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Abstract

Ovulation is critical for sexual reproduction and consists of the process of liberating
fertilizable oocytes from their somatic follicle capsules, also known as follicle rupture. The
mechanical force for oocyte expulsion is largely unknown in many species. Our previous work
demonstrated that Drosophila ovulation, as in mammals, requires the proteolytic degradation of
the posterior follicle wall and follicle rupture to release the mature oocyte from a layer of
somatic follicle cells. Here, we identified actomyosin contraction in somatic follicle cells as the
major mechanical force for follicle rupture. F-actin and non-muscle myosin II (NMII) are highly
enriched in the cortex of follicle cells upon stimulation with octopamine (OA), a monoamine
critical for Drosophila ovulation. Pharmacological disruption of F-actin polymerization
prevented follicle rupture without interfering with the follicle wall breakdown. In addition, we
demonstrated that OA induces Rhol GTPase activation in the follicle cell cortex, which activates
Rho kinase (ROK) to promote actomyosin contraction and follicle rupture. All these results led
us to conclude that octopamine signaling induces actomyosin cortex enrichment and
contractility, which generates the mechanical force for follicle rupture during Drosophila
ovulation. Due to the conserved nature of actomyosin contraction, this work could shed light on

the mechanical force required for follicle rupture in other species including humans.
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Significance Statement

Ovulation is the process of the expulsion of mature oocytes out of the follicle capsule. It
is largely unknown what mechanical force is required for pushing the oocyte out. In this study,
we investigated the force required for Drosophila ovulation and identified that the actomyosin
network generates the major mechanical force for the expulsion of Drosophila oocytes from
mature follicles. The actomyosin network, which is highly conserved and known to produce
mechanical force for many biological processes at both cellular and tissue scales, is greatly
enriched in the cortex of follicular epithelium and is activated by Rhol GTPase to generate
mechanical force during ovulation. Due to its conserved nature, this mechanism may be applied

to ovulation in other species.

Introduction

Ovulation is a complex reproductive process that ends with the rupture of the mature
follicle and the expulsion of the fertilizable oocyte. In mammals, ovulation is induced by a surge
of luteinizing hormone (LH) secreted by the pituitary gland, which mediates a complex signaling
network involving progesterone and prostaglandin signaling in mature follicles and ultimately
activates proteolytic enzymes at the apex of mature follicles for follicle rupture to occur (1-3). In
addition, LH activates endothelin signaling to increase the contractile activity of smooth muscle
cells in the theca layer of the mature follicles, which is also critical for follicle rupture and
potentially provides the mechanical force for the expulsion of the oocyte via increasing
intrafollicular pressure (4—11). Recent work also showed that LH induces cytoskeletal shape

changes and inward migration of granulosa cells, but the role of such changes for follicle rupture
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is still unclear (12—16). Despite these studies, the mechanical force for follicle rupture and
expulsion of oocytes has never been fully elucidated and remains as an underexplored area in the
ovulation field (17, 18).

Recent advancements in Drosophila ovulation make Drosophila as an attractive model
for the study of ovulation mechanisms (19). A Drosophila follicle develops through 14
morphologically distinct stages to become a mature (stage-14) follicle, which consists of an
oocyte wrapped by a thin layer of somatic follicle cells (20), that is ready for ovulation.
Drosophila ovulation is induced by octopamine (OA) signaling, equivalent to adrenergic
signaling in mammals (21), from the nerves innervated with the ovaries (22-25). OA activates
the Octopamine receptor in mushroom body (OAMB) in mature follicle cells, leading to the
activation of matrix metalloproteinase 2 (MMP2) for the breakdown of the follicle wall at the
posterior region, and NADPH oxidase (NOX) in all follicle cells for reactive oxygen species
(ROS) production, ultimately causing follicle rupture (26-28). In addition, OA signaling
regulates ovarian and oviduct muscle contraction, which is also important for the success of
Drosophila ovulation (29-33). However, it is questionable whether the muscle contraction
provides the major mechanical force for follicle rupture, since the entire follicle rupture can be
recapitulated ex vivo using isolated mature follicles without any muscle sheaths (26). During
follicle rupture, the entire layer of follicle cells is compressed towards the anterior dorsal
appendage after the breakdown of the posterior follicle wall by MMP2 (26, 27). Therefore, the
mechanical force for the compression of follicle cells and expulsion of the oocyte during follicle
rupture is obscure.

The actomyosin cytoskeleton is highly conserved among various species and crucial for

generating the mechanical force for biological processes ranging from the subcellular to the
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tissue level, including endocytosis, cytokinesis, cell migration, tissue morphogenesis (34-37).
The structural composition of the actomyosin networks primarily consists of the scaffold of
filamentous actin (F-actin) and the motor protein, myosin II, which binds and slides F-actin
within a cortical network to generate contractility (35, 38). Non-muscle myosin II (NMII) in
epithelial tissues typically forms mini filaments, which is composed of two heavy chains, two
essential light chains, and two regulatory light chains (encoded by spaghetti squash, sqh in
Drosophila; 34, 39). The phosphorylation of the regulatory light chain at highly conserved
residues (Thr18 and Ser19 in mammals, Thr20 and Ser21 in Drosophila) is critical for NMII
activation and regulated by various kinases including Rho kinase [ROK in Drosophila and
ROCK in mammals; (40—43)]. ROK is activated by small GTPase Rhol, which also activates the
formin-family protein Diaphanous (Dia) to promote actin polymerization (44). Therefore, Rhol
plays important roles for the generation of actomyosin contractile force during tissue
morphogenesis (34, 45). In Drosophila, the Rhol-ROK-actomyosin contraction has been
comprehensively studied in wound healing to understand epithelial morphogenesis, and in many
developmental processes such as gastrulation during embryogenesis, specifically mesoderm or
endoderm invagination and germ-band extension (42, 46, 47). In addition, actomyosin
contraction is crucial for several processes in Drosophila oogenesis, such as border cell
migration(48-51), nurse cell dumping (41, 52, 53) and egg elongation (45, 54-56). However, its
role in ovulation has never been elucidated.

In this study we discovered that pharmacological inhibition of actomyosin, but not the
microtubule network, prevented the OA-induced follicle rupture. We also showed that F-actin,
NMII, and active Rhol were highly enriched in the cortex of follicle cells when mature follicles

were stimulated with OA. Further genetic and pharmacological experiments demonstrated that
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OA/OAMB activates Rho1-ROK-actomyosin contraction to generate the mechanical force,
which leads to the compression of the follicle cell layer and the expulsion of the oocyte during
follicle rupture. Therefore, our work shed light on the mechanical force required for follicle
rupture during Drosophila ovulation, and similar mechanisms could be involved in ovulation in

other organisms.

Results
OA-induced oocyte rehydration is not required for follicle rupture

During ovulation, octopamine (OA) signaling triggers the breakdown of posterior follicle
cells and the release of the encapsulated oocyte, while the remaining follicle cells collapse to
form a corpus luteum that potentially produces steroid hormones (27). This entire follicle rupture
process can be recapitulated in vitro by culturing intact mature follicles deprived of muscle
sheath in OA medium (26). At the end of the rupture process, all follicle cells are highly
compacted at the dorsal appendage region (Fig. 1A). To quantify this tissue morphogenesis, we
measured the anterior-posterior axis length of the follicle cell layer before and after rupture and
calculated the ratio of this compression. It showed that the follicle cell layer had a 3.6-fold
compression in the anterior-posterior axis after follicle rupture (Fig. 1B-C). This suggests the
existence of a mechanical force for inducing follicle cell layer compression; yet the nature of this
mechanical force for follicle rupture remains unknown.

Previous works have demonstrated oocyte dehydration in mature follicles and subsequent
rehydration after ovulation for egg activation (57). We also observed that oocytes rehydrate after

the exposure to OA in our ex vivo culture system. Mature follicles without OA exposure showed
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a dehydrated morphology with a dented surface (Fig. 1D and Movie S1). In contrast, within 15
minutes of OA exposure even before follicle rupture, mature follicles showed no obvious dented
surface (Fig. 1E and Movie S2). Therefore, we hypothesized that oocyte rehydration could
potentially create tension against the follicle cell layer, which may lead to the follicle cell layer
retraction anteriorly once the posterior follicle cells are broken after OA stimulation. To test this
hypothesis, we precisely measured the volume of mature follicles before and after OA exposure.
A steady increase in volume was observed in mature follicles after OA exposure, while those
without OA exposure showed less volume increase if any (Fig. 1G-H). In addition, mature
follicles in a hypertonic medium with 400 mM sucrose did not increase in volume even with OA
exposure, indicating that the hypertonic medium prevented follicle rehydration (Fig. 1F-H and
Movie S3). Next, we examined follicle rupture in both control and hypertonic media. To our
surprise, mature follicles in the hypertonic medium ruptured at a similar rate to those in the
control medium after OA treatment (Fig. 11I-K). This indicates that oocyte rehydration is unlikely

to provide the major mechanical force for follicle rupture in Drosophila.

The mechanical force driving follicle rupture is actin-mediated

To elucidate the nature of the mechanical force required for follicle rupture, we
investigated the cytoskeleton system, known to generate force in many biological processes. We
pharmacologically inhibited actin- or microtubule-mediated mechanical force in mature follicles
and examined their impact on OA-induced follicle rupture. Colchicine and nocodazole were
employed to inhibit microtubule elongation, and cytochalasin D and latrunculin A were used to

disrupt actin dynamics. Intriguingly, both colchicine- and nocodazole-treated follicles ruptured
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normally after OA stimulation; however, both cytochalasin D and latrunculin A at 1 pg/ml
severely inhibited OA-induced follicle rupture (Fig. 2A-G and SI Appendix, Fig. S1A-C).
Considering the essential roles of MMP2 and superoxide production in OA-induced
follicle rupture (27, 28), we tested whether cytochalasin D and latrunculin A inhibit OA-induced
MMP?2 activity or superoxide production. Using an in situ zymography assay previously
developed for examining MMP2 activity (26), we found that 85% of mature follicles in the
control medium showed MMP2 activity at the posterior end of mature follicles after OA
stimulation, while cytochalasin D and latrunculin A treatment showed no significant difference
of OA-induced MMP?2 activity (Fig. 2H-L). This result demonstrates that both drugs did not
inhibit OA-induced MMP2 activation. Additionally, we measured the OA-induced superoxide
production in mature follicles treated with control, cytochalasin D, or latrunculin A using a
luminescent assay we developed previously (28). Cytochalasin D-treated follicles did not show
any effect on superoxide production, while latrunculin A-treated ones had a slightly reduced
production about 30 minutes after OA stimulation (Fig. 2M and SI Appendix, Fig. S1D). This
delayed reduction of superoxide production by latrunculin A treatment could be due to the
indirect effect from the disrupted actin dynamics such as Oamb receptor recycling. Nonetheless,
these findings collectively suggest that cytochalasin D and latrunculin A treatment does not
cause acute toxicity or impact OA-induced MMP?2 activation and superoxide production. This
work also leads us to hypothesize that actin-mediated mechanical force may play important roles

in follicle rupture, independent of MMP2 activity and superoxide production.
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OA/OAMB signaling induces actomyosin cortex enrichment in main-body follicle cells
before follicle rupture

The actomyosin contractile force serves various roles in numerous biological processes
(34, 35, 54). To demonstrate whether actomyosin plays a role in follicle rupture, we initially
examined the distribution of filamentous actin (F-actin) and non-muscle myosin II (NMII) in
follicle cells with or without OA stimulation. In the absence of OA, a low level of F-actin was
localized both in the cytoplasm and along the cortex of follicle cells in mature follicles (Fig. 3A).
The incubation period of up to 45 min did not cause any drastic changes in the distribution of F-
actin (Fig. 3A-B, 3D and SI Appendix, Fig. S2A-B). However, when mature follicles were
treated with OA, a notable enrichment of F-actin occurred in the cortex of the main-body follicle
cells, existing along most of the lateral cell membrane (Fig. 3C-D and SI Appendix, Fig. S2C-D).
Detailed mapping of subregions along the lateral membrane was challenging due to the
squamous nature of these follicle cells at stage 14. Subsequently, we tested whether NMII, the
working partner of F-actin, is also enriched at the follicle cell cortex after OA stimulation. Using
a reporter for the regulatory light chain of NMII, sqh::GFP, we observed a significant
enrichment of NMII in the cortex of the main-body follicle cells after OA treatment (Fig. 3E-H
and SI Appendix, Fig. S2F-I), mirroring the F-actin distribution. Notably, the intensity levels of
both F-actin and NMII reached a plateau around 30 minutes after OA treatment (Fig. 3D and
3H).

During the analysis, we noticed weaker intensity of F-actin and NMII in posterior follicle
cells compared to main-body follicle cells after OA stimulation (Fig. 3C and 3G). To

characterize this further, we quantified the intensity of F-actin and NMII in posterior follicle
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cells and compared to those in main-body follicle cells after a 30-minute culture with or without
OA. Without OA treatment, F-actin was lower in the cortex of main-body follicle cells than
posterior follicle cells; in contrast, with OA, F-actin was slightly higher in the cortex of main-
body follicle cells than posterior follicle cells (SI Appendix, Fig. S2E). Moreover, the cortex
NMII was more than two-fold higher in main-body follicle cells than in the posterior follicle
cells after OA stimulation (SI Appendix, Fig. S2J). These findings suggest that OA induces
actomyosin enrichment primarily in the cortex of main-body follicle cells, prompting our
subsequent analyses focusing on main-body follicle cells.

Next, we tested whether the OA-induced actomyosin cortex enrichment is mediated by
OAMB, the receptor required for OA-induced follicle rupture (26). We isolated mature follicles
from oamb mutant female ovaries and measured F-actin and NMII signal after a 30-minute
culture with or without OA stimulation. Compared to the control, oamb mutant follicle cells
showed a significant reduction in cortex enrichment of both F-actin and NMII after OA
stimulation (Fig. 3I-N). Altogether, these results indicate that OA/OAMB signaling induces
actomyosin cortex enrichment in main-body follicle cells before follicle rupture.

This redistribution of actomyosin after OA stimulation supports our hypothesis that
actomyosin contraction provides the mechanical force for follicle rupture. To further confirm
this, we also examined the distribution of F-actin and NMII in follicles treated with cytochalasin
D and latrunculin A, both of which efficiently inhibited follicle rupture. As expected, both
cytochalasin D and latrunculin A disrupted the proper cortex enrichment of actomyosin (SI
Appendix, Fig. S3). These results validate the efficiency of the drugs and simultaneously support

the hypothesis that actomyosin enrichment in follicle cell cortex is required for follicle rupture.
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ROK regulates actomyosin contraction and is required for follicle rupture.

In order to test whether cortex-enriched actomyosin generates contractile force in follicle
cells for follicle rupture, we aimed to disrupt ROK activity, a crucial factor for Sgh
phosphorylation and NMII contractility (41, 58). Using an antibody against monophosphorylated
Sqgh at Ser-21 [Sqh-1P; (59)], we observed significant cortex enrichment of Sqh-1P after OA
stimulation (Fig. 4A-B). In contrast, mature follicles treated with the well-known ROK inhibitor
Y-27632 (60) resulted in the complete elimination of Sqh-1P in mature follicle cells after OA
stimulation (Fig. 4C-D). In addition, Y-27632-treated follicles showed a reduced level of overall
Sqgh cortex enrichment as anticipated (Fig. 4E-H and SI Appendix, Fig. S4A). However, F-actin
remained enriched in the cortex of follicle cells even after Y-27632 treatment (Fig. 4I-L and SI
Appendix, Fig. S4B). We noticed that F-actin accumulates more at tri- and bi-cellular junctions
in Y-27632 treated follicles, consistent with the idea that ROK regulates the stability of actin
through a-catenin at the cell-cell junctions (61). Therefore, Y-27632 treatment yielded a less
uniform cortex enrichment of F-actin, as expected.

To determine whether Y-27632 indeed disrupts the actomyosin contractility in mature
follicle cells after OA stimulation, we performed the laser ablation experiment (62) to observe
the tension of the follicle cells with or without Y-27632 treatment. In control follicles after a 30-
minute OA stimulation, a small laser cut on the cortex of the main-body follicle cells led to a
quick expansion of the lesion site (Fig. 4M-O and Movie S4). In contrast, in Y-27632-treated
follicles after a 30-minutes OA stimulation, laser cut did not result in an expansion of the lesion

site (Fig. 4P-R and Movie S5). We measured the initial recoil velocity of Sqgh::GFP around the

11
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ablation site after the cut, which is proportional to actomyosin tension. The Y-27632-treated
follicle cells exhibited a negative recoil velocity close to 0 um/sec, compared to 0.12 pm/sec in
control follicle cells (SI Appendix, Fig. 4S). This data supports that OA-induced actomyosin
contraction can be inhibited by the ROK inhibitor Y-27632.

Finally, we investigated whether ROK inhibition by Y-27632 is sufficient to block OA-
induced follicle rupture. Consistent with our hypothesis, Y-27632 was sufficient to inhibit OA-
induced follicle rupture in a dose-dependent manner (Fig. 4T-V). We also observed the
breakdown of posterior follicle cells in Y-27632-treated follicles, indicating that Y-27632 does
not inhibit OA-induced MMP?2 activity (Fig. 4U). Lastly, we also attempted to knock down rok
in follicle cells using RNA interference (RNAi). Unfortunately, both RNAI lines failed to
prevent Sqh-1P cortex enrichment (SI Appendix, Fig. SSA-F), indicating an ineffective
knockdown of rok in mature follicle cells. Consistent with this, mature follicles from rok RNAi
females showed normal OA-induced follicle rupture (Fig. S5G). Although rok RNAi females
laid fewer eggs than control females, they showed no statistical difference in terms of ovulation
time (Fig. SSH-I), indicating no ovulation defect in vivo. Nevertheless, our pharmacological data

suggest that ROK is required for OA-induced actomyosin contraction and follicle rupture.

OA/OAMB signaling induces Rhol activation at the follicle cell cortex

The involvement of ROK in follicle rupture prompted us to hypothesize that its upstream
regulator, Rhol GTPase, is also involved in the actomyosin contraction and follicle rupture. To
test this hypothesis, we first examined whether OA induces Rhol activation at the cortex of the

follicle cells, where F-actin and NMII are enriched. For this purpose, we utilized an active Rhol
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sensor, Ani-RBD::GFP, in which Rhol-binding domain (RBD) from Anillin is fused with GFP
(63). The active Rhol (Rho1-GTP) can bind to Ani-RBD::GFP, which is reflected by the GFP
pattern inside the cells. Consistent with our hypothesis, we found that Ani-RBD::GFP was
distributed in the cytoplasm without OA stimulation but quickly redistributed to the cortex of the
main-body follicle cells after OA stimulation, which indicates an increased activation of Rhol at
the cortex of main-body follicle cells induced by OA (Fig. SA-B and SI Appendix, Fig. S6A-H).
Following a 30-minute OA stimulation, 86% of mature follicles exhibited active Rhol at the
follicle cell cortex (Fig. 5C). It is worth to note that posterior follicle cells did not display
prominent Rhol activation at the follicle cell cortex after OA stimulation (Fig. 5B).

Next, to determine whether OA-induced Rhol activation at the follicle cell cortex also
depends on OAMB, we examined the Rhol sensor in oamb mutant mature follicles after a 30-
minute OA stimulation. We measured the intensity of Ani-RBD::GFP (Rho1-GTP) in the main-
body follicle cells after a 30-min culture with or without OA stimulation. The oamb mutant
follicles showed significant reduction in cortex Rhol activity after OA stimulation in comparison
to control follicles (Fig. 5D-H). Consistent with this, oamb mutant follicles also showed
significant reduction in cortex Sqh-1P after OA stimulation (SI Appendix, Fig. S5J-N).
Altogether, these data suggest that OA/OAMB signaling induces Rhol, and subsequent ROK,

activation at the follicle cell cortex before follicle rupture.

Rhol is required and sufficient for follicle rupture/ovulation
To determine the role of active Rhol in mature follicles, we first overexpressed a

dominant-negative (DN) form of Rhol (Rhol”") in mature follicle cells using 47A04-Gal4 driver
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and examined its effect on the cortex enrichment of actomyosin. As anticipated, overexpression
of RhoIP" in mature follicle cells impeded the OA-induced F-actin enrichment (Fig. 6A-D) and
NMII enrichment (Fig. 6E-H). Furthermore, we noticed that Rhol”N-overexpressing follicle cells
shows a floppy and irregular shape, likely due to the disruption of actomyosin contractility and
cytoskeleton (Fig. 6C-D and 6G-H). Next, we investigated whether these follicles could still
respond to OA-induced follicle rupture. Mature follicles with RhoIPY overexpression showed a
significant reduction in rupture rate after OA stimulation (Fig. 61-K). Consistent with this result,
females with RhoIPN overexpression laid significantly fewer eggs, accumulated more mature
follicles in their ovaries after egg laying, and took longer time to ovulate an egg (Fig. 6L-N and
SI Appendix, Table S1), indicating that RhoI”N-overexpressing females have an ovulation
defect. Thus, our data suggest that Rhol is required for OA-induced follicle rupture ex vivo and
ovulation in vivo.

Next, we explored whether Rhol alone is sufficient to induce follicle rupture and
ovulation by overexpressing a constitutively active form of Rhol (Rhol“*) in mature follicle
cells with 47A04-Gal4. Females with Rhol“* overexpression had a severe defect in egg laying,
mature follicle retention, and a dramatic increase in ovulation time (Fig. 6L-N and SI Appendix,
Table S1), indicating an ovulation defect. To determine the cause of ovulation defect, we

examined the ovaries with Rhol“4

overexpression and discovered that the majority of mature
follicles were prematurely ruptured inside the ovaries, while control flies had no mature follicles
ruptured inside the ovaries (Fig. 60-P). This premature follicle rupture could lead to a traffic jam

when ovulating oocytes attempted to enter the lateral oviduct that connects to the base of the

ovary, since there is only enough space for one oocyte to enter the lateral oviduct at a time. On
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the other hand, this premature rupture caused by overactivation of Rho1l suggests that Rhol-
mediated mechanical force is sufficient to induce follicle rupture. In conclusion, our study
demonstrates that OA/OAMB signaling activates Rho1-ROK-actomyosin contraction in the
cortex of main-body follicle cells to provide the major mechanical force for follicle rupture

during Drosophila ovulation (Fig. 7).

Discussion

In this study, we investigated the mechanical force required for follicle rupture, a long-
lasting question in the ovulation field. Using the powerful genetic tools available in Drosophila
with pharmacological tools, we clearly demonstrated that OA, the signal for Drosophila follicle
rupture, induces the cortex accumulation of F-actin and NMII in follicle cells, which contracts
and generates mechanical force for follicle rupture during Drosophila ovulation (Fig. 7). It is
important to note that the contraction mostly occurs at the lateral membrane (potentially in cell-
cell junctions) of main-body follicle cells, which likely generate the tension to potentiate the
follicle cells to transit from squamous to cuboidal appearance in order to reduce the apical area
covering the oocyte (Fig. 7). The activation of MMP2 induced by OA and subsequent breakdown
of posterior follicle cells disrupt the balance of this tension, which drives follicle cell
morphogenesis and compression toward the anterior dorsal appendage. This model predicts that
cell-cell junctions in main-body follicle cells are critical to exert such mechanical force for
follicle rupture and will be subjected to future investigation. Together with our previous findings
about that OA activates MMP?2 in posterior follicle cells for follicle breakdown and NOX in

main-body follicle cells for ROS production, our study here introduces a new perspective on
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333  Drosophila ovulation, emphasizing the mechanical force generated in main-body follicle cells by
334  OA signal.

335 The receptor for mediating OA’s effect is likely OAMB, the only a-adrenergic receptor
336  in Drosophila. Our previous work has demonstrated that OAMB is critical for OA-induced

337  MMP2 activation, ROS production, and thus follicle rupture (26, 28). Therefore, we focused on
338 OAMB in this study. As expected, Oamb mutation significantly reduced OA-induced F-actin,
339 NMII, and Sqh-1P enrichment as well as Rhol cortex activation (Fig. 3I-N, 5D-H, and SI

340  Appendix, Fig. S5J-N). Our work revealed for the first time the connection between OA

341  signaling and Rhol-actomyosin contraction in non-muscle cells. Since OA has been involved in
342  many biological processes, including lipid and carbohydrate metabolism, arousal level, and

343  learning and memory (64—67), OA-induced Rhol activation and actomyosin contraction may
344  potentially be involved in these processes, which awaits future investigation.

345 We did notice that oamb mutation did not completely block the OA-induced F-actin,
346  NMII, and Sqh-1P enrichment, consistent with the previous result that oamb mutation did not
347  completely block the OA-induced superoxide production and follicle rupture (26, 28). Our

348  previous work showed that oamb mRNA is not detectable in oamb mutant follicles (26). The
349  recent work from Rohrbach et al. showed that OAMB is the only adrenergic receptor expressed
350  in mature follicle cells (68). This implies that OA may activate another unknown receptor to
351  induce actomyosin contraction in the absence of oamb.

352 We still do not know how OA/OAMB signaling mediates Rhol activation in the follicle
353  cell cortex. Previous work in Drosophila embryo nicely demonstrated that G protein-coupled

354  receptor Mist activates Ga12/13 protein Cta (Concertina) to induce RhoGEF2 (Rho guanine
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nucleotide exchange factor 2) and subsequent Rhol activation in apical surface of the embryonic
cells with the help of transmembrane protein T48 (69—72). Future investigation will determine
whether T48 is expressed in mature follicle cells and thus facilitates Rhol cortex activation in
follicle cells. Further understanding of which G protein downstream of OAMB or any RhoGEF
is responsible for transducing OAMB signal to Rhol activation is of great interest for future
research. It is also interesting to find out what causes the differential activation of Rhol and
actomyosin cortex enrichment between main-body and posterior follicle cells, since both receive
the OA/OAMB signaling.

In addition to Rhol and NMII, regulation of actin dynamics in late oogenesis is also
poorly understood. Previous studies have shown that F-actin forms basal bundles in follicle cells
from stage 10 to 13, which is critical for the final stage of egg elongation (45, 73). Our findings
showed that F-actin becomes more dispersed in all follicle cells at stage 14. It is unclear what
developmental signal leads to the reorganization of actin cytoskeleton during follicle maturation.
Importantly, upon stimulation by OA, F-actin is re-localized to the cortex, primarily in the lateral
region of main-body follicle cells. In addition to Rhol, there are two other GTPases (Rac and
Cdc42), which are critical for actin polymerization and cell movement. Their role in OA-induced
actin polymerization is still unknown and are subject to future investigation.

Actin cytoskeleton is one of the most fundamental and conserved structural components
that are known to be involved in countless biological processes across species. In epithelial
tissues, it works with non-muscle myosin II to form actomyosin network to controls cell shape,
cell migration, tissue morphogenesis (34, 35, 74). This conserved mechanism suggests that the
finding of this study may be involved in mammalian ovulation. Several lines of evidence support

this prediction. First of all, granulosa cells have a drastic cytoskeleton remodeling and shape
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change after LH surge, the signal for mammalian ovulation (14, 15). This cytoskeleton
remodeling was shown to be dependent on RhoA, homologous to Drosophila Rhol (14). Second,
granulosa cells become highly migratory and exhibit inward migration after LH surge (12, 13,
16). Reducing Fyn, the kinase important for focal adhesion formation and cell migration, in
granulosa cells leads to reduced migratory capacity of granulosa cells and ovulation rate (13).
Third, while the contraction of smooth muscle cells in the theca layer, triggered by granulosa
cell-produced endothelin-2, mediates the constrictions in the basolateral region of the
preovulatory follicles, believed to aid in expelling the oocyte during follicle rupture, the
granulosa-specific deletion of endothelin-2 in mice only partially inhibits ovulation (5). This is
consistent with the previous observation that smooth muscle cells in the theca layer only
accounts for minor fraction of the somatic cells in the preovulatory follicles (9). Therefore,
additional mechanical force, likely from granulosa cells, is required for efficient ovulation.
Future work will be required to decisively determine whether Rho-mediated actomyosin
contraction in granulosa cells plays any role in mammalian ovulation like its counterpart in

Drosophila ovulation.

Materials and Methods

Drosophila genetics and husbandry follow standard procedures. For ectopic expression of
RNAI or transgenes with Gal4/UAS system, the progeny were kept in 29 °C to enhance the
expression. Except 44E10-Gal4, 47A04-Gal4 (gifts from Gerald Rubin), ubi-AniRBD::GFP (gift
from Thomas Lecuit), all the other fly stocks were made in house or acquired from Bloomington

Drosophila Stock Center and Vienna Drosophila Resource Center.
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All the physiological assays including egg laying, ovulation time, ex vivo follicle rupture,
in situ zymography, and superoxide detection follow standard protocols published previously
(26, 75). Immunostaining and microscopy also follow standard procedure (75) except for
phalloidin staining, in which case, a master mix of 4% EM-grade paraformaldehyde, Alexa
Fluor™ 488 Phalloidin at 1:500 dilution, and 0.1 ug/mL DAPI in 1X PBT was used to fix and
stain mature follicles. Laser ablation was carried out using a Zeiss LSM 710. Cortex and
cytoplasm intensity measurement is carried out using FIJI. Quantification of follicle volume uses
in-house MATLAB scripts.

Detailed materials, protocols and statistical analysis are described in SI Appendix,

Supplemental Materials and Methods.
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Figure legends

Figure 1. OA-induced follicle swelling is not required for follicle rupture. (A) Representative
images show a mature follicle before and after follicle rupture. Follicle cells are marked by
44E10-Gal4 driving UAS-RG6 expression (44E10>RG6, shown in red). Yellow arrows indicate
the length of the follicle-cell layer along the anterior-posterior (A-P) axis. (B-C) Quantification
of the length (B) and the compression ratio (C) of the follicle-cell layer along the A-P axis before
and after rupture. (D-F) Time-lapse images show mature follicles in control medium without OA
(D) or with OA (E), or in hypertonic medium with OA (F). Follicle cells are marked with 47A04-
Gal4 driving UAS-RG6 (47A04>RG6) expression in white. Yellow arrows indicate
dented/wrinkled surface on follicles. Scale bars: 100 um. (G-H) Quantification of the change of
mature follicle volume with or without OA treatment in control or hypertonic medium. The
volume is normalized to the beginning time point. The final volume change after a 30-minute

treatment is summarized in (H), and the number of mature follicles analyzed is indicated in
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brackets. Error bars are standard deviation (SD) (I-J) Representative images show mature
follicles after a three-hour treatment with OA in control (I) and hypertonic (J) medium. Follicle
cells are marked by 47A04>RG6 in red, and the bright-field image is pseudo-colored in cyan.
Yellow arrowheads indicate ruptured follicles. (K) Quantification of OA-induced follicle
rupture. The number of mature follicles is in brackets. ***P<0.001, *P<0.05, ns = not

significant.

Figure 2. Pharmacological disruption of actin polymerization prevents OA-induced follicle
rupture without affecting MMP2 activation and superoxide production. (A-F)
Representative images show mature follicles treated with ethanol (A and C), colchicine (20
pg/ml, B), latrunculin A (1 pg/ml, D), DMSO (E), or cytochalasin D (1 pg/ml, F) for 30 minutes
followed by OA stimulation for three hours. Follicle cells are marked by 47A04>RG6 in red, and
bright-field images are pseudo-colored in cyan. Yellow arrowheads marked the ruptured
follicles. (G) Quantification of OA-induced follicle rupture after treatment with a variety of
compounds as in (A-F). The number of mature follicles is in brackets. (H-K) Representative
images show mature follicles with gelatinase activity (indicated by gelatin-fluorescein in green)
without (H) or with OA (I-K) treatment for three hours. Mature follicles were either treated with
DMSO (H-I), cytochalasin D (1 pg/ml, J), or latrunculin A (1 pg/ml, K). Follicle cells are
marked by 47A04>RG6 (red). Follicles with posterior fluorescein signal are clustered toward the
upper panel. (L) Quantification of OA-induced posterior MMP activity after treatment with
chemicals as in H-K. The number of mature follicles is in brackets. (M) Quantification of OA-

induced superoxide production indicated by L-012-emitted relative luminescence unit (RLU).
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Mature follicles were treated with DMSO, cytochalasin D (1 pg/mL) or latrunculin A (1pg/mL)

for 30 min before OA stimulation. Also see Figure S1D. ****P<(0.0001, ns = not significant.

Figure 3. OA/OAMB induces the cortex enrichment of actomyosin in main-body follicle
cells. (A-C) Representative images show F-actin (marked by phalloidin staining in white) in
mature follicles immediately after isolation (A), or cultured for 30 minutes without (B) and with
(C) OA. Yellow arrows demarcate the border between main-body and posterior follicle cells. (D)
Quantification of the ratio of F-actin intensity between the cortex and the cytoplasm of main-
body follicle cells with or without OA treatment. Each OA+ group was compared to its
corresponding OA- group for statistical analysis. (E-G) Representative images show Sqh::GFP
expression (white) in mature follicles immediately after isolation (E), or cultured for 30 minutes
without (F) or with (G) OA. Yellow arrows demarcate the border between main-body and
posterior follicle cells. (H) Quantification of the ratio of Sqh::GFP intensity between the cortex
and the cytoplasm of main-body follicle cells with or without OA treatment. Each OA+ group
was compared to its corresponding OA- group for statistical analysis. (I-K) Representative
images show F-actin (white in I-J) in mature follicles treated with OA for 30 minutes. Mature
follicles are from control (I) or Oamb mutant (J) females. Quantification of the ratio of F-actin
intensity between the cortex and the cytoplasm in main-body follicle cells is shown in K. (L.-N)
Representative images show Sqgh::GFP expression (white in L-M) in mature follicles isolated
from control (L) and Oamb mutant (M) females and treated with OA for 30 minutes.
Quantification of the ratio of Sqh::GFP intensity between the cortex and the cytoplasm of main-
body follicle cells is shown in N. Data are mean + s.e.m. (D, H, K, N). ****P<(0.0001, ns = not

significant.
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Figure 4. Rok regulates actomyosin contraction and is required for follicle rupture. (A-L)
Representative images show Sgh-1P antibody staining (white in A-D), Sqh::GFP (white in E-H),
and F-actin (phalloidin staining, white in I-L) in mature follicles after a 30-minute culture
without (A, C, E, G, I, and K) or with (B, D, F, H, J, and L) OA stimulation. Mature follicles
were pretreated with either control (A-B, E-F, I-J) or 100 uM Y-27632 (C-D, G-H, K-L). Also
see Figure S4. (M-R”) Time-lapse images show Sgh::GFP (white in M-R) and cell membrane
(white in M’-R’) dynamics before and after laser ablation. The laser ablation sites are indicated
by green arrowheads, and the adjacent tri-cellular junctions are marked with yellow asterisks.
Mature follicles were pretreated with control (M-O) or 100 uM Y-27632 (P-R) for 15 minutes
followed by OA stimulation for 30 minutes before laser ablation. (S) Quantification of initial
recoil velocity of the adjacent tricellular junctions within 12 seconds after laser ablation in
control and Y-27632-treated follicles. (T-U) Representative images show mature follicles treated
with control (T) or Y-27632 (100 uM, U) for 30 minutes followed by OA stimulation for three
hours. Follicle cells are marked by 47A04>RG6 in red, and bright-field images are pseudo-
colored in cyan. Yellow arrowheads mark the ruptured follicles, and the dotted circles indicate
the breakdown of posterior follicle wall. (V) Dose-dependent inhibition of OA-induced follicle

rupture by Y-27632. The number of mature follicles is in brackets. ***P<0.001.

Figure 5. OA/OAMB induces Rhol activation at the follicle cell cortex. (A-B)
Representative images show Ani-RBD::GFP (white in A-B) in mature follicles after a 30-minute
culture without (A) or with (B) OA. Yellow arrowheads demarcate the border between main-

body and posterior follicle cells. (C) Quantification of mature follicles with cortex-enriched Ani-
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RBD::GFP (as in B) with or without OA stimulation. We quantified the number of follicles
exhibiting the clear cortex enrichment pattern in over 50% of all follicle cells, instead of
assessing the GFP intensity. The number of follicles counted is shown in brackets above each
bar. Each OA+ group was compared to its corresponding OA- group for statistical analysis. (D-
G) Representative images show Ani-RBD::GFP expression (white in D-G) in mature follicles
from control (D-E) and Oamb mutant (F-G) females and treated without (D, F) or with (E, G)
OA for 30 minutes. (H) Quantification of the ratio of Ani-RBD::GFP intensity between the
cortex and the cytoplasm of main-body follicle cells with or without OA treatment. Each OA+
group was compared to its corresponding OA- group for statistical analysis. Data are mean +

s.e.m. (H). ****P<0.0001, ***P<0.001, **P<0.01.

Figure 6. Rhol is required and sufficient for follicle rupture/ovulation. (A-H) Representative
images show F-actin (white in A-D) and Sqh::GFP (white in E-H) in mature follicles cultured for
30 minutes without (A, C, E, G) or with (B, D, F, H) OA. Mature follicles were isolated from
control females (A-B, E-F) or females with 47A04-Gal4 driving UAS-RhoIP" expression (C-D,
G-H). (I-K) Representative images show mature follicles from control (I) or Rho1DN females
and cultured for three hours with OA. Follicle cells are marked by 47A04>RFP in red, and the
bright-field image is pseudo-colored in cyan. Yellow arrowheads indicate ruptured follicles.
Quantification of ruptured follicles is shown in (K). The number of mature follicles is in
brackets. (L.-N) Quantification of egg laying capacity (L), mature follicles remained in the ovary
after egg laying (M), and the egg laying time (N) in females of control or overexpression of

RhoIP or Rhol“ driven by 47A04-Gal4. Also see table S1. (O-P) Representative images show
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ovarioles from control (O) and Rhol““-overexpressing (P) females. White asterisks indicate pre-
ruptured follicles inside the ovary. Mature follicle cells are marked by 47A04>RFP in red, green
autofluorescence from eggshell is in green, and DAPI is used to mark cell nuclei in blue.

*#%P<0.001.

Figure 7. Schematics of a novel OA-induced contraction pathway in Drosophila follicle
rupture. Before a mature follicle is exposed to OA, it is dehydrated and actomyosin is located
sporadically in follicle cells whose shapes are squamous. Once it is stimulated with OA (rupture
has not yet been initiated), the follicle is rehydrated; Rhol activity, F-actin and NMII are
enriched around the cortex along the lateral membrane in order to prepare contraction leading to
the follicle rupture. Then, with the breakdown of posterior tip of the mature follicle by MMP2
(Deady et al., 2015), we expect to see that mechanical force that is generated by Rhol-
actomyosin contraction will cause the shape of the follicle cells to be more cuboidal and
ultimately compress the whole follicle cell layer at the dorsal appendage site. This phenomenon
will display the completion of follicle rupture. The signaling mechanism explains that when OA
(pink) binds to OAMB (purple), active Rhol (yellow) is enriched in the cortex, as well as NMII

(blue) and F-actin (orange), which will lead to the follicle rupture. (CE = cortex enrichment)

30



E g0, @ @) Cs (@

3 Y

— d ®e = E A

a 600 . 5 ‘

< g 4

g ®

= 7] aha

3 400 4 g_ 4 :‘ A :

4':- E . : "

s - 3 ;

@ o ahaa

5 2004 i"' 2

=

L2

LE 0 L T 0'_|_
Before After Ruptured follicle

o
m

Control OA-

* Control OA-
= Control OA+
e Hypertonic OA+

Hypertonic OA+ =

ns Time (sec)
* . meu ;
—_ 3] 27 24 —_
z (6) @n (24) T 80 (%0)
100 <
o [} (90)
2 3
o = 60
G . =]
E 50 e
E L} g 40
1=
3 o E
L o] o %
y x 20
L]
-50 - -
OA - + Control Hypertonic
Sucrose - +



-
Colc }Opg/mL

e

!

Cyfo’D 1pg/mL

Ruptured follicles (%

Control Colc Control CytoD Control LatA
Gelatin-fluor

—
o
o

Follicles with posterior fluor. (%)

r

(]
o

B »
o o

N
o

o

DMSO OA-

DMSO
OA-

DMSO OA+

DMSO CytoD

OA+

OA+

OA-induced ROS (RLU)

Cyto D OA+

K

Lat A OA+

30 40 50 60

Time (min)




¥ ‘q
b Ll Al
Bt 2 N\N\IK

30 min

OA-

OA-

0 min

e

Oamb™

upoe-4 d49::ubg

Oahdb*/'

d



Sqh-1P

Sqh::GFP

F-actin

Control OA- | Y-27632 OA-

Control OA-

% D

Control-0OA+ | Y-27632 OA+

Control OA+

Y Dk o

Y-27632 OA+

Y- V.l‘ '..- oy g <
o ! N I-«

Control OA+

Y-27632 OA+

P Q.

1

Membrane dye th :GFP

Control

7632 100uM

Y-

N

0.0
4 T Iy < =
o [ @ {RE A
- : 1
- § = A pu e
¥
Y Yy y

Y-27632 OA-




’\?100_ (105) (105) (91) (100) (115) (102) (76)
°Tn’ *kk
2 - OA-
o © 804
LL 3 8 oA+
O) =
a6 S 60
= :
41] S 40
(2’4 c
0 @
c 3 20
< 5
o
0-

OA-

0 15 30 45 15 30 45

Time (min)

sokkok
—_—
H ns
4.0- Kokokok I ns
177 ! 1.12
& 0 3.51 fol fold
O 5 3.0
a6 o |
o 5 2.5
m < 2.0
o
o 2 15
= 1.0
<
0.51
0.0
- + - o+

Oamb™ Oamb™



F-actin

Control

A

Contro/

) { :
; Q. S b o €
"/ A/-,v n-
LA s L
L/ OA- |2 oA OA-
< G B R
D S|1F it (H .
e Sy
D% \ ).f:: )':)\4‘,\..‘;&:_ 1:‘
7 ‘»:,}5‘_,:?;*~ '
ors o2 il .
" 5
o~ OA+ § OA+ OA+
S0 4 O S0 0 0 0
>~ 60 50
40 40
0 U U
U )
O Q S Z
4 7A04 O " S
O
4 43 0 O
00 300 : q . Q Q)
20 o Auto-fluorescence
V 00(
60 00 0
= 400 4 * * %
40 5 300 / %* * 4
I - = 00 pe % 3 3
00 w4 &
0 0 o~ ‘ :
Q Q QO Q
S S5 O - / Control Rho1¢
O O
() Q Q



No contraction
No rupture

Prepare to contract
No rupture

: OA
il : OAMB

: Rho1-GTP
- F-actin
sa s NMII

Contraction
Follicle rupture

JOAMB —»

_yRok— NMII CE <,
B CE —~

Follicle Rupture




	Manuscript File
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7

