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Abstract

Granulosa cells of growing ovarian follicles elaborate filopodia-like structures termed transzonal projections (TZPs) that supply the enclosed
oocyte with factors essential for its development. Little is known, however, of the mechanisms underlying the generation of TZPs. We show in
mouse and human that filopodia, defined by an actin backbone, emerge from granulosa cells in early stage primary follicles and that actin-rich
TZPs become detectable as soon as a space corresponding to the zona pellucida appears. mRNA encoding Myosin10 (MYO10), a motor protein
that accumulates at the base and tips of filopodia and has been implicated in their initiation and elongation, is present in granulosa cells and
oocytes of growing follicles. MYO10 protein accumulates in foci located mainly between the oocyte and innermost layer of granulosa cells,
where it colocalizes with actin. In both mouse and human, the number of MYO10 foci increases as oocytes grow, corresponding to the increase
in the number of actin-TZPs. RNAi-mediated depletion of MYO10 in cultured mouse granulosa cell-oocyte complexes is associated with a 52%
reduction in the number of MYO10 foci and a 28% reduction in the number of actin-TZPs. Moreover, incubation of cumulus-oocyte complexes
in the presence of epidermal growth factor, which triggers a 93% reduction in the number of actin-TZPs, is associated with a 55% reduction in
the number of MYO10 foci. These results suggest that granulosa cells possess an ability to elaborate filopodia, which when directed toward the
oocyte become actin-TZPs, and that MYO10 increases the efficiency of formation or maintenance of actin-TZPs.
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Introduction

Female mammals are born with an ovarian reserve that com-
prises thousands of small oocytes, each enclosed by a small
number of granulosa cells in a primordial follicle [1, 2].
Throughout reproductive life, primordial follicles are regu-
larly activated to enter a prolonged growth phase, during
which the oocyte increases in size and the granulosa cells
proliferate to generate multiple layers, and which culminates
in the production of a developmentally competent egg [3,
4]. During follicular growth, the oocyte and surrounding
granulosa cells must remain in physical contact to allow the
exchange of essential molecular nutrients and regulatory sig-
nals [5]. For example, when granulosa cell-oocyte complexes
(GOCs) are isolated from follicles and maintained in vitro, the
oocyte will continue to grow if the complex is left intact, but
not if it is physically separated from the granulosa cells [6].
Similarly, when gap junctional communication between the
two cell types is blocked by mutation of Gja4, which encodes
connexin37, the oocytes do not grow to full-size and cannot
be fertilized [7, 8]. Oocytes and granulosa cells also interact
physically via Jagged-Notch binding, where both the ligand
and receptor are membrane-associated, although the role of
this signaling pathway during growth is not yet fully defined
[9].

Within primordial follicles, the granulosa cells lie immedi-
ately adjacent to the oocyte, and adherens and gap junctions
connect the two cell types [10–13]. After a primordial follicle

is activated to begin growth, the oocyte secretes glycoproteins
that become assembled into an extracellular matrix known as
the zona pellucida [14]. This structure lies between the oocyte
and adjacent layer of granulosa cells and physically separates
the two cell types. To maintain contact with the oocyte,
the granulosa cells elaborate cellular extensions termed tran-
szonal projections (TZPs) that penetrate through the zona
pellucida and attach to the oocyte membrane, likely through
adherens junctions [13, 15–19]. Two types of TZPs, distin-
guished by their cytoskeletal backbone, have been identified.
One population contains a backbone of F-actin, similar to
filopodia, and most studies have focused on these actin-
rich TZPs [20–29]. A second population that is present in
numerous species including human and nonhuman primates
contains a backbone of microtubules [19, 30, 31]. A quanti-
tative analysis in the mouse found that the tubulin-TZPs con-
stitute about 2% of the total population [29]; however, their
relative abundance in other species has not been reported.
Oocytes of nonmammalian species are also surrounded by an
extracellular coat [32], and the somatic follicular cells that lie
outside the coat generate TZPs or analogous structures that
permit contact and communication with the oocyte [33–35].

Previous studies have shown that as the oocyte and follicle
grow, the proliferating granulosa cells generate new actin-
TZPs, thereby increasing the total number that contact the
oocyte, and experimental studies have confirmed the ability
of newly generated actin-TZPs to penetrate the zona pellucida
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[16, 20, 36]. Knowledge of when the actin-TZPs first emerge
during follicular growth and of what regulates their growth,
however, is limited. Scanning electron microscopic images in
human revealed that filamentous structures emanate from
granulosa cells shortly after activation of follicular growth
[11, 37], but did not address their abundance or whether
they reached the oocyte. In prepuberal mice lacking growth-
differentiation factor 9, a transforming growth factor β fam-
ily member that is secreted by the oocyte, the number of
actin-TZPs is reduced and those that exist are morpholog-
ically abnormal [24]. As well, the number of actin-TZPs is
decreased in mice that lack proline-rich tyrosine kinase 2, a
focal adhesion kinase, in the oocyte [26] or lack the oocyte-
specific embryonic poly(A)-binding protein [21]; the latter
is associated with reduced E-cadherin in the oocyte. With
respect to tubulin-TZPs, gene-knockout and in vitro studies
have also shown that follicle-stimulating hormone decreases
their number in follicles containing fully grown oocytes [30].
Apart from these data, little mechanistic knowledge exists.
Yet this information is important both for understanding how
interactions between the oocyte and its environment become
established and maintained and for designing and evaluating
protocols to support growth of human and animal follicles in
vitro.

Myosin 10 (MYO10, also known as Myosin X) plays a key
role in the generation of filopodia, which are defined by the
presence of an F-actin backbone, in several cell types [38–40].
MYO10 is a member of a family of motor proteins known
as myosin tail homology 4-protein 4.1, ezrin, radixin, and
moesin myosins, which also contain a motor domain and in
the case of MYO10, several pleckstrin homology domains.
MYO10 is typically found at the tips of filopodia and has been
observed to travel along filopodia [41, 42], suggesting that it
transports proteins to the growing tip. MYO10 is also able to
initiate filopodial formation [43], and has also been implicated
in spindle orientation and function through its ability to bind
to microtubules [44–46]. In antral ovarian follicles, large foci
of MYO10 are present at the apical (oocyte-facing) surface
of granulosa cells in the layer that lies immediately adjacent
to oocytes [16]. This strikingly restricted spatial distribution
suggests that MYO10 might promote the formation of actin-
TZPs similar to its role in the formation of filopodia. Here, we
examined the morphology and distribution of actin-TZPs and
MYO10 in early growth stage follicles of mouse and human
and experimentally evaluated the role of MYO10.

Methods

Mice

All experiments were performed in compliance with the regu-
lations and policies of the Canadian Council on Animal Care
and were approved by the Animal Care Committee of the
Research Institute of the McGill University Health Centre
(RI-MUHC, protocol 7783). CD-1 mice were obtained from
Charles River (St-Constant, QC).

Collection and culture of mouse growing GOCs

GOCs were collected as described previously [47, 48]. Briefly,
ovaries of 10- to 12-day-old mice were dissected from the
ovarian bursa, cut into small fragments, and incubated in
HEPES-buffered minimal essential medium (MEM, pH 7.2,
Life Technologies, Burlington, ON) containing collagenase

(10 μg/ml; Cedarlane, Burlington, ON) and DNase I
(10 μg/ml; Sigma) at 37◦C in air. Clumps of tissue were
aspirated using a micro-tip pipette to disaggregate complexes.
Individual GOCs were collected and briefly washed in
NaHCO3-buffered MEM. GOCs were transferred to fresh
medium and cultured in 4-well plates containing 500 μl of
NaHCO3-buffered MEM supplemented with ITS (10 μg/mL
insulin, 5.5 μg/mL transferrin and 5 ng/mL selenium;
Sigma), FSH (10 mIU/ml; EMD Serono, Mississauga,
ON), and estradiol (Sigma, E2758) in an atmosphere of
5% CO2 in air. For RNAi experiments, Accell Myo10
siRNA (Dharmacon, GAGGAAGAAUUGUAGAUUAUU and
GGAAGAAACUGCAGGGGAUUU) or nontargeting control
siRNA (Dharmacon, D-001910-01-05) was added to the
culture medium at a final concentration of 1 μM and GOCs
were cultured in this solution for 5 days. At the end of culture,
GOCs were fixed in freshly prepared 2% paraformaldehyde
in phosphate-buffered saline (PBS, pH 7) for 15 min at
room temperature or collected for immunoblotting. For
immunochemical staining of histological sections, ovaries
were placed in 4% paraformaldehyde for 24 h at 4◦C and
processed in paraffin blocks to obtain 5 μm sections.

Cumulus-oocyte cell complexes (COCs) containing fully
grown oocytes were collected from 19- to 21-day-old mice
that had received an intraperitoneal injection of 5 IU of equine
chorionic gonadotropin (Sigma, Windsor, ON) 44 h previ-
ously. To collect COCs and prevent meiotic resumption, antral
follicles were mechanically punctured in MEM-H containing
cilostamide (20 μM, Sigma). Isolated COCs were directly
fixed in freshly prepared 2% paraformaldehyde in PBS (pH 7)
for 15 min at room temperature for wholemount staining or
allowed to resume meiosis during 8-h culture in cilostamide-
free MEM and epidermal growth factor (EGF) (10 ng/ml, BD
Biosciences 354 052).

Human ovarian tissue from donors

Ovarian tissue was collected from donors undergoing laparo-
scopic surgery for benign gynecological disease. All donors
gave written informed consent to donate ovarian tissue to the
research project. The study was approved by the Research
Ethics Board of McGill University Health Centre (MUHC
2018–4004).

Human ovarian tissue preparation and follicle
isolation

Fresh ovarian tissue was immediately brought from the
operating theatre to the Research Institute for follicle
harvesting. The tissue was transferred into fresh HEPES-
buffered MEM (pH 7.2, Life Technologies, Burlington,
Canada). After excision of damaged and hemorrhagic areas
under light microscopy, the tissue was dissected into fragments
of 1 × 1 × 0.5 mm3. Follicle harvesting was performed using
modified combined enzymatic and mechanical isolation [49,
50]. The tissue was enzymatically digested by incubation
in MEM supplemented with 0.02% DNase (Roche) and
0.28 Wunsch units/mL of Liberase DH (Roche) for 75 min
with gentle agitation every 15 min. Neutral red dye at
50 μg/ml (Sigma, N2889) was added to the medium to ensure
that viable follicles were retrieved [51]. Neutral red-stained
follicles were collected using gentle mechanical isolation with
30-gauge needles and a micropipette and transferred briefly to
a dish with culture medium without enzymes. Follicles were
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fixed in freshly prepared 2% paraformaldehyde in PBS for
15 min at room temperature.

In situ hybridization

Sections of paraffin-embedded ovaries were deparaffinized
using xylene, rehydrated twice with 100% ethanol for 5 min,
and air-dried at 60◦C in a dry oven for 5 min. Then, slides
were processed as indicated by the manufacturer for the
RNAscope Multiplex Fluorescent Assay (Advanced Cell Diag-
nostics, 320850). Briefly, slides were treated with hydrogen
peroxide for 10 min at room temperature. Then, slides were
rinsed in Milli-Q water and heated in a beaker at 98–100◦C
for 15 min in 1× target retrieval solution. After rinsing in
Milli-Q water for 15 s, slides were transferred in 100%
ethanol for 3 min. A hydrophobic barrier was created around
the sections using an Immedge pen and slides were incubated
with protease solution for 15 min, rinsed in Milli-Q water
three to five times, and incubated with Myo10 probe (ACD,
840661) or negative control probe against Bacillus subtilis
DapB (ACD, 310043) at 40◦C for 2 h in a HybEZ oven.
Subsequent amplification and detection steps were performed
as recommended by the manufacturer and slides were taken
for image acquisition using a Zeiss LSM 880 confocal micro-
scope.

Immunoblotting

Granulosa cells from GOCs were isolated by incubation
in trypsin–EDTA 0.25% (Thermo Fisher, 25200056) in
calcium-free medium (Invitrogen, 21068028) for 10 min
at 37◦C in air. Trypsin was inactivated with 5% fetal
bovine serum and granulosa cells were filtered using a
40-μm Flowmi Cell strainer (Sigma, BAH136800040) to
eliminate oocytes. Granulosa cells were then centrifuged at
1500×g for 5 min and pellet was lysed in 10 μl of Laemmli
buffer. After denaturation at 95◦C for 10 min, proteins
were separated using precast 12% gels (Bio Rad, 456–8045)
and transferred onto a polyvinylidene fluoride membrane
(Amersham, Oakville, ON, Canada) under constant voltage.
The membrane was subsequently blocked using 5% nonfat
milk, in 0.1% Tween-PBS. The membrane was washed
three times in Tween-PBS and incubated with primary
antibody overnight at 4◦C. After washing for 45 min, the
membrane was incubated in secondary antibody conjugated
to horseradish peroxidase (Promega) at a dilution of 1:5000
for 1 h at room temperature. After washing for 30 min, bound
antibody was revealed using ECL+ (Amersham). Antibodies
used were anti-MYO10 (Sigma, HPA024223; 1:1000 in
PBS containing 0.1% Tween-20 (PBST)) and anti-β-actin
(Invitrogen, MA515739; 1:1000 in PBST).

Immunofluorescence staining

Fixed mouse and human follicles were washed three
times with PBST and incubated in anti-MYO10 (Sigma,
HPA024223; 1:1000 in PBST) in a shaking platform at 4◦C
overnight. The following day, follicles were washed three
times in PBST at room temperature and then incubated for
1 h at room temperature in the Alexa Fluor 555-labeled
anti-rabbit IgG (Thermo Fisher, A31572; 1:200 in PBST).
F-actin was stained using Alexa Fluor 488-labeled phalloidin
(Thermo Fisher, A12379; 1:100 in PBST). DAPI was added to
visualize cell nuclei. Follicles were washed twice in PBST for
5 min and then placed in a 2 μl drop of PBS containing 0.3%
polyvinylpyrrolidone (Sigma, PVP360) on a glass bottom dish

covered with mineral oil. Images were acquired using a Zeiss
LSM 880 confocal microscope.

Sections of paraffin-embedded ovaries were deparaffinized
using xylene, rehydrated with decreasing ethanol series (100,
90, 70%) for 3 min each, and then placed in Milli-Q water for
5 min. Slides were heated intermittently in a microwave during
20 min in 0.1 M citrate buffer solution at pH 6.0, washed
in PBS for 10 min, and blocked with CAS universal block-
ing solution (Thermo Fisher, 008120) for 30 min at room
temperature to reduce nonspecific binding. After overnight
incubation with anti-MYO10 antibody, slides were washed
three times in PBS at room temperature and then incubated
for 1 h at room temperature in the Alexa Fluor 555-labeled
anti-rabbit IgG with DAPI. Slides were washed twice in PBS
for 5 min and mounted on a drop of VECTASHIELD solu-
tion (Vector Laboratories, H-1200-10). Images were acquired
using a Zeiss LSM 880 confocal microscope.

Image analysis

Images were obtained as 16-bit RGB stack files. Follicles were
imaged with a Plan Apo 63/1.4 oil immersion objective and
the following lasers and filters (in parentheses): 488 nm (491–
553 nm), 561 nm (571–642) and 405 nm (410–484). Laser
strength ranged between 1.5 and 2% and digital gain was
adjusted until the first saturated pixels were observed for each
channel. A single z-stack image from the cross-section with
the largest oocyte diameter and a visible oocyte nucleus was
acquired for each follicle. Follicles with a clear resolution
of the follicle structures and a visible oocyte nucleus were
considered optimal for analysis with Fiji software (National
Institutes of Health, Bethesda, MD). Briefly, the region of
interest manager tool was used with the composite image to
carefully select the area corresponding the granulosa cell area
and the zona pellucida.

To quantify the number of F-actin-stained-TZPs (green
channel), a segmented circle was drawn around the oocyte
in the middle of the zona pellucida, and the fluorescence
intensity at each point on the line was obtained. Each point
whose value was above the background value of the oocyte
cytoplasm and higher than each of its immediately neigh-
boring points was counted as a TZP. For the quantification
of MYO10 foci (red channel) in the granulosa cell area, the
threshold was adjusted by using the granulosa cell cytoplasm
as a baseline setting for negative staining. Only pixels above
the threshold were registered as “positive pixels.” The result-
ing positive foci were quantified by using the “Watershed”
tool to establish bridges between close foci and the “Analyze
particles”tool of particles between >0.2 and 1 μm of diameter
(to exclude other bigger aggregations due to saturated pixels
in close proximity) allowed the quantification of the MYO10
foci in the selected area. Oocyte diameter (excluding the
oocyte cortex and zona pellucida) was measured with the
red channel by using the average of two perpendicular lines
drawn on the oocyte area. DAPI staining (blue channel) was
not thresholded and used to counterstain the granulosa and
oocyte.

To determine the relationship between the MYO10 foci and
F-actin, Imaris 9.7.2 Software (Bitplane) was used. First, z-
stacks of 0.2 μm thickness covering the middle region of a
follicle were imaged to obtain a conventional 2D Maximum
Intensity Projection (MIP). Then, a 3D rendered surface was
created for the F-actin staining with the “Create surface” tool
with a surface detail of 0.1 μm and threshold was manually
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adjusted based on absolute intensity. A degree of transparency
was applied to the created surface to allow visualization of
MYO10 foci. To render MYO10 foci, the “Detect Spots” tool
was used with an average diameter of 0.3 μm and threshold
was manually adjusted based on quality parameters, until all
foci from the original image were selected. For visualization
purposes, a diameter of 2 μm was used to render MYO10
spots. Once the 3D rendered image with the F-actin surface
and MYO10 spots was created, the “Shortest distance of
surface to spots” statistical tool was used to obtain the nearest
distance from the center of any MYO10 focus to F-actin. A
negative value indicated that the MYO10 focus lay within
the F-actin border, whereas a positive value indicated that the
MYO10 focus lay outside F-actin. In plots of the data, “inside”
negative values were displayed in yellow, whereas “outside”
positive values were displayed in red.

Follicle stage classification

Primordial follicles contained an oocyte that was enveloped by
a single layer of squamous granulosa cells. Transitional folli-
cles contained a mixture of squamous and cuboidal granulosa
cells. Primary follicles consisted of a single layer of cuboidal
granulosa cells, and multilayered follicles contained several
layers of granulosa cells.

Statistical analysis

Data were analyzed and represented using GraphPad Prism
8.4.2 software. Distribution of continuous data was evalu-
ated using the Shapiro–Wilk test. Normally distributed data
are presented as mean ± standard error of mean. Statistical
significance was evaluated using Student t-test with nonpara-
metric Mann–Whitney U test for rank comparison. Pearson
correlation test was used for correlation analyses. The P-value
indicates the probability of obtaining the given data points if
the true slope equals zero, which would indicate there is no
relationship between the two parameters.

Results

Granulosa cells generate filopodia including
actin-TZPs beginning at the primary follicle stage in
the mouse

To investigate the pattern and timing of TZP-generation
during early folliculogenesis, ovaries of prepubertal female
mice were dissociated by mechanical dissection together with
mild enzymatic digestion, allowing primordial follicles and
granulosa-oocyte complexes (GOCs) from follicles at different
stages of growth to be recovered. Fixed follicles and complexes
were stained using the F-actin binding protein, phalloidin, and
imaged using confocal microscopy. In primordial follicles,
which comprise a single layer of squamous granulosa
cells surrounding the oocyte, a prominent band of F-
actin delineated the cell cortex of both granulosa cells
and oocyte (Figure 1A, arrows). In early primary follicles,
which contain a single layer of cuboidal granulosa cells
with basally positioned nuclei [38], a narrow gap between
the granulosa cells and the oocyte was visible in confocal
images, representing the region where the zona pellucida is
being laid down. Within this region were short actin-rich
structures linking the granulosa cells to the oocyte cortex
(Figure 1B, arrow). These are by definition TZPs. In more
advanced follicles that had begun to generate a second

layer of granulosa cells, the actin-TZPs were observed more
clearly (Figure 1C, arrow), and filopodia also appeared to be
associated with the outer layer of granulosa cells (Figure 1C,
arrowhead). Finally, in preantral follicles containing more
than two layers of granulosa cells, the actin-TZPs displayed
a more perpendicular orientation toward the oocyte plasma
membrane (Figure 1D, arrows). These results indicate that a
network of actin-TZPs becomes established at or very near the
time that the zona pellucida appears during follicular growth
in the mouse. They further suggest that filopodia are present
on granulosa cells that are not in direct contact with the zona
pellucida.

To study the potential role of MYO10 in the formation
of actin-TZPs, we first examined its expression in the
ovary. RNAscope analysis of paraffin-embedded ovarian
sections using a Myo10 probe revealed a strong signal
in follicles (Figure 2A, arrow). Expression was detected
in both granulosa cells and oocytes at follicles at all
stages of growth (Figure 2B–E). In antral follicles, sig-
nal was detected in cumulus granulosa cells surround-
ing the oocyte and in more distal mural granulosa cells
(Figure 2E, arrow). It may be noted also that the sig-
nal in the fully grown oocyte was diminished compared
with earlier stages. In contrast to the granulosa cells and
growing oocytes, only a weak signal was observed in
thecal cells or other regions of the ovary. No signal was
detected using a control probe (Figure 2F). These observa-
tions indicate that within the ovary Myo10 is expressed
at relatively high levels in granulosa cells and growing
oocytes.

We then stained and imaged primordial follicles and
GOCs using an antibody whose specificity for immunoflu-
orescence has been validated using Myo10-knockout mice
[39], and which recognizes a prominent band migrating at
expected position (∼260 kDa) of MYO10 in immunoblots
of protein lysates obtained from mid-growth stage fol-
licles (Supplemental Figure S1A). In primordial follicles,
foci of staining were observed at the interface between
the squamous granulosa cells and the oocyte (Figure 3A,
panel I, arrows). In primary follicles, foci were distributed
along the circumference of the area between the granu-
losa cells and oocyte, corresponding to the location of
the zona pellucida, and occasionally between granulosa
cells (panel II, arrows and arrowhead, respectively). In
multilayered and preantral follicles, foci continued to be
mainly detected between the innermost granulosa cell
layer and the oocyte interface (panels III and IV, arrows).
Foci were occasionally observed between granulosa cells
within the same or adjacent layers (panels III and IV,
arrowheads).

We then stained histological sections of paraffin-embedded
ovaries. Similar to the whole-mount specimens, numerous
foci of staining were observed in the region between the
oocyte and innermost layer of granulosa cells in late primary
stage and more advanced follicles (Figure 3B, panels II–IV).
Strikingly, however, foci were not observed elsewhere in the
follicle nor elsewhere in the tissue sections (panels II–IV).
The oocytes of primordial or very early growing follicles
were stained (panel I), consistent with the Myo10 mRNA
expression pattern described above, but in contrast to the
absence of staining in the whole-mount specimens at the same
stage (compare Figure 3A, panel I). These results show that
foci of MYO10 are present in follicles throughout growth

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioac078#supplementary-data
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Figure 1. Granulosa cells generate TZPs at early stages of follicle development. Confocal images of isolated mouse follicles stained with phalloidin to
stain F-actin (green) and DAPI to stain nuclei (blue). Lower panels show enlarged portions of the corresponding upper panels. (A) Primordial follicle with
squamous granulosa cells. Arrows indicate the actin-rich cortex of the oocyte and granulosa cells. (B) Primary follicle containing one layer of cuboidal
granulosa cells with basally located nuclei. Arrow indicates TZPs in the space corresponding to the emerging zona pellucida. (C) Multilayered follicle.
Arrow and arrowhead indicate TZPs and actin filaments between granulosa cells, respectively. (D) Preantral follicle. Arrow indicates TZPs that are
perpendicular to the oocyte plasma membrane. Oo: oocyte. Scale bar = 20 μm.

Figure 2. Myo10 is expressed in the oocyte and granulosa cells in growing follicles. Images of ovarian sections hybridized to probes targeted to Myo10
or to a control bacterial gene not expressed in mammals. (A) Low-power magnification image shows signal in follicles but not in other cell types
including the corpus luteum (CL). (B–D) Higher magnification images of follicles at successively more advanced stages of growth show signal in both
granulosa cells and oocyte. (E) Antral follicle shows signal in both cumulus and mural (arrow) granulosa cells, and weaker signal in the oocyte. (F) No
signal is detectable using the control probe. Scale bars = 50 μm (A); 20 μm (B–F).

and that they are mainly restricted to the region between the
oocyte and innermost granulosa cells.

To quantitatively assess the relationship between the num-
ber of MYO10 foci and the stage of follicular development,
we counted the number of foci whose diameter was 0.2–
1 μm within a region comprising the granulosa cell lay-
ers and zona pellucida (Supplemental Figure S1B) in optical
sections captured at the maximum oocyte diameter using
wholemount GOCs and ovarian sections and plotted this
value as a function of oocyte diameter. We observed a positive
correlation between the number of foci and oocyte diameter
both in isolated GOCs (Figure 3C, Pearson r = 0.83; Slope
P < 0.0001) and in histological sections (Figure 3D, Pearson
r = 0.52; Slope P = 0.0002), although the absolute number
of detected foci was lower in the latter compared with the
former. These results indicate that the number of MYO10 foci
increases as oocytes grow.

MYO10 foci are associated with actin-TZPs in the
mouse
We next investigated whether MYO10 was associated with the
actin-TZPs. Because TZPs are not detectable using phalloidin
in paraffin sections, we examined wholemount preparations.
In primordial follicles and early primary follicles containing
a single layer of granulosa cells, the MYO10 foci overlapped
with F-actin at the cortex of the granulosa cells and at the
granulosa cell-oocyte interface (Figure 4A and B, arrows). In
more advanced follicles, where the area corresponding to
the zona pellucida was clearly evident, MYO10 foci were
associated with F-actin including along the shaft of actin-
TZPs and at the oocyte cortex (Figure 4C, arrows). The asso-
ciation of MYO10 foci with F-actin between granulosa cells
and oocyte and between granulosa cells was also observed
in multilayered follicles (Figure 4D, arrow and arrowhead,
respectively).

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioac078#supplementary-data
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Figure 3. MYO10 foci are found between the granulosa cells and oocyte in growing follicles of the mouse. (A) Confocal images of isolated mouse
follicles and granulosa-cell oocyte complexes stained using anti-MYO10 (red) and DAPI (blue). Lower panels show enlarged portions of the corresponding
upper panels. Arrows and arrowheads indicate foci of MYO10 between the granulosa cells and oocyte and between granulosa cells, respectively. I.
Primordial follicle. II. Single-layer primary follicle. III. Multilayer primary follicle. IV. Preantral follicle. (B) Confocal images of ovarian histological sections
stained using anti-MYO10 (red) and DAPI (blue). I. Primordial follicles. II. Single-layer primary follicle. III. Multilayer primary follicle. IV. Preantral follicle.
Oo: oocyte. Scale bar = 20 μm. Correlation between the number of MYO10 foci and oocyte diameter in isolated granulosa-oocyte complexes (C) and
ovarian sections (D). Statistical analysis using Pearson correlation test. P-value indicates the probability that the true value of the slope is zero.

To quantitatively assess the relationship between the
MYO10 and F-actin staining, we performed an object-based
colocalization analysis to determine the distance between
individual MYO10 foci and the nearest region of F-actin.
We imaged z-stacks (n = 30) spanning 0.2 μm from a single

primary follicle to obtain a MIP of F-actin and MYO10 foci.
F-actin staining was used to create a 3D surface and MYO10
foci were converted to 3D spots (Supplemental Figure S1C).
This allowed us to carry out statistical analyses of volume
parameters and calculate the shortest distance of the spots

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioac078#supplementary-data
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Figure 4. MYO10 foci are associated with TZPs in the mouse. (A–D) Confocal images of isolated mouse follicles and granulosa-cell oocyte complexes
stained with phalloidin (green), anti-MYO10 (red) and DAPI (blue). Lower panels show enlarged portions of the corresponding upper panels. Arrows and
arrowheads indicate foci of MYO10 between the granulosa cells and the oocyte and between granulosa cells, respectively. (A) Primordial follicle. (B)
Single-layer primary follicle. (C) Single-layer primary follicle with zona pellucida present. (D) Multilayer primary follicle. Scale bar = 20 μm. (E) Distribution
of foci according to the shortest distance to F-actin. Yellow symbols correspond to foci located within the borders of F-actin (distance <0 μm), red
symbols to foci localized outside (distance >0 μm). (F) Proportion of foci located at different distances from the F-actin border.

to surface. About 74% of the MYO10 foci (n = 745) were
localized within the borders of F-actin (shortest distance
to F-actin <0 μm; Figure 4E and F, yellow), whereas 26%
were localized outside (shortest distance to F-actin >0 μm,
Figure 4E and F, red). Thus, the majority of MYO10 foci are
associated with actin-rich structures including TZPs, although
a minority are not.

Cytoskeletal dynamics during early human
folliculogenesis resemble those of the mouse

We then asked whether these results observed in mouse could
be extended to humans. Using tissue that had been donated
for research, we investigated the appearance and distribution
of actin-TZPs and of MYO10 in human ovarian follicles at
early stages of growth. Ovarian fragments were enzymat-
ically digested to isolate individual follicles. Although we
were not able to isolate primordial follicles containing only
squamous granulosa cells, we obtained transitional follicles

that contained a mixture of squamous and cuboidal granulosa
cells and primary follicles that contained cuboidal granulosa
cells.

As in the mouse, a prominent band of F-actin delineated
the cortex of the granulosa cells and the oocyte of transitional
follicles (Figure 5A, arrows). In primary follicles containing a
single layer of granulosa cells, filopodia could be observed
emerging from some of the granulosa cells (Figure 5B,
arrows). In larger primary follicles containing a well-defined
space between the oocyte and granulosa cells corresponding
to the zona pellucida, a network of actin-TZPs was detectable,
and these were oriented toward the oocyte (Figure 5C,
arrows). In multilayered follicles, the actin-TZP network was
dense, and some actin-TZPs appeared to extend from some
granulosa cells in distal layers (Figure 5D, arrow). Thus, as
in mouse, human granulosa cells generate filopodia, even
at early stages of follicular growth, and a dense network
of actin-TZPs becomes established as the zona pellucida is
laid down.



482 MYO10 promotes transzonal projection-dependent germ line-somatic contact, 2022, Vol. 107, No. 2

Figure 5. Cytoskeletal dynamics during early human folliculogenesis resemble those of the mouse. Confocal images of isolated human follicles stained
with phalloidin (green) and DAPI (blue). Lower panels show enlarged portions of the corresponding upper panels. (A) Transitional follicle. Arrows identify
a squamous granulosa cell and oocyte cortex. (B) Primary follicle containing a single layer of granulosa cells. Arrows indicate TZPs emerging from
cuboidal granulosa cells. (C) Large primary follicle where zona pellucida fully surrounds the oocyte. Arrows indicate TZPs oriented toward the oocyte. (D)
Multilayer follicle. Arrows indicate TZPs emerging from granulosa cells from distal layers. Oo: oocyte. Scale bar = 20 μm.

MYO10 is associated with filopodia and actin-TZPs
in humans

Transitional follicles stained using anti-MYO10 antibody dis-
played a small number of foci that were located at the inter-
face between the granulosa cells and the oocyte and were
associated with F-actin (Figure 6A, arrows). In primary fol-
licles at an early stage of growth where no space corre-
sponding to the zona pellucida was yet detectable, F-actin-
associated foci were observed between the granulosa cells
and the oocyte and also between granulosa cells (Figure 6B,
arrow and arrowhead, respectively). The inset in the lower
panel shows MYO10 at the tip of an F-actin-based structure
emanating from a granulosa cell, strikingly similar to the
MYO10 seen at filopodial tips in other cell types [38, 43].
In more advanced follicles containing a space corresponding
to the zona pellucida, the foci were more numerous and
were mainly localized on the TZPs (Figure 6C and D, arrows).
Quantitative analysis of the relationship between the MYO10
foci and F-actin staining revealed that 66% of the MYO10
foci (n = 74) were localized within the borders of F-actin
(shortest distance to F-actin <0 μm; Figure 6E and F, yellow),
whereas 34% were localized outside (shortest distance to F-
actin >0 μm, Figure 6E and F, red). Interestingly, there was a
positive correlation between oocyte diameter and the number
of MYO10 foci (Figure 6G, Pearson r = 0.30; P = 0.013), as
observed in the mouse. These results suggest that MYO10
foci in human ovarian follicles are associated with filopodia
including actin-TZPs.

MYO10 promotes establishment or maintenance of
actin-TZPs

We then tested whether MYO10 was required for the
formation or stability of the actin-TZPs. Because follicles
at an early stage of growth contain relatively few actin-
TZPs, GOCs obtained from mid-growth stage follicles
were incubated in the presence of siRNA targeting Myo10
or a control (Figure 7A, upper). The siRNA carried a
proprietary chemical modification designed to facilitate its
incorporation into cells without the use of a lipid-based
carrier (see Methods). Following a 5-day incubation, the
amount of MYO10 in the granulosa cells was substantially
reduced, as detected by immunoblotting (Figure 7B). siRNA-
treated GOCs were fixed, stained using anti-MYO10
antibody, and imaged using confocal microscopy. We
observed that the number of MYO10 foci in the GOCs
that received Myo10 siRNA was reduced to 0.48 ± 0.05
(mean ± standard error of the mean) of the control value
(Figure 7C, D; n = 34 for each group, P < 0.0001). We then
quantified the number of actin-TZPs in GOCs cultured
in the presence of Myo10 siRNA or control siRNA (see
Supplemental Figure S1D). We found that the number
of actin-TZPs in the Myo10 siRNA-treated GOCs was
reduced to 0.72 ± 0.06 as compared with the control GOCs
(Figure 7C and D; n = 47 for control, 44 for experimental;
P = 0.0003). These results indicate that reducing the amount
of MYO10 was associated with a reduction in the number of
actin-TZPs.

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioac078#supplementary-data
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Figure 6. MYO10 is associated with TZPs in humans. (A–D) Confocal images of isolated human follicles stained with phalloidin (green), anti-MYO10 (red),
and DAPI (blue). Lower panels show enlarged portions of the corresponding upper panels. Arrows and arrowheads indicate MYO10 foci between the
oocyte and granulosa cells and between granulosa cells, respectively. (A) Transitional follicle. (B) Early primary follicle. Inset in bottom panel shows
MYO10 at the tip of a filopodium emerging from a granulosa cell. (C) Primary follicle where zona pellucida surrounds the oocyte. (D) Multilayer follicle.
Scale bar = 20 μm; bar in inset = 1 μm. (E) Distribution of foci according to the shortest distance to F-actin. Yellow symbols correspond to foci located
within the borders of F-actin (distance <0 μm), red symbols to foci localized outside (distance >0 μm). (F) Proportion of foci located at different
distances from the F-actin border. (G) Correlation between the number of MYO10 foci and oocyte diameter in follicles. Statistical analysis using Pearson
correlation test. P-value indicates the probability that the true value of the slope is zero.

We also tested whether, conversely, a reduction in actin-
TZPs was associated with a reduction in the number of
MYO10 foci. We took advantage of the fact that actin-
TZPs undergo a temporally coordinated retraction during

meiotic maturation [19, 23, 27, 52]. COCs were obtained
from fully grown follicles and either fixed immediately for
analysis or were incubated for 8 h in the presence of EGF
to induce maturation and then fixed (Figure 7A, lower).
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Figure 7. MYO10 is required to establish or maintain TZPs in the mouse. (A) Upper: experimental design for incubating granulosa-oocyte complexes with
siRNA targeting Myo10 or a control. Lower: experimental design for incubating cumulus-oocyte complexes with EGF. (B) Immunoblot showing the
amount of MYO10 protein in granulosa cells after siRNA treatment. β-actin used as loading control. (C) Confocal images of siRNA-treated GOCs that
were fixed and stained using anti-MYO10 (red), phalloidin (green), and DAPI (blue). Lower panels show enlarged portions of the corresponding upper
panels. (D) Number of MYO10 foci (left) and TZPs (right) in GOCs incubated with the indicated siRNAs. (E) Confocal images of siRNA-treated COCs that
were fixed immediately after collection (0 h) or treated with EGF for 8 h, stained using anti-MYO10 (red) and phalloidin (green). Lower panels show
enlarged portions of the corresponding upper panels. (F) Number of MYO10 foci (left) and TZPs (right) in the two treatment groups. (C, E) Scale
bar = 20 μm. (D, F) Mean and SEM values are shown. Statistical analysis using Student t-test. ∗∗∗P = 0.003, ∗∗∗∗P < 0.0001.
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The COCs were stained using phalloidin and anti-MYO10
antibody, imaged using confocal microscopy, and the
number of MYO10 foci and actin-TZPs was quantified
as performed for siRNA-treated GOCs. Following the 8-
h EGF treatment, the number of actin-TZPs was reduced
to 0.07 ± 0.02 (mean ± standard error of the mean) of the
number at 0 h (Figure 7E and F; n = 22 and n = 25 control
and matured, respectively, P < 0.0001). In the same group
of oocytes, the number of MYO10 foci was reduced to
0.45 ± 0.03 (mean ± standard error of the mean) relative
to 0 h (Figure 7E and F, P < 0.0001). Thus, a decrease in
the number of actin-TZPs is associated with a substantial
reduction in, though not elimination of, the number of
MYO10 foci.

Discussion

TZPs provide the physical basis for the contact between the
growing oocyte and the surrounding somatic granulosa cells
that is essential to produce a fertilizable egg. We confirm here
that actin-TZPs arise and become abundant at the early stages
of follicular growth in both mice and humans. TZPs were
detectable in transitional and primary follicles—essentially,
as soon as a space corresponding to the zona pellucida was
apparent between the oocyte and adjacent granulosa cells. We
also observed filopodia between granulosa cells of multilayer
follicles; the latter being consistent with a previous study
of antral follicles which showed that filopodia that do not
penetrate the zona pellucida are present on both cumulus and
mural granulosa cells [18]. Interestingly, oocytes occasionally
develop from primordial germ cells that have migrated to the
adrenal medulla; yet, although these oocytes elaborate a zona
pellucida, the surrounding somatic cells do not form TZPs
[53]. These results suggest that, as previously proposed [18],
granulosa cells may possess an inherent ability to elaborate
filopodia which when directed toward the oocyte become
actin-TZPs.

MYO10 promotes the formation of filopodia, and sev-
eral lines of evidence reported here support a similar func-
tion for MYO10 during the formation or maintenance of
actin-TZPs. Myo10 mRNA was preferentially expressed in
the granulosa cells and growing oocytes, as compared with
other cell types in the ovary. MYO10 protein accumulated in
foci that were detected in the area between the oocyte and
innermost layer of granulosa cells, and occasionally between
granulosa cells of inner layers, but not in outer layers of
granulosa cells further from the oocyte. Thus, the foci were
spatially restricted to the region of the TZPs. Moreover,
the number of MYO10 foci increased during oocyte and
follicular growth, paralleling the increase in the number of
actin-TZPs [16]. Experimental depletion of MYO10 from
cultured mouse GOCs was associated with a reduction in
the number of actin-TZPs, and the natural loss of actin-
TZPs during oocyte maturation was accompanied by a reduc-
tion on the number of MYO10 foci. On the other hand,
mice lacking Myo10 are fertile, although a detailed exami-
nation of their reproductive capacity has not been reported
[54, 55]. Taken together, these results suggest that MYO10
increases the efficiency of the formation or maintenance of
actin-TZPs.

The specific function of MYO10 with respect to actin-
TZPs remains to be established, particularly in view of its

multiple roles during filopodial formation [38–40]. Although
present throughout the cytoplasm, MYO10 becomes concen-
trated at the plasma membrane near sites of focal adhesion
to the extracellular matrix, where in cooperation with other
proteins it promotes the initiation of filopodia, possibly by
helping to reorganize F-actin from branched chain to linear
filaments [40, 43]. In granulosa cells, the foci of MYO10
near the apical membrane may similarly represent initiation
sites. If the specific position of the foci is determined by
where the granulosa cell membrane contacts the extracellular
matrix (zona pellucida), this would imply a role for the zona
pellucida in the initiation of filopodial growth. MYO10 is
also located at the tips of growing filopodia [38–40], as we
also observed. Here, its activity as an actin-associated motor
protein is thought to enable the transport of proteins that
favor actin polymerization toward the tip, thereby promoting
continued extension of the filopodium [38, 42]. The MYO
foci that lie within the zona pellucida and are associated
with actin-TZPs may similarly promote their growth. Finally,
live-imaging of cells in three-dimensional culture has revealed
that MYO10 increases the half-life of filopodia [56], and
MYO10 at the tip has also been proposed to interact with
cell adhesion molecules, including integrins and cadherins [40,
57–60]. If MYO10 stabilizes growing actin-TZPs, this might
increase the probability that they are able to reach the oocyte
plasma membrane, and via an interaction with N-cadherin,
MYO10 might also promote the attachment of the actin-
TZP to the oocyte plasma membrane. Fascin and DAAM1
(disheveled-associated activator of morphogenesis 1), which
regulate filopodial growth and morphology [61, 62], are also
detectable in actin-TZPs [29], and future work could test
the roles of these and other filopodial components in their
generation.

Although our results support the idea that many of the
MYO10 foci originate from the granulosa cells, Myo10
mRNA is present in growing oocytes. A previous study
showed that fully grown oocytes contain MYO10 and that a
MYO10-green fluorescent protein fusion protein expressed in
the oocyte becomes localized in foci within the zona pellucida
[63]. Recent work has also identified short filopodia that
extend from the oocyte into the zona pellucida, although they
do not reach the granulosa cells [28]. Intriguingly, we observed
MYO10 foci at the tips of short actin projections emanating
from the oocyte surface (Supplemental Figure S1E). We
speculate that a proportion of the MYO10 foci within the
zona pellucida may be located at the tips of the oocyte-derived
filopodia.

This study focused on actin-TZPs, so the potential link
between MYO10 and tubulin-TZPs remains unknown.
It has been proposed that actin-TZPs harbor the gap
junctions linking the granulosa cells to the oocyte, whereas
tubulin-TZPs harbor the adherens junctions between the
two cell types [15], and it is important to experimentally
test this conceptually appealing model. In any case, by
identifying markers and characteristics of early follicular
growth, our results may be relevant to understanding and
treating human infertility, particularly in view of recent
evidence that impaired interactions with the granulosa
cells may play an important role in age-associated loss
of fertility [64]. A better understanding of the events and
control of early folliculogenesis should aid the development
of in vitro systems to favor the production of healthy
gametes [65–68].

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioac078#supplementary-data
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