first meiotic division (Figure 1, see arrow).
Here again we demonstrated that biomechanics is in-
strumental is this process. The first meiotic spindle
forms where the nucleus was, in the centre of the
fully-grown mouse oocyte. Due to a high cytoplas-
mic viscosity, the spindle migrates towards the clos-
est cortex along its long axis [23]. Indeed, the first
meiotic spindle is never perfectly centered when it
assembles, and often displays one of its two poles
closer to one cortex. This initial slight imbalance
in spindle position inside the oocyte is sufficient to
break the symmetry in a cell that is otherwise non-
polarized and with no obvious asymmetry [24]. Sur-
prisingly, most oocytes are devoid of canonical cen-
trosomes, made of a pair of centrioles surrounded by
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Figure 5. Arp2/3 depleted oocytes display contractions which impact organelles distribution. The
absence of cortical microfilaments nucleated by the Arp2/3 complex in mutant oocytes without branched
actin induces a reorganization of the oocyte cortex (compare bottom picture with top picture) and the
appearance of cortical contractions. These cortical contractions promote the appearance of ectopic
cytoplasmic flows, which impact on the movement and architecture of organelles (mitochondria, cortical
granules). The progression of the oocyte cell cycle remains unaffected: oocytes exit normally from their
arrest in prophase of the first division of meiosis (Prophase I), followed by normal progression of the
first meiotic division (NEBD +2h and +6h) and an arrest in metaphase of the second division of meiosis
(Metaphase II). However, fertilization of mutant oocytes is reduced, as is their early development. The
fertility of mice producing these mutant oocytes is also reduced. The cortex is labelled (in fire) with a
specific probe for F-actin.

pericentriolar material [25]. Hence, they assemble (Figure 1). It takes about four hours in the mouse
their spindle a bit differently than cells in mitosis that and eight hours in human to assemble a bipolar spin-
use the two centrosomes to produce bipolar spindles dle [26, 27]. Importantly also, due to the lack of
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canonical centrosomes, meiotic spindles in oocytes
are devoid of astral microtubules connecting the two
spindle poles to the cortex. In somatic cells, these as-
tral microtubules play key roles in controlling spindle
orientation inside the cell, and in transmitting forces
from the tissue towards the cell interior [28-31].

In mouse oocytes, spindle positioning to the cor-
tex cannot depend on astral microtubules, which are
absent, but we and others have shown that it depends
on F-actin [14, 15, 23,32,33]. Our lab has also shown
that cortical properties, and in particular the thick-
ening of the oocyte cortex during meiotic divisions
is essential to amplify the initial imbalance of forces
acting on meiotic spindle poles to promote first mei-
otic spindle off-centring [34, 35]. The cortical thick-
ening depends on the nucleation of microfilaments
via the Arp2/3 complex [34]. Recently, we used a con-
ditional knockout of a key subunit of the Arp2/3 com-
plex, Arpc4, to induce a depletion of this complex
specifically in oocytes at the end of their growth [36].
This depletion was efficient in suppressing cortex
thickening during oocyte divisions (Figure 5). Un-
expectedly, Arp2/3 complex-depleted oocytes dis-
played important F-actin cortex reorganization (Fig-
ure 5 compare the two pictures), which subsequently
triggered prominent contractions starting shortly af-
ter entry into meiosis. The energy of these cortex
contractions, that lasted for a few hours, induced
an increase in the motion of objects inside the cy-
toplasm and defects in the distribution and organi-
zation of different organelles, such as lipid droplets,
mitochondria and cortical granules. Cortical gran-
ules have an important role in the prevention of
polyspermy [37]. Not surprisingly, Arp2/3 complex-
depleted oocytes displayed massive polyspermy, as-
sociated with poor embryo development after fer-
tilization. As a consequence, female mice produc-
ing these mutant oocytes harboured a reduced fertil-
ity [38]. Interestingly, using an Al-pipeline [39] to au-
tomatically quantify oocyte morphological features
on a collection of about 250 movies of developing hu-
man oocytes, we could observe that they presented
similar cortex contractions, correlating nicely with
increased cytoplasmic motion. However, in both
mouse and human oocytes, the presence of cortex
contractions during the first meiotic division did not
correlate with aneuploidy, a major factor impacting
the female gamete fitness [40-42]. The occurrence of
contractions in developing human oocytes may cor-

respond to a novel factor contributing to cytoplasmic
infertility, different from the well-described aneu-
ploidy. Previous studies have indicated a correlation
between the developmental potential of oocytes and
factors such as organelle size, quantity, and distri-
bution, particularly concerning mitochondria, lipid
droplets, and cortical granules [43]. In the future, we
will investigate whether contracting human oocytes
exhibit an altered organelle status, potentially linked
to a reduced likelihood of successful development.
While these oocytes are not used in routine in ART
centres, certain patients may lack better alternatives.
In such instances, the presence or absence of corti-
cal contractions could aid in identifying oocytes with
a higher probability of favorable outcomes [38] for
these patients.

Altogether, our work has highlighted the impact
of actin meshes in the control of maternal inheri-
tance, in particular on chromosomes and organelle
positioning, which are essential factors contributing
to the developmental potential of the oocyte. Inter-
estingly, both nucleus position and cortex properties
constitute non-invasive predictors of early embryo
development quality that could be used easily in As-
sisted Reproduction Technologies, where embryo se-
lection currently consists of highly subjective mor-
phological assessments.
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