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Myosin VI is the only actin-based motor known to move toward the minus end
of actin filaments. This protein is involved in many different cellular processes,
such as endocytosis, autophagy, secretion, and regulation of actin organization
and dynamics. Myosin VI has also been suggested to play an important role
in collective migration of border cells and egg chamber development during
Drosophilaoogenesis. Herewe show for the first time thatmyosin VI is expressed
in Drosophila germarium as well as in early ovarian follicles, especially in the
developing oocyte. As oogenesis progresses, the level of myosin VI in maturing
egg chambers decreases, but this protein is present both in the nascent border
cell cluster, during its delamination from the epithelium, and then during the
early stages of border cell migration. However, we demonstrate that myosin
VI deficiency in border cells, or even complete lack of this protein in myosin
VI mutant do not inhibit border cell migration. Moreover, deficiency/lack of
myosin VI does not cause any serious defects in ovarian morphology, egg
chamber morphogenesis, oogenesis, and egg development. Thus we conclude
that myosin VI is not a key player in Drosophila oogenesis.

KEYWORDS

binary system, border cell migration, cell/molecular biology, Drosophila oogenesis,
RNAi, myosin VI mutant, transgenic flies

Introduction

Oogenesis inDrosophila occurs in ovaries consisting ofmultiple ovarioles, each forming
a chain of developing egg chambers (Bastock and St Johnston, 2008). At the anterior end of
the ovariole lies the germarium, a structure housing germline stem cells that initiate the
oocyte formation and follicle stem cells that generate the epithelium of the egg chamber
(Kirilly and Xie, 2007; Waghmare and Page-McCaw, 2018). Germline stem cells undergo
asymmetric divisions forming cysts whose morphology and successive developmental
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stages differentiates the germarium into three main regions 1, 2a/2b
and 3 (Figure 1). Oogenesis begins in region 1, when a germline
stem cells divide to produce cystoblasts, which divide four more
times to produce 16-cell germline cysts that are connected by ring
canals (Huynh and St Johnston, 2004; Jagut et al., 2013). The oocyte
differentiates from one of the two cells with four ring canals, which
are therefore called the pro-oocytes. Once the 16-cells cyst has
formed, it enters the region 2a of the germarium. At this stage, all
the cells of one cyst appear similar, but by the time it reaches region
2b, one cell differentiates as an oocyte. It is becoming increasingly
well-accepted that the cell inheriting more fusome material is
more likely to become the oocyte, rather than a random selection
from the two cells with four ring canals (Lin and Spradling, 1995;
Nashchekin et al., 2021). By region 2b, the oocyte has been selected
and is the only cell to remain in meiosis. Finally, as the cyst moves
down to region 3 of the germarium (also called stage 1 of oogenesis),
somatic follicle cells migrate and surround the cyst to form an egg
chamber (Jagut et al., 2013). As the cysts pass down the ovariole, they
mature into egg chambers containing 15 nurse cells and one oocyte
surrounded by follicular epithelium. Nurse cells play a crucial role in
supporting oocyte development by providing nutrients and cellular
components.Drosophila oogenesis is divided into 14 stages in which
the progressive morphogenesis of the oocyte and epithelium occurs
(Figure 1). A particularly fascinating phase of the egg chamber
development occurs during stages 9–10, when collective migration
of the border cells is observed (Bastock and St Johnston, 2008; Peercy
and Starz-Gaiano, 2020). These highly specialized cells undergo
a partial epithelial-to-mesenchymal transition and navigate as a
cell cluster between nurse cells towards the developing oocyte.
Once oocyte growth is completed, nurse cells rapidly transfer
their cytoplasm into the oocyte. Finally, the micropyle is formed
in a dorso-anterior region of the egg chamber, adjacent to the
oocyte nucleus.This structure enables fertilization, and its formation
requires the participation of four types of cells: the anterior polar
cells, border cells, proximally located centripetal cells, and the oocyte
(Horne-Badovinac, 2020). Migration of border cells is regulated by
complex cytoskeletal rearrangements that include the formation of
lamellipodia, stabilization of the border cell cluster, and guidance
of border cells between nurse cells (Montell et al., 2012). This
sophisticated regulation provides a compelling model to study the
role of the cytoskeleton in collective cell migration in the context of
developmental biology and cancer metastasis (Yoshida et al., 2004;
Friedl and Gilmour, 2009; Scarpa and Mayor, 2016).

Myosin VI was first identified in Drosophila melanogaster as
a protein encoded by the jaguar/95F gene (Kellerman and Miller,
1992). This actin-based molecular motor is unique among known
myosins for its ability to move towards the minus end of actin
filaments (Wells et al., 1999). Myosin VI has been implicated in a
variety of cellular functions inDrosophila. For example, it is involved
in membrane remodeling during embryogenesis (Mermall and
Miller, 1995; Deng et al., 1999), in asymmetric protein localization
in neuroblasts during cell division (Petritsch et al., 2003), as well
as in epithelial cell morphogenesis (Millo et al., 2004). Moreover,
complete loss of myosin VI function or lack of this protein only in
the testes causes infertility in Drosophila males (Hicks et al., 1999;
Noguchi et al., 2006; Morrison and Miller, 2008; Zakrzewski et al.,
2021). Myosin VI activity in various animals, including mammals,
is mediated by several cargo adaptor proteins that form a molecular

link between the actin cytoskeleton and fundamental cellular
processes such as endocytosis, autophagy, secretion, regulation of
actin organization and dynamics, and cell motility (Chibalina et al.,
2009; Tumbarello et al., 2013; de Jonge et al., 2019). Myosin
VI has also been suggested to play an important role in egg
chamber development and border cellmigration inDrosophila ovary
(Deng et al., 1999; Geisbrecht andMontell, 2002; Millo and Bownes,
2007). It should be noted that border cell migration is necessary for
the successful completion of oogenesis and micropyle formation,
and is therefore essential for fertility (Montell et al., 1992). However,
Drosophila jaguar322 mutant females, characterized by complete
myosin VI loss of function, are fertile and produce offspring in
numbers equal to control non-mutant animals (Morrison and
Miller, 2008). This indicates that border cell migration should
function normally in myosin VI-deficient Drosophila females. In
this work, we show for the first time that myosin VI is expressed in
Drosophila germarium and in very early ovarian follicles, including
the polar cells and developing oocyte. Moreover, we confirm that
this protein is also present in the nascent border cell cluster and
then when the cluster detaches from the epithelium and begins the
migration process. Finally, using transgenic flies andmyosin VI-null
zygotic mutants, we re-examine the potential role of myosin VI in
border cell migration and egg chamber development.

Materials and methods

Fly stocks, husbandry, and crosses

The following D. melanogaster strains were obtained from
the Bloomington Drosophila Stock Center (IN, US) and used
in the experiments: (1) w[∗]; P{w[+mC]=GAL4-slbo.2.6}16, P{y
[+t7.7]w[+mC]=10XUAS-IVS-mCD8::GFP}attP40 (Bloomington
stock 76363) with two inserted elements: P{10XUAS-IVS-
mCD8::GFP} (expresses mCD8-tagged GFP under the control
of 10 UAS sequences with an intron - IVS - interposed between
the UAS and coding sequences) and P{GAL4-slbo.2.6} (expresses
GAL4 in the pattern of slbo), females used as the transgenic flies
expressing GFP in border cells (called BCGFP in this paper); (2)
y[1]v[1]; P{y[+t7.7]v[+t1.8]=TRiP.JF02901}attP2 (Bloomington
stock 28064) with inserted element P{TRiP.JF02901} (expresses
dsRNA for RNAi of jar - FBgn0011225 – under UAS control
in the VALIUM10 vector), males used for crossing with BCGFP

virgin females to obtain offspring with silenced expression of
myosin VI in border cells (called BCGFPiM6 in this paper). This
methodology, shown in Figure 2, is based on the Transgenic
RNAi Project at Harvard Medical School (Perkins et al., 2015).
In addition, myosin VI-null zygotic animals (called jar322 or myosin
VI mutant in this paper) were generated by crossing Drosophila
virgin females Df(3R)jar[322], jar[322] beta-PheRS[322]/TM3, P{w
[+m∗]=Ubx-lacZ.w[+]}TM3, Sb[1] (Bloomington stock 8776) to
Df(3R)crb87-5, st[1]e[1]/TM3, Ser[1] (Bloomington stock 2363)
males, combination used previously by Morrison andMiller (2008).
Oregon R strain (obtained from Kathryn G. Miller, Washington
University in St. Louis, MO, US) was used as the wild-type control
(called WT in this paper). Flies were raised on standard cornmeal
agar medium supplemented with yeast at 25°C and crosses were
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FIGURE 1
Scheme of oogenesis in Drosophila (stages 1–10). The formation of first egg chamber takes place in the germarium, which is made up of three regions.
In region 1, germline cells divide asymmetrically and produce cystoblasts which undergo a series of four mitoses with incomplete cytokinesis to form a
cyst. Then, 16-cell cysts move through the region 2a and passes the follicle precursor cells which results in encapsulation of cyst by the follicle cells in
the region 2b. Stage 1 egg chambers buds off the germarium in the region 3; they consist one oocyte and 15 supporting nurse cells. Subsequent
budding egg chambers are connected by the stalk cells. During the next stages (2–7), oocyte increases in size and egg chambers become more oval
shaped. At stage 8, two non-motile polar cells at the anterior pole of the egg chamber induce the surrounding epithelial cells (called border cells) to a
migratory fate by the specific signaling pathways. At stage 9, the border cell cluster (two non-motile polar cells and few motile border cells, called as the
border cells) undergoes a partial epithelial-to-mesenchymal transition and detaches from the epithelium, and then the cluster moves between nurse
cells towards the anterior border of the oocyte. Collective migration of border cells ends at the stage 10 of oogenesis, when they reach the oocyte.

performed under standard conditions. Adult male and female flies
(two- and three-day old) were used in the experiments.

Egg chambers preparation for stereoscopic
and fluorescence microscopy

Newly eclosed flies (females and males) were collected in a fresh
bottle with fly food for two or three days. Flies were anesthetized
with CO2, then whole ovary pairs were dissected from the females
in 0.1 M phosphate-buffered saline (PBS), pH 7.0, and immediately
transferred to freshly prepared fixative placed on ice. For stereoscopic
microscopy (morphological analysis of ovaries), dissected ovary pairs
were fixed with 1.5% glutaraldehyde in PBS, pH 7.0, for 15 min at
room temperature, then washed with the same phosphate buffer
and examined using the Zeiss Discovery V8 stereo microscope and
AxioVs40V4.8.2.0 software. For fluorescence microscopy (analysis
of border cell migration), dissected ovaries were fixed with 4%
formaldehyde in 0.1 M PBS, pH 7.0, for 30 min at room temperature
and washed with the same PBS buffer. The samples of separate
ovarioles were covered with mounting medium to prolong the
GFP fluorescence (ProLong™ Gold antifade reagent, Invitrogen by
Thermo Fisher Scientific) and examined using the Nikon Eclipse

80i fluorescence microscope and NIS-Elements AR.3.00 software.
Morphological analysis of ovaries and visualization of the border
cell cluster formation and migration for each tested genotype were
repeated several times and representative data were presented.

Immunolabeling and confocal microscopy

For immunocytochemical studies, the preparation of egg
chambers was carried out as described above. Dissected ovaries were
fixed with 4% formaldehyde in 0.1 M PBS, pH 7.0, for 30 min at
room temperature, washed twice with the same phosphate buffer,
and then permeabilized with 0.1% (m/v) saponin in 0.1 M PBS,
pH 7.0, for 20 min at room temperature. Next, the samples were
blocked with 1% bovine serum albumin (BSA) in the same PBS
buffer supplemented with 0.1% (m/v) saponin and 0.25% BSA
for 15 min at room temperature, and then incubated with the
primary antibody (monoclonal mouse anti-Drosophila myosin VI
antibody 3C7 (Kellerman and Miller, 1992) diluted 1:20, rotating
overnight at 4°C. Samples were then washed three times with PBS
buffer and incubated, with rotation, overnight at 4°C with Alexa
Fluor Plus 594 goat anti-mouse IgG secondary antibody (Invitrogen
by Thermo Fisher Scientific), diluted 1:100 in 0.1 M PBS, pH 7.0
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FIGURE 2
Scheme of silencing of jaguar (jar) gene expression in Drosophila border cells. BCGFP females contain a GAL4 sequence driven by transcriptional
control of a minimal promoter linked to the slbo gene enhancer, which is specific for border cells. Gal4 protein acts as a transcription factor, binding to
ten repeated upstream activating sequences (UAS), thereby enabling expression of mCD8-GFP sequence in border cells. The males contain jarJF02901

sequence preceded by UAS, which codes dsRNA for silencing the myosin VI gene (jar). The offspring females (BCGFPiM6) exhibit slbo-Gal4-driven
expression of both mCD8-GFP and dsRNA for siRNA-mediated silencing of jar in border cells.

supplemented with 0.1% (m/v) saponin and 0.25% (m/v) BSA. After
washing three times in PBS buffer, DNA was stained with Hoechst
33342 stain solution (Invitrogen byThermo Fisher Scientific). Finally,
ovaries were washed in H2O mQ and samples of separate ovarioles
were covered with antifade mountant to prolong the fluorescence
(ProLong™ Gold antifade reagent, Invitrogen by Thermo Fisher
Scientific). A negative control omitting the primary antibody was
also performed. Imaging was performed on the Olympus Fluoview
FV3000 confocal laser scanningmicroscope and FV31S-SWsoftware.
Immunocytochemical experimentswereperformedseveral times, and
representative data (selected optical sections) were shown.

To verify the efficiency of myosin VI silencing in border cells,
quantitative fluorescencemeasurements and statistical analysis were
performed. For quantitative measurements, immunolabeling of
myosin VI was carried out with consistent experimental conditions
and concentrations of the primary and secondary antibodies, and
the same exposure time was used for all analyzed samples. Three-
dimensional optical sections of the border cell clusters were acquired
with a 1.0 µm step intervals, from a minimum of 20 comparable
egg chambers dissected from BCGFP and BCGFPiM6 females. All
data were corrected for background autofluorescence as determined
by signal intensities in negative controls. For image processing and
analysis, the Olympus Fluoview FV3000 confocal laser scanning

microscope with FV31S-SW software package and ImageJ (NIH,
Bethesda, MD, United States) software were used. The fluorescence
intensity was measured per single egg chamber (collection of
serial optical sections). PAST three software and Microsoft Excel
(Microsoft, Redmond, Washington, DC, United States) were used
for statistical analysis, and the statistical significance of data was
determined using the Mann-Whitney test.

Stain-free western blot analysis

To assess the absence of myosin VI in Drosophila jar322

mutant, stain-free Western blot analysis was performed. WT
and myosin VI-null zygotic adults flies were ground in liquid
nitrogen, and proteins were extracted using a buffer containing
100 mM Tris-HCl (pH 7.5), 10% sucrose, 5 mM EGTA, 2 mM
DTT, and cOmplete Protease Inhibitor Cocktail (Roche). Equal
volumes of protein extracts were denatured at 95°C for 5 min,
centrifuged, and then run on a 10% TGX stain-free gel (Bio-Rad)
at 140 V for 90 min. The electrophoretically separated proteins
were fluorescently labeled with a trihalo compound using the
ChemiDoc™ Touch Imaging System (Bio-Rad), followed by transfer
onto an Immune-Blot LF PVDFMembrane (Bio-Rad). Fluorescence
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signals of the trihalo-modified proteins were captured with the
ChemiDoc™ Touch Imaging System. Subsequently, the membranes
were probed with a monoclonal mouse anti-Drosophila myosin VI
antibody 3C7 (Kellerman and Miller, 1992), washed, and incubated
with a horseradish peroxidase-conjugated secondary antibody
(Merck). Specific antigens were detected using the Amersham ECL
Advance Western blotting Detection Kit (Cytiva) and visualized
with the ChemiDoc™ Touch Imaging System.

Fertility assays

To assess the fertility of BCGFPiM6 females, they were mated
with WT males and the number of progeny was compared to that
obtained after crossing (1) BCGFP females with WT males and (2)
WT females with WT males. Twenty virgin adult females of the
test genotype (WT, BCGFP, and BCGFPiM6) were placed with twenty
adultWTmales (1–2 days after eclosion) in a small vial with fly food
at 25°C. The next day, adults were transferred to a bottle with fresh
fly food (day 0, 25°C) and then removed 7 days later. Progeny in each
bottle was counted until day 18. The number of bottles counted was
10 for each genotype tested and the average number of progeny per
bottle was reported. To assess the fertility of myosin VI-null zygotic
females (jar322/Df (3R) S87-5), they were mated withWTmales and
the number of progeny was compared to that obtained after crossing
control females (jar322/TM3 Sb) with WT males. In this case, three
virgin adult females were crossed with three WT adult males. The
number of bottles counted was five for each genotype tested and the
average number of progeny per bottle was reported.

Results

Myosin VI is present in ovarian follicles
during the early steps of Drosophila
oogenesis

Since the presence and localization of myosin VI in Drosophila
ovarian follicles at early stages of oogenesis (also called premigratory
stages) has not been previously documented, we performed a
series of immunocytochemical experiments using anti-myosin VI
antibody and confocal microscopy in BCGFP control females. In
the first step, we investigated the localization of myosin VI in the
germarium and egg chambers up to stage 8 of oogenesis (Figure 1).
As shown in Figure 3, myosin VI was present in both germarium
and early ovarian follicles in which specification/recruitment of
border cells has not yet occurred, with a particular accumulation of
this protein found in the developing oocyte (Figure 3a, arrow). In
the germarium, myosin VI was present in all segments, including
region 2a/b (Figures 3a1, a2, arrows) and posterior region 3
(Figures 3a1, a2, double arrows). In the growing oocyte, we observed
increasing accumulation of myosin VI throughout the oocyte
cytoplasm (Figures 3b, b1, Figures 3a3, a4) until stage 8 of oogenesis,
when the localization pattern changed and the immunofluorescence
signal became dominant at the posterior pole of the oocyte
(Figures 3c, c1). Myosin VI was also present in the supporting
nurse cells and epithelial cells surrounding developing egg chambers
(Figures 3a-c1). In nurse cells, a punctate distribution of myosin

VI in their cytoplasm was observed (Figures 3b, b1). Among the
follicular epithelial cells, particularly localization of myosin VI was
found in polar cells located both at the anterior and posterior poles
of early egg chambers up to stage 8 of oogenesis (Figures 3b-c1

arrows). At stage 8, GFP fluorescence appeared, corresponding to
the specification/recruitment of border cells (Figures 3b, b1, double
arrows). A negative control omitting the primary antibody was
also performed, which showed a complete lack of nonspecific
red fluorescence in early ovarian follicles of BCGFP females
(Supplementary Figure S1).

We next examined the localization of myosin VI during
border cell migration in Drosophila BCGFP control females. As
shown in Figure 4, the successive migratory stages of oogenesis
were examined: delamination of the border cell cluster from
the epithelium–start of migration (early-stage 9, Figures 4a1-a3),
migration of border cells between nurse cells (mid-stage 9,
Figures 4b1-b3), continuation of border cell migration towards
the oocyte (late-stage 9, Figures 4c1-c3), border cells reaching
the oocyte (early-stage 10, Figures 4d1-d3). When the border
cell cluster delaminated and started to move (Figures 4a1-a3),
a strong myosin VI fluorescence signal was present around
the cluster and the protein accumulated both at its leading
edge and at the point of detachment of the cluster from the
epithelium (Figures 4a2, a3, arrows; Supplementary Figures S2a, a1,
arrows). At this stage, myosin VI signal was also visible in
the follicular epithelium (Figures 4a2, a3; Supplementary Figure S2a,
arrowheads). By themid-stage 9, when border cellsmigrate between
nurse cells towards the oocyte (Figures 4b1-b3), immunolabeling
of myosin VI in the border cell cluster was particularly associated
with the leader cell of the cluster (Figures 4b2, b3, arrows). However,
myosin VI signal in the leader cell disappeared as border cells
continued their migration towards the oocyte (Figures 4c2, c3,
arrows), and was no longer detected in the early-stage 10 as
the cluster reached the oocyte (Figures 4d1-d3). Myosin VI was
consistently detectable (with varying intensity) in the follicular
epithelium surrounding the anterior (Supplementary Figures S2b-d,
arrow heads) and posterior (Supplementary Figures S2c, d, double
arrow heads) regions of the egg chamber. A negative control
omitting the primary antibody was also performed and showed a
complete lack of nonspecific red fluorescence in the egg chamber of
BCGFP females (Supplementary Figure S2e). These results indicate
that myosin VI is expressed in Drosophila germarium as well as in
early ovarian follicles up to step 8 of oogenesis, especially in the
developing oocyte and polar cells. However, as oogenesis progresses,
themyosin VI signal in egg chambers decreases, but is present in the
nascent border cell cluster and during its early/middle (but not late)
stages of migration.

Border cell migration is effective in
Drosophila females with silenced
expression of myosin VI in the cluster

In the context of previous reports indicating an important role
of myosin VI in border cell migration inDrosophila (Geisbrecht and
Montell, 2002), we expected to observe high level of its expression
in migrating cluster from the stage 9 to the stage 10 of oogenesis.
However, our results (Figure 4; Supplementary Figure S2) did
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FIGURE 3
Immunocytochemical localization of myosin VI during the early (premigratory) stages of oogenesis in Drosophila control BCGFP females. Images show:
germarium and early ovarian follicles before the specification/recruitment of border cells (a), germarium (a1, a2), developing oocyte at stage 7 (a3, a4),
early ovarian follicle at stage 6 and anterior pole of the egg chamber at stage 8 (b, b1), posterior pole of the egg chamber at stage 8 (c, c1). The region
marked in (a) is shown in a larger magnification in (a1, a2). Recruiting border cells are stained in green, myosin VI is stained in red, and cell nuclei are
stained in blue. Arrows point respectively: oocyte (a), region 2a/b of the germarium (a1, a2), polar cells (b-c1); double arrows point respectively: region
2a/b of the germarium (a1, a2), polar cells at the border cell recruitment (b, b1). EC, egg chamber; GE, germarium; bc, border cells; fc, follicle cells; nc,
nurse cells. Bars 25 μm.
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FIGURE 4
Immunocytochemical localization of myosin VI in the egg chambers of control BCGFP Drosophila females during border cell migration: the early-stage
9, start of border cell migration (a1-a3), mid-stage 9, migration of border cells between nurse cells (b1-b3), late-stage 9, continuation of border cell
migration (c1-c3), and early-stage 10, border cells reach the oocyte (d1-d3). Border cells are stained in green, myosin VI is stained in red, and cell nuclei
are stained in blue. Arrows show respectively: the front and rear of the border cell cluster (a2, a3), the leader edge/cell of the border cell cluster (b2, b3,
c2, c3). bc, border cells; fc, follicular cells; nc, nurse cells. Bar 25 µm.

not confirm these observations. We therefore wanted to re-
examine the role of myosin VI in border cell migration and,
consequently, the progression of oogenesis. As a result of the cross
between appropriate parental individuals we obtained BCGFPiM6
females, in which the border cells express GFP and myosin VI
expression silenced (Figure 2).

To test whether myosin VI deficiency in border cells inhibits
their migration, we first analyzed individual egg chambers of
BCGFPiM6 and BCGFP control females to visualize migrating
border cell clusters under a fluorescence microscope. As shown
in Figure 5, no significant defects in border cell migration were
observed in BCGFPiM6 females, as compared to control females. For
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both tested genotypes, border cell clusters (Figures 5a–h, arrows)
remained clearly visible throughout successive stages of oogenesis:
emergence/delamination of the border cell cluster at the anterior
pole of the egg chamber (Figures 5a, e), posterior migration of
border cells between nurse cells (Figures 5b, c, f, g), and upon
reaching the oocyte (Figures 5d, h). In both cases (BCGFPiM6 and
BCGFP control females) maturing eggs were present in the ovaries
with border cells located at their anterior pole (Figures 5i, j, arrows),
after nurse cells completed dumping process. These results indicate
that myosin VI deficiency in border cells did not affect progression
of oogenesis. Higher magnifications of the egg chambers at stage
9 of oogenesis illustrate the migrating border cell clusters that
contain two non-migratory polar cells (Figures 5k–n). We found
that in BCGFP control females, the border cell cluster was usually
perfectly formed (Figures 5k, l). Occasionally we observed a trace of
green fluorescence between themigrating cluster and the epithelium
at the anterior pole of the egg chamber (Figure 5k, arrows). In
BCGFPiM6 females, the migrating border cell cluster was also
correctly formed (Figures 5m, n). However, silencing of myosin VI
expression in border cells resulted in incomplete separation of the
migrating cluster from the epithelium in some cases (Figures 5m, o,
arrows) or partial disruption of the cluster integrity even the
cluster moved between nurse cells to reach the oocyte at early-
stage 10 (Figure 5o, arrow heads). As shown in Figure 5p, these
defects occurred in less than 5% of egg chambers in BCGFP control
females (5 per 100 egg chambers at stage 10 of oogenesis) and
in approximately 10% of egg chambers in BCGFPiM6 females (8
per 100 egg chambers at stage 10 of oogenesis). However, in every
case of the 100 analyzed egg chambers at stage 10 of oogenesis
(BCGFPiM6 and control females), the border cell cluster reached
the oocyte (Figure 5q). We do not know whether this subtle defect
had any negative consequences on the formation of mature eggs,
but since we did not observe the border cell clusters between
nurse cells at stage 10 of oogenesis, we conclude that border cell
migration and egg development is effective in myosin VI-deficient
Drosophila females.

We then examined localization of myosin VI in egg chambers
dissected from BCGFPiM6 females using confocal microscopy
(Figure 6). As expected, we did not detect myosin VI in
border cells when they started migration towards the oocyte
(Figures 6a1-a3), in migrating clusters (Figures 6b1-c3) or when
the clusters reached the oocyte (Figures 6d1-d3). However, myosin
VI signal was detectable in nurse cells (Figures 6b2, b3, arrows;
Supplementary Figures S3b2, c, d, arrows) as well as in the follicular
epithelium (Supplementary Figures S3b1, d, e, arrow heads),
demonstrating that RNAi was limited to the border cells. To verify
the efficiency of myosin VI silencing in border cells, we performed
a statistical analysis of myosin VI immunofluorescence in the egg
chambers dissected from BCGFPiM6 and BCGFP control females.
This analysis was performed for early-stage 9 of oogenesis, when
the cluster started migration and the protein level was highest in
border cells. Our quantitative analysis confirmed that the level
of myosin VI was about 90% lower in border cells of BCGFPiM6
females compared to control females (Supplementary Figure S3a). A
negative control omitting the primary antibody was also performed
and showed a complete lack of nonspecific red fluorescence in the
egg chamber of BCGFPiM6 females (Supplementary Figure S3f).
Together, we conclude that deficiency of myosin VI in border

cells does not affect the border cell migration process, which
occurs efficiently.

Myosin VI deficiency does not affect
ovarian morphology and female fertility in
Drosophila

Next we decided to compare the morphology of ovaries dissected
from BCGFPiM6 females and control females (BCGFP and WT).
As shown in Figure 7, two-day-old WT females possess ovarioles
composed of egg chambers at various stages of development with a
predominance of those at stage 10 of oogenesis (Figures 7a, a’), where
the size of the oocyte corresponds to approximately half size of the
egg chamber (Figure 1). The ovaries appeared similar in two-day-
old BCGFP (Figures 7b, b’) and BCGFPiM6 (Figures 7c, c’) females. A
comparative analysis of ovarian morphology was also performed in
three-day-oldfemales, inwhichtheprogressivedevelopmentofovaries
towards mature eggs was observed (Figures 7d-f ’). In all Drosophila
females representing different genotypes, the ovaries contained
ovarioles at various stages of development, with a predominance of
maturing and mature eggs. Together, we conclude that myosin VI
deficiency in border cells does not impact morphology of ovary
and the egg chamber development. In addition, to determine the
potential impact of myosin VI silencing in border cells onDrosophila
oogenesis and/or the formation of viable eggs capable of fertilization,
we assessed the fertility of BCGFPiM6 females compared to control
females. Fertility assay did not reveal any significant differences, as the
numberof offspring resulting fromtheBCGFPiM6virgin adult females
matingwithWTadultmales in comparison to thenumberof offspring
obtained from crosses of BCGFP virgin adult females with WT adult
males or ofWT virgin adult females withWT adultmales (Figure 7g).
Thus, we conclude that silencing of myosin VI expression in border
cells did not affect the fertility ofDrosophila females.

Finally, to test whether complete lack of myosin VI inhibits
border cell migration, we performed control experiments according
to the combination proposed previously (Morrison and Miller,
2008). We dissected ovaries from myosin VI-null zygotic females
(jar322 mutant), fixed them with formaldehyde, stained the nuclei,
and analyzed the border cell migration process using confocal
microscopy. This simple staining proved sufficient to visualize the
cluster of border cells at different stages of oogenesis both in
whole egg chambers (Figures 8i, j) and at higher magnification,
showing the typical shape of the cluster (Figures 8a–f). As shown in
Figure 8, border cell migration proceeds effectively in both control
females (jar322/TM3 Sb, Figures 8a–c) and myosin VI mutant
females (jar322/Df (3R) S87-5, Figures 8d–f). Moreover, the ovarian
morphology is normal in myosin VI-null zygotic females; two-
day-old females possess ovarioles composed of egg chambers at
various stages of development with a predominance of those at
stage 10 of oogenesis (Figures 8g, g’), and three-day-old females
possess ovarioles containing mature eggs (Figures 8h, h’). We also
performed quantitative analysis of egg chambers at stage 10 of
oogenesis in control females (Figure 8i) and myosin VI mutant
females (Figure 8j) and showed that 100% of border cell clusters
reached the oocyte in each genotype tested (Figure 8l). Finally,
fertility tests of Drosophila control and myosin VI mutant females
showed similar results (Figure 8m) and immunoblot confirmed that
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FIGURE 5
Fluorescence analysis of border cell migration in the egg chambers of Drosophila BCGFPiM6 and control BCGFP females during subsequent stages of
oogenesis: start of migration (a, e), migration of border cells (b, f, c, g, k-n), border cells reach the oocyte (d, h, o). Arrows show respectively: the
border cell cluster (a–h), the anterior pole of maturing egg (i, j), a trace of green fluorescence between the migrating cluster and the epithelium in the
control egg chamber (k), and incomplete separation of the border cell cluster from the epithelium in the egg chamber of BCGFPiM6 females (m, o);
arrow heads show the anterior pole of the oocyte (o); stars show the anterior pole of the egg chambers (b-h, k, m, o). The graphs (p) show the number
of egg chambers with a border cell cluster integrity defect (a trace of green fluorescence behind the cluster of border cells that have reached the
oocyte) per 100 egg chambers at stage 10 of oogenesis in BCGFPiM6 and control females. The graphs (q) show that 100% of the border cell clusters
reached the oocyte at stage 10 of oogenesis in both BC GFPiM6 (n = 100) and control (n = 100) females. bc, border cells; nc, nurse cells; o, oocyte. Bars
10 µm (a–j), 5 µm (k–o).
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FIGURE 6
Immunocytochemical localization of myosin VI in the egg chambers of BCGFPiM6 Drosophila females (depleted of myosin VI in border cells) during
border cell migration: the early-stage 9, start of border cell migration (a1-a3), mid-stage 9, migration of border cells between nurse cells (b1-b3),
late-stage 9, continuation of the border cell migration (c1-c3), and early-stage 10, border cells reach the oocyte (d1-d3). Border cells are stained in
green, myosin VI is stained in red, and cell nuclei are stained in blue. Arrows show the labeling in nurse cells. bc, border cells; fc, follicular cells; nc,
nurse cells. Bar 25 µm.

no myosin VI was detected in jar322/Df (3R) S87-5 flies (Figure 8k).
Taken together, our present studies show that complete loss of
function of myosin VI does not impair border cell migration
and the egg chamber development during oogenesis in Drosophila.
Moreover, we confirmed the previous results byMorrison andMiller
(2008) thatmyosin VI-null zygotic females are fertile and, compared
to control genotypes, produce offspring in numbers equal to non-
mutant animals.

Discussion

Myosin VI is expressed during the early
steps of Drosophila oogenesis

Drosophila melanogaster is a particularly well-studied model of
oogenesis, and numerous genes and pathways that are crucial for
the specification and differentiation of a viable female gametes have
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FIGURE 7
Morphological analysis of Drosophila ovaries dissected from WT, BCGFP and BCGFPiM6 females and fertility test. Ovaries dissected from 2-day old and
3-day old control (WT, BCGFP) and BCGFPiM6 females are similar at the same stage of development. Images show whole ovaries (a-c, d-f) and gently
crushed preparations of fixed ovaries (a’-c’, d’-f’). Ovaries dissected form 2-day-old WT, BCGFPiM6 and BCGFPiM6 females possess ovarioles composed
of egg chambers at various stages of development with a predominance of those at stage 10 of oogenesis, and 3-day-old females possess ovarioles
containing mature eggs. Bar 50 µm. Fertility tests of Drosophila control (WT and BCGFP) and BCGFPiM6 females show similar results for all tested
genotypes (g). Graphs show the number of offspring resulting from the BCGFPiM6 virgin females mating with WT males in comparison to the number of
offspring obtained from crosses of BCGFP virgin females with WT males or of WT virgin females with WT males (mean of 10 replicates/bottles for each
test genotype/offspring and standard deviation; ns, not significant). Statistical analysis was carried out by the one-way ANOVA (∗∗∗p ≤ 0.001).

been identified (Cabrita and Martinho, 2023). However, despite
the undisputed role of the actin cytoskeleton and various actin-
binding proteins in fruit fly oogenesis, the potential involvement
of actin-dependent motor proteins in this process is still a matter
of debate. In fact, the results obtained over the years indicate that
some myosins may have important roles in Drosophila oogenesis.
For example, Drosophila nonmuscle myosin II has been shown to
be involved in the egg chamber morphogenesis, oogenesis and early
embryogenesis (Wheatley et al., 1995; Edwards and Kiehart, 1996;
Wang and Riechmann, 2007). Myosin II has been also implicated in
rapid cytoplasmic transport during oogenesis (nurse cell dumping)
and axial nuclear migration in early embryos (Wheatley et al.,
1995; Edwards and Kiehart, 1996). Moreover, a recent elegant
study by Doerflinger et al. (2022) showed that anterior-posterior
polarization of the Drosophila oocyte at mid-oogenesis (stages
7–9) requires nonmuscle myosin II. It is also well established that
myosin V participates in local accumulation of oskar mRNA and
Staufen particles at the posterior pole of the Drosophila oocyte
(Krauss et al., 2009; Lu et al., 2020). Despite the fact that myosin
V is ubiquitously expressed throughout Drosophila development,
myosin V mutants did not show any detectable defects during

either oogenesis or embryogenesis (Mermall et al., 2005). However,
myosin V is strictly required for larval development demonstrating
that it is essential in Drosophila life cycle. Another myosin that is
abundant in developing Drosophila ovarian follicles, both in the
germline and in the somatic cells of the ovary is myosin VIIA
(Glowinski et al., 2014). Subcellular enrichment of this molecular
motor showed a strong association with areas rich in actin bundles
and actin-rich cellular protrusions, and phenotypic analysis suggests
that myosin VIIA is involved in regulating the structure and
arrangement of follicle cell and oocyte microvilli as well as in
cell migration (Glowinski et al., 2014). Finally, the involvement
of myosin VI in Drosophila oogenesis has long been suggested,
including possible involvement in intra/intercellular transport
during mid-oogenesis, morphogenesis of epithelial cells, and cell
migration during oogenesis and embryogenesis (Mermall et al.,
1994; Mermall and Miller, 1995; Bohrmann, 1997; Deng et al.,
1999; Geisbrecht and Montell, 2002; Millo et al., 2004; Millo
and Bownes, 2007). Most of these data indicate the involvement
of several unconventional myosins, including myosin VI, in
later than early stages of oogenesis and embryogenesis of
Drosophila.
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FIGURE 8
Border cell migration and ovarian morphology in Drosophila myosin VI-null zygotic females and control females. A comparative analysis of the egg
chambers using fixed and Hoechst 33342-stained ovaries show that border cell migration proceeds effectively in both control (jar322/TM3 Sb, a-c) and
myosin VI mutant (jar322/Df (3R) S87-5, (d-f) females. Ovarian morphology is also normal; ovaries dissected form two-day-old myosin VI mutant
females possess ovarioles composed of egg chambers at various stages of development with a predominance of those at stage 10 of oogenesis (g, g’),
and three-day-old females possess ovarioles containing mature eggs (h, h’). Quantitative analysis of egg chambers at stage 10 of oogenesis at n = 50
for each analyzed genotype (i, j) showed that 100% of border cell clusters reached the oocyte (l). Fertility tests of Drosophila control and myosin VI
mutant females show similar results for both tested genotypes (m). Graphs show the number of offspring resulting from the jar322/TM3 Sb virgin
females mating with WT males in comparison to the number of offspring obtained from crosses of jar322/Df (3R) S87-5 virgin females with WT males
(mean of five replicates/bottles for each test genotype/offspring and standard deviation; ns, not significant). Statistical analysis was carried out by the
one-way ANOVA (∗∗∗p ≤ 0.001). Immunoblot shows no detection of myosin VI in jar322/Df (3R) S87-5 females (k). Arrows in (a, d, i, j) show the border
cell cluster. bc, border cells; fc, follicular cells; nc, nurse cells. Bars 25 µm (a–f), 50 µm (g-h’), 100 µm (i, j).
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In this paper, we demonstrate that myosin VI is present in
Drosophila germarium (including regions 2a/b and 3), as well as
in early ovarian follicles, particularly in polar cells (at the anterior
and posterior poles of the egg chamber) and in the developing
oocyte. Interestingly, myosin VIIA has also been shown to localize in
Drosophila germarium (Glowinski et al., 2014).These authors suggest
that the localization pattern confirms accumulation of myosin VIIA
in the ring canals–cytoplasmic bridges connecting germline cyst cells.
We do not rule out this possibility for myosin VI, as this protein is
associatedwith the ring canals in the germariumof bees suggesting its
role in the organization of intracellular transport (Patrício et al., 2010).
The role of myosin VI may be also important in the establishment of
the egg chamber polarity, including developing oocyte. In wild-type
oocytes, the Staufen proteinwas shown to accumulate in the posterior
part of the oocyte until stage 6 and became highly concentrated
in the oocyte center at stages 7–8 (Tanaka and Nakamura, 2008).
Staufen was then transported to the posterior pole of the oocyte until
the completion of oogenesis. Similar dynamics were confirmed in
the distribution of several other molecules important in cell polarity
duringDrosophiladevelopment (Milas andTelley, 2022). Interestingly,
we observed increasing accumulation of myosin VI through the
cytoplasm of the growing oocyte until stage 8 of oogenesis, when
the localization pattern changed and the immunofluorescence signal
became dominant at the posterior pole of the oocyte. These results
therefore indicate that the interplay of polarization and signaling
pathways in the differentiation of germline and associated somatic
cells during oogenesis in Drosophila appears to involve myosin VI.
However, deficiency of myosin VI in border cells (present work)
or even complete absence of this protein in the Drosophila myosin
VI mutant (present work; Morrison and Miller, 2008) does not
significantly disrupt oogenesis, because these females are fertile.
We therefore believe that the involvement of myosin VI in the
specification and development of the female germline inDrosophila is
not strictly required, and functional compensation between different
myosins is more probable. Further research is needed to verify
the presented hypotheses.

Myosin VI is not essential in border cell
migration and egg chamber development

Using a Gal4-UAS targeted expression system combined with
antisense RNA, which allows for disruption of function in specific
groups of cells, myosin VI has been implicated in border cell
migration duringDrosophilaoogenesis (Deng et al., 1999;Geisbrecht
and Montell, 2002). These previous experiments demonstrated that
myosin VI is recruited to the nascent border cell cluster and is highly
expressed duringmigration until stage 10 of oogenesis. At the start of
border cell migration in the myosin VI anti-sense RNA-expressing
border cells, these protrusions were lost and border cell movement
ceased. In thesemigrating cells, myosin VI was isolated in a complex
with the adhesion proteins E-catherin andβ-catenin (Geisbrecht and
Montell, 2002). Based on these data, myosin VI binding to these
adhesion complexes in the plasma membrane could help develop a
protrusive force by pushing actin filaments towards theirminus ends
away from the cell membrane.

Our present research confirms some results of these previous
studies. We validated the presence of myosin VI in the emerging

border cell cluster, its accumulation in the leading edge protrusions
at the initiation of migration, and its localization in the leading
cell of the cluster during the early stages of migration. It should be
noted that the established model of collective migration of border
cells is based on a leader cell at the front of the cluster displaying
extensive protrusive behavior (Scarpa and Mayor, 2016; Olson and
Nechiporuk, 2018). However, as border cell migration progressed,
the myosin VI signal in the migrating cluster disappeared and was
not detected when the border cells reached the oocyte. Moreover,
myosin VI deficiency in border cells had no inhibiting effect on their
migration and associated progression of oogenesis, as we showed
using a targeted Gal4-UAS expression system combined with RNAi.
We have also demonstrated for the first time that complete lack
of myosin VI in myosin VI-null zygotic females does not inhibit
border cell migration. Moreover, Drosophila females with complete
loss of function of myosin VI are fertile and, compared to control
genotypes, produce offspring in numbers equal to non-mutant
animals (present work; Morrison and Miller, 2008). It is unclear
why antisense expression caused defects (as shown by Geisbrecht
andMontell, 2002) when none are detectable in null mutant females
or using RNAi-based silencing, but one explanation may be off-
target effect of the antisense during the previous experiments.
Consequently, we suggest that myosin VI may be rather involved
in assembling specific complexes of molecular factors necessary for
the specification and formation of the border cell cluster and then
initiation of migration, but this protein is not strictly required for
these events during oogenesis.

InDrosophila, myosin VI plays a pivotal role during the last step
of spermatogenesis called spermatid individualization (Hicks et al.,
1999; Noguchi et al., 2006). This process is driven by long-
lived actin cones, which accumulate myosin VI at their fronts.
In myosin VI mutants, the structure of actin cones is disrupted
and males are sterile. We demonstrated that myosin VI plays an
anchoring role during spermatid individualization by tethering
different cargo/membranes to actin filaments. Interestingly, the
correct targeting and function of myosin VI at the front of actin
cones require the conservedRRLmotif inmyosinVI tail, responsible
for binding molecular partners such as GIPC1 (Isaji et al., 2011).
Moreover, our recent studies inmice have demonstrated thatmyosin
VI and its selected binding partners are important to maintain
the actin-dependent integrity of highly specialized tubulobulbar
complexes required for endocytosis during spermiogenesis and
spermiation (Zakrzewski et al., 2020). Our studies further indicated
that the loss ofmyosinVI caused disorganization of the tubulobulbar
complexes and reduced fertility in male mice. In this context,
silencing of myosin VI expression in border cells occasionally
resulted in incomplete separation of the migrating cluster from the
epithelium, suggesting partial disruption of the cluster integrity.
Therefore, myosin VI may stabilize a functional complex of
molecular factors necessary for the proper formation of the border
cell cluster capable of actin-dependent migration. In migrating
Drosophila border cells, myosin VI binds and stabilizes E-cadherin
and β-catenin complexes crucial for cell migration (Geisbrecht and
Montell, 2002). Moreover, during early Drosophila embryogenesis,
this protein plays a role in epithelial morphogenesis (Millo et al.,
2004). Therefore, an anchoring role of myosin VI in the formation
and stabilization of the border cell cluster is possible.
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MyosinVImay cooperate with othermyosins in these processes,
and functional compensation among the different myosins is
possible. Some results from other authors seem to support this
idea. For example, the amount of myosin VIIA increases in the
germline during follicle formation in the germarium and again at
mid-oogenesis (stage 9) and the protein is prominent until late
oogenesis (Glowinski et al., 2014). Compared with the germline,
somatic expression of myosin VIIA was relatively low in early stages
but increased after stage 8when follicle cells undergomorphogenetic
changes. In addition, migrating border cells show high amounts
of myosin VIIA in their actin-rich cellular protrusions. On the
other hand, nonmuscle myosin II depletion disrupts egg chamber
structure and cell migration of three distinct follicle cell populations:
the border cells and centripetal cells, and later the dorsal appendage
cells (Edwards andKiehart, 1996).We therefore hypothesize that the
lack of myosin VI might be compensated by other motor proteins
if the direction of their movement is not crucial in this process.
One of the best candidates seems to be nonmuscle myosin II. It has
been recently shown that this protein regulates two essential features
of border cell migration: the initial detachment of the border cell
cluster from the epithelium and the dynamics of cellular protrusions
(Majumder et al., 2012; Mishra et al., 2019).

Taken together, we believe that myosin VI is not essential
for efficient oogenesis in Drosophila, and several observations
support this conclusion. First, our results demonstrate that myosin
VI deficiency in border cells does not impact morphology
and development of ovaries and egg chambers. Second, no
significant defects in border cell migration are observed after
silencing of myosin VI expression in border cells compared to
control females. Third, the fertility assay revealed no significant
differences, as the number of offspring resulting from the BCGFPiM6
virgin females mated with WT males is comparable to that
obtained from control virgin females mated with WT males.
Consequently, BCGFPiM6 females produce functional eggs and are
fully fertile. Finally, ovarian morphology, egg chamber development
and border cell migration occur normally in myosin VI-null
zygotic females. These females, characterized by complete myosin
VI loss of function, are also fertile and produce offspring in
numbers equal to control non-mutant animals. In conclusion,
our present work resolved one important issue: myosin VI is
not a required player in border cell migration in Drosophila
ovary. However, given the possibility of functional compensation,
further investigations are required to elucidate a more subtle
mechanism of action of myosin VI in collective migration of
border cells.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

Ethics statement

Themanuscript presents research on animals that do not require
ethical approval for their study.

Author contributions

RL: Conceptualization, Data curation, Investigation,
Methodology,Writing – original draft,Writing – review and editing.
JO: Data curation, Investigation, Methodology, Writing – original
draft. AS: Data curation, Investigation, Methodology, Writing –
review and editing. AR: Data curation, Investigation, Writing –
review and editing. PZ: Data curation, Writing – original draft. MI:
Data curation, Writing – review and editing. WA: Data curation,
Writing – review and editing. KM: Conceptualization, Writing –
review and editing. ML: Conceptualization, Data curation, Funding
acquisition, Investigation, Methodology, Project administration,
Resources, Supervision, Writing – original draft, Writing – review
and editing.

Funding

The author(s) declare that financial support was received for
the research and/or publication of this article. The project was
supported by a grant IDUB/IDE/2020HS (toML) from theNicolaus
Copernicus University in Toruń (Torun, Poland), the “Excellence
Initiative – Research University – Inter Disciplinas Excellentia”
programme. RL, AS, MI, WA, and ML are members of the
Emerging Field “Cells as EXperimental platforms and bioFACTories
(CExFact)” – The “Excellence Initiative – Research University”
programme.

Acknowledgments

Wewould like to thankMichał Świdziński (Nicolaus Copernicus
University in Toruń, Torun, PL) for his assistance in using
the Olympus FLUOVIEW FV3000 confocal laser scanning
microscope and FV31S-SW Viewer software. We would also
like to thank Paulina Grzelak and Mikołaj Woźniak for their
cooperation in the project during the implementation of their
master’s theses (Nicolaus Copernicus University in Toruń,
Torun, PL).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Frontiers in Cell and Developmental Biology 14 frontiersin.org

https://doi.org/10.3389/fcell.2025.1535117
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org


Lenartowski et al. 10.3389/fcell.2025.1535117

Generative AI statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the

reviewers. Any product thatmay be evaluated in this article, or claim
thatmay bemade by itsmanufacturer, is not guaranteed or endorsed
by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcell.2025.
1535117/full#supplementary-material

References

Bastock, R., and St Johnston, D. (2008). Drosophila oogenesis. Curr. Biol. 18,
R1082–R1087. PMID: 19081037. doi:10.1016/j.cub.2008.09.011

Bohrmann, J. (1997). Drosophila unconventional myosin VI is involved in intra-
and intercellular transport during oogenesis. Cell. Mol. Life Sci. 53, 652–662.
doi:10.1007/s000180050084

Cabrita, B., and Martinho, R. G. (2023). Genetic and epigenetic regulation of
Drosophila oocyte determination. J. Dev. Biol. 11, 21. doi:10.3390/jdb11020021

Chibalina, M. V., Puri, C., Kendrick-Jones, J., and Buss, F. (2009). Potential roles of
myosin VI in cell motility. Biochem. Soc. Trans. 37, 966–970. doi:10.1042/BST0370966

de Jonge, J. J., Batters, C., O’Loughlin, T., Arden, S. D., and Buss, F. (2019).TheMYO6
interactome: selective motor-cargo complexes for diverse cellular processes. FEBS Lett.
13, 1494–1507. doi:10.1002/1873-3468.13486

Deng,W.M., Leaper, K., and Bownes, M. (1999). A targeted gene silencing technique
shows that Drosophila myosin VI is required for egg chamber and imaginal disc
morphogenesis. J. Cell Sci. 112, 3677–3690. doi:10.1242/jcs.112.21.3677

Doerflinger, H., Zimyanin, V., and St Johnston, D. (2022). The Drosophila anterior-
posterior axis is polarized by asymmetric myosin activation. Curr. Biol. 32, 374–385.e4.
doi:10.1016/j.cub.2021.11.024

Edwards, K. A., and Kiehart, D. P. (1996). Drosophila nonmuscle myosin II has
multiple essential roles in imaginal disc and egg chamber morphogenesis.Development
122, 1499–1511. doi:10.1242/dev.122.5.1499

Friedl, P., and Gilmour, D. (2009). Collective cell migration in morphogenesis,
regeneration and cancer. Nat. Rev. Mol. Cell Biol. 10, 445–457. doi:10.1038/nrm2720

Geisbrecht, E. R., and Montell, D. J. (2002). Myosin VI is required for E-cadherin-
mediated border cell migration. Nat. Cell Biol. 4, 616–620. doi:10.1038/ncb830

Glowinski, C., Liu, R. H., Chen, X., Darabie, A., and Godt, D. (2014). Myosin VIIA
regulatesmicrovillusmorphogenesis and interacts with cadherin Cad99C inDrosophila
oogenesis. J. Cell Sci. 127, 4821–4832. doi:10.1242/jcs.099242

Hicks, J. L., Deng,W.M., Rogat, A. D., Miller, K. G., and Bownes, M. (1999). Class VI
unconventional myosin is required for spermatogenesis in Drosophila. Mol. Biol. Cell.
10, 4341–4353. doi:10.1091/mbc.10.12.4341

Horne-Badovinac, S. (2020). The Drosophila micropyle as a system to
study how epithelia build complex extracellular structures. Phil. Trans. R. Soc.
B3752019056120190561 375, 20190561. doi:10.1098/rstb.2019.0561

Huynh, J. R., and St Johnston, D. (2004). The origin of asymmetry: early
polarisation of the Drosophila germline cyst and oocyte. Curr. Biol. 14, R438–R449.
doi:10.1016/j.cub.2004.05.040

Isaji, M., Lenartowska, M., Noguchi, T., Frank, D. J., andMiller, K. G. (2011). Myosin
VI regulates actin structure specialization through conserved cargo-binding domain
sites. PLoS ONE 6, e22755. doi:10.1371/journal.pone.0022755

Jagut, M., Mihaila-Bodart, L., Molla-Herman, A., Alin, M. F., Lepesant, J. A.,
and Huynh, J. R. (2013). A mosaic genetic screen for genes involved in the
early steps of Drosophila oogenesis. G3 (Bethesda) 3, 409–425. doi:10.1534/g3.112.
004747

Kellerman, K. A., and Miller, K. G. (1992). An unconventional myosin heavy chain
gene from Drosophila melanogaster. J. Cell Biol. 119, 823–834. doi:10.1083/jcb.119.
4.823

Kirilly, D., and Xie, T. (2007). The Drosophila ovary: an active stem cell community.
Cell Res. 17, 15–25. doi:10.1038/sj.cr.7310123

Krauss, J., López de Quinto, S., Nüsslein-Volhard, C., and Ephrussi, A. (2009).
Myosin-V regulates oskar mRNA localization in the Drosophila oocyte. Curr. Biol. 19,
1058–1063. doi:10.1016/j.cub.2009.04.062

Lin, H., and Spradling, A. C. (1995). Fusome asymmetry and oocyte determination
in Drosophila. Dev. Genet. 16, 6–12. doi:10.1002/dvg.1020160104

Lu, W., Lakonishok, M., Liu, R., Billington, N., Rich, A., Glotzer, M., et al.
(2020). Competition between kinesin-1 and myosin-V defines Drosophila posterior
determination. Elife 9, e54216. doi:10.7554/eLife.54216

Majumder, P., Aranjuez, G., Amick, J., and McDonald, J. A. (2012). Par-1 controls
myosin-II activity through myosin phosphatase to regulate border cell migration. Curr.
Biol. 22, 363–372. doi:10.1016/j.cub.2012.01.037

Mermall, V., Bonafé, N., Jones, L., Sellers, J. R., Cooley, L., and Mooseker, M.
S. (2005). Drosophila myosin V is required for larval development and spermatid
individualization. Dev. Biol. 286, 238–255. doi:10.1016/j.ydbio.2005.07.028

Mermall, V., McNally, J. G., and Miller, K. G. (1994). Transport of cytoplasmic
particles catalysed by an unconventional myosin in living Drosophila embryos. Nature
369, 560–562. doi:10.1038/369560a0

Mermall, V., andMiller, K. G. (1995).The 95F unconventional myosin is required for
proper organization of theDrosophila syncytial blastoderm. J. Cell Biol. 129, 1575–1588.
doi:10.1083/jcb.129.6.1575

Milas, A., and Telley, I. A. (2022). Polarity events in the Drosophila melanogaster
oocyte. Front. Cell Dev. Biol. 10, 895876. doi:10.3389/fcell.2022.895876

Millo, H., and Bownes, M. (2007). The expression pattern and cellular localisation
of Myosin VI during the Drosophila melanogaster life cycle. Gene Expr. Patterns 7,
501–510. doi:10.1016/j.modgep.2006.10.008

Millo, H., Leaper, K., Lazou, V., and Bownes, M. (2004). Myosin VI plays a role
in cell-cell adhesion during epithelial morphogenesis. Mech. Dev. 121, 1335–1351.
doi:10.1016/j.mod.2004.06.007

Mishra, A. K., Mondo, J. A., Campanale, J. P., andMontell, D. J. (2019). Coordination
of protrusion dynamics within and between collectively migrating border cells by
myosin II.Mol. Biol. Cell 30, 2490–2502. doi:10.1091/mbc.E19-02-0124

Montell, D. J., Rorth, P., and Spradling, A. C. (1992). Slow border cells, a locus
required for a developmentally regulated cell migration during oogenesis, encodes
Drosophila C/EBP. Cell 71, 51–62. doi:10.1016/0092-8674(92)90265-e

Montell, D. J., Yoon, W. H., and Starz-Gaiano, M. (2012). Group choreography:
mechanisms orchestrating the collective movement of border cells. Nat. Rev. Mol. Cell
Biol. 13, 631–645. doi:10.1038/nrm3433

Morrison, J. K., and Miller, K. G. (2008). Genetic characterization of the Drosophila
jaguar322 mutant reveals that complete myosin VI loss of function is not lethal.Genetics
179, 711–716. doi:10.1534/genetics.107.085969

Nashchekin, D., Busby, L., Jakobs, M., Squires, I., and St Johnston, D.
(2021). Symmetry breaking in the female germline cyst. Science 374, 874–879.
doi:10.1126/science.abj3125

Noguchi, T., Lenartowska, M., andMiller, K. G. (2006). Myosin VI stabilizes an actin
network during Drosophila spermatid individualization.Mol. Biol. Cell 17, 2559–2571.
doi:10.1091/mbc.E06-01-0031

Olson, H. M., and Nechiporuk, A. V. (2018). Using zebrafish to study
collective cell migration in development and disease. Front. Cell Dev. Biol. 6, 83.
doi:10.3389/fcell.2018.00083

Patrício, K., Calábria, L., Peixoto, P., Espindola, F., and Cruz-Landim, C. (2010).
Characterization and localization of dynein and myosins V and VI in the ovaries of
queen bees. Cell Biol. Inter. 34, 1041–1047. doi:10.1042/CBI20090370

Peercy, B. E., and Starz-Gaiano, M. (2020). Clustered cell migration: modeling
the model system of Drosophila border cells. Semin. Cell Dev. Biol. 100, 167–176.
doi:10.1016/j.semcdb.2019.11.010

Perkins, L. A., Holderbaum, L., Tao, R., Hu, Y., Sopko, R.,McCall, K., et al. (2015).The
transgenic RNAi project at harvard medical School: Resources and validation. Genetics
201, 843–852. doi:10.1534/genetics.115.180208

Petritsch, C., Tavosanis, G., Turck, C. W., Jan, L. Y., and Jan, Y. N. (2003). The
Drosophila myosin VI Jaguar is required for basal protein targeting and correct

Frontiers in Cell and Developmental Biology 15 frontiersin.org

https://doi.org/10.3389/fcell.2025.1535117
https://www.frontiersin.org/articles/10.3389/fcell.2025.1535117/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2025.1535117/full#supplementary-material
https://doi.org/10.1016/j.cub.2008.09.011
https://doi.org/10.1007/s000180050084
https://doi.org/10.3390/jdb11020021
https://doi.org/10.1042/BST0370966
https://doi.org/10.1002/1873-3468.13486
https://doi.org/10.1242/jcs.112.21.3677
https://doi.org/10.1016/j.cub.2021.11.024
https://doi.org/10.1242/dev.122.5.1499
https://doi.org/10.1038/nrm2720
https://doi.org/10.1038/ncb830
https://doi.org/10.1242/jcs.099242
https://doi.org/10.1091/mbc.10.12.4341
https://doi.org/10.1098/rstb.2019.0561
https://doi.org/10.1016/j.cub.2004.05.040
https://doi.org/10.1371/journal.pone.0022755
https://doi.org/10.1534/g3.112.004747
https://doi.org/10.1534/g3.112.004747
https://doi.org/10.1083/jcb.119.4.823
https://doi.org/10.1083/jcb.119.4.823
https://doi.org/10.1038/sj.cr.7310123
https://doi.org/10.1016/j.cub.2009.04.062
https://doi.org/10.1002/dvg.1020160104
https://doi.org/10.7554/eLife.54216
https://doi.org/10.1016/j.cub.2012.01.037
https://doi.org/10.1016/j.ydbio.2005.07.028
https://doi.org/10.1038/369560a0
https://doi.org/10.1083/jcb.129.6.1575
https://doi.org/10.3389/fcell.2022.895876
https://doi.org/10.1016/j.modgep.2006.10.008
https://doi.org/10.1016/j.mod.2004.06.007
https://doi.org/10.1091/mbc.E19-02-0124
https://doi.org/10.1016/0092-8674(92)90265-e
https://doi.org/10.1038/nrm3433
https://doi.org/10.1534/genetics.107.085969
https://doi.org/10.1126/science.abj3125
https://doi.org/10.1091/mbc.E06-01-0031
https://doi.org/10.3389/fcell.2018.00083
https://doi.org/10.1042/CBI20090370
https://doi.org/10.1016/j.semcdb.2019.11.010
https://doi.org/10.1534/genetics.115.180208
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org


Lenartowski et al. 10.3389/fcell.2025.1535117

spindle orientation in mitotic neuroblasts. Dev. Cell 4, 273–281. doi:10.1016/s1534-
5807(03)00020-0

Scarpa, E., and Mayor, R. (2016). Collective cell migration in development. J. Cell
Biol. 212, 143–155. doi:10.1083/jcb.201508047

Tanaka, T., and Nakamura, A. (2008). The endocytic pathway acts downstream
of Oskar in Drosophila germ plasm assembly. Development 135, 1107–1117.
doi:10.1242/dev.017293

Tumbarello, D. A., Kendrick-Jones, J., and Buss, F. (2013). Myosin VI and its
cargo adaptors - linking endocytosis and autophagy. J. Cell Sci. 126, 2561–2570.
doi:10.1242/jcs.095554

Waghmare, I., and Page-McCaw, A. (2018). Wnt Signaling in stem cell
maintenance and differentiation in the Drosophila germarium. Genes 9, 127.
doi:10.3390/genes9030127

Wang, Y., and Riechmann, V. (2007). The role of the actomyosin cytoskeleton in
coordination of tissue growth during Drosophila oogenesis. Curr. Biol. 17, 1349–1355.
doi:10.1016/j.cub.2007.06.067

Wells, A. L., Lin, A. W., Chen, L. Q., Safer, D., Cain, S. M., Hasson, T., et al.
(1999).Myosin VI is an actin-basedmotor that moves backwards.Nature 401, 505–508.
doi:10.1038/46835

Wheatley, S., Kulkarni, S., and Karess, R. (1995). Drosophila nonmuscle myosin II
is required for rapid cytoplasmic transport during oogenesis and for axial nuclear
migration in early embryos. Development 121, 1937–1946. doi:10.1242/dev.121.6.1937

Yoshida, H., Chen, W., Hung, J., Montell, D., Geisbrecht, E., Rosen, D., et al. (2004).
Lessons from border cell migration in the Drosophila ovary: a role for mysoin VI in
dissemination of human ovarian cancer. Proc. Natl. Acad. Sci. U. S. A. 101, 8144–8149.
doi:10.1073/pnas.0400400101

Zakrzewski, P., Lenartowska, M., and Buss, F. (2021). Diverse functions of myosin VI
in spermiogenesis.Histochem. Cell Biol. 155, 323–340. doi:10.1007/s00418-020-01954-x

Zakrzewski, P., Suwińska, A., Lenartowski, R., Rędowicz, M. J., Buss, F., and
Lenartowska, M. (2020). Myosin VI maintains the actindependent organization of the
tubulobulbar complexes required for endocytosis during mouse spermiogenesis. Biol.
Reprod. 102, 863–875. doi:10.1093/biolre/ioz232

Frontiers in Cell and Developmental Biology 16 frontiersin.org

https://doi.org/10.3389/fcell.2025.1535117
https://doi.org/10.1016/s1534-5807(03)00020-0
https://doi.org/10.1016/s1534-5807(03)00020-0
https://doi.org/10.1083/jcb.201508047
https://doi.org/10.1242/dev.017293
https://doi.org/10.1242/jcs.095554
https://doi.org/10.3390/genes9030127
https://doi.org/10.1016/j.cub.2007.06.067
https://doi.org/10.1038/46835
https://doi.org/10.1242/dev.121.6.1937
https://doi.org/10.1073/pnas.0400400101
https://doi.org/10.1007/s00418-020-01954-x
https://doi.org/10.1093/biolre/ioz232
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org

	Introduction
	Materials and methods
	Fly stocks, husbandry, and crosses
	Egg chambers preparation for stereoscopic and fluorescence microscopy
	Immunolabeling and confocal microscopy
	Stain-free western blot analysis
	Fertility assays

	Results
	Myosin VI is present in ovarian follicles during the early steps of Drosophila oogenesis
	Border cell migration is effective in Drosophila females with silenced expression of myosin VI in the cluster
	Myosin VI deficiency does not affect ovarian morphology and female fertility in Drosophila

	Discussion
	Myosin VI is expressed during the early steps of Drosophila oogenesis
	Myosin VI is not essential in border cell migration and egg chamber development

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References

