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ABSTRACT

Extensive plasma membrane remodelling is a hallmark of epithelial cells during their division.
The syncytial stage of early Drosophila embryogenesis is an excellent model for studying
mechanisms involved in epithelial-like plasma membrane remodelling. The apical microvilli
present in the pseudo- epithelial cells in interphase get reduced in the metaphase stage of each
cortical nuclear division cycle. This is also concurrent with the extension of the lateral plasma
membrane in between adjacent nuclei. Effective remodelling requires the interaction of
adhesion, polarity, cytoskeletal remodelling and membrane trafficking proteins. BAR domain
containing proteins link cytoskeletal and plasma membrane dynamics. We find that polarity
protein Bazooka and cytoskeletal regulator septin, Peanut are essential for the establishment of
hexagon dominance in the polygonal array of cells at metaphase of nuclear cycle 12. Bazooka
and Peanut are present on the lateral membrane at the edges and vertices, respectively and
regulate efficient endocytosis of the DE-cadherin. I-BAR domain containing protein Missing-
in-metastasis in the syncytial embryos of Drosophila melanogaster (DMIM) have a role in
microvilli remodelling from interphase to metaphase. Microvilli remain long and abundant in
both interphase and metaphase of the syncytial division cycle 12 in DMIM depleted embryos.
DMIM is present on the apical membrane from interphase to prometaphase during the time
period of villi remodelling. There is a loss of furrow extension and the epithelial-like polygonal
array is unstable here as well. DMIM allows for the proper recruitment of actin-regulatory
proteins and membrane trafficking at the cortex to promote the remodelling of villi and the
formation of furrows in the syncytial division cycle. We found that the Rac-GTP pathway
regulates the recruitment of DMIM for villi remodelling and a decrease in activated Rac leads
to aberrant association of MIM during villi remodelling. Our studies find an essential role for
DMIM recruitment at a precise time to affect villi remodelling during embryogenesis in early

Drosophila embryogenesis.

Xii




SYNOPSIS

Name of the student: Debasmita Mitra
Registration number: 20172009

Name of the thesis supervisor: Prof. Richa Rikhy
Date of registration: 1st August 2019

Place: Indian Institute of Scientific Education and Research (IISER), Pune.
Title: Role of Polarity and BAR domain proteins in plasma membrane re-modelling in

syncytial Drosophila embryos

Introduction

I have reviewed the literature on the cell shape remodelling events that take place during
the metazoan development. In different instances of epithelial cell shape remodelling like cell
migration, cell intercalation, apical constriction and other gastrulation events, remodelling of
the actomyosin network and adhesion junction molecules, is essential to drive the shape
changes (Niewiadomska, Godt, and Tepass 1999; Leptin 1999; Wacker et al. 2000; Medina et
al. 2004; Unterseher et al. 2004; (McDonald et al. 2008; Nandadasa et al. 2009; Martin,
Kaschube, and Wieschaus 2009). Cellular trafficking forms one of the central mechanisms that
regulates the cell remodelling events, like remodelling of the actomyosin dependent cellular
protrusions and adherens junction molecules at the cell-cell contacts, across different
organisms ( Hopkins et al. 1994; Ullrich et al. 1996; Satoh et al. 1997; Echard et al. 1998;
Kamiguchi et al. 1998; Hill, Clarke, and Barr 2000; Sisson et al. 2000; Kamiguchi and Lemmon
2000; Kamiguchi and Yoshihara 2001; Lecuit and Pilot 2003; Pelissier, Chauvin, and Lecuit
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2010; Neto et al., 2011; Schiel and Prekeris, 2013; D. M. Lee and Harris 2013; Liu et al. 2015;
Su et al. 2013; Yan et al. 2013; Mayor, Parton, and Donaldson 2014; Holly et al 2015; Mavor
et al. 2016; Hemalatha and Mayor 2019; Marsal et al. 2021). The Polarity proteins and
Bin/amphiphysin/Rvs (BAR) domain containing protein, have been shown to act as the master
regulators of the polarized trafficking and activation of actomyosin network at the plasma
membrane ( Lawrence and Shelton 1975; Gubb and Garcia-Bellido 1982; Winter et al. 2001;
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Nishimura, Honda, and Takeichi 2012; Lim and Thiery 2012; Moreno-Bueno, Portillo, and
Cano 2008; Edeling et al. 2009; Y.-C. Wang et al. 2012; Roper 2012; Kovacevic et al. 2012;
Suetal. 2013; Yan et al. 2013; Saarikangas et al. 2015; Flores-Benitez and Knust 2015; Zobel
etal. 2015; Sherlekar and Rikhy 2016; Rodrigues, Shao, and Harris 2016; Weng and Wieschaus
2017; Sidor et al. 2020; Sherlekar et al. 2020; Sharma and Rikhy 2021). Drosophila syncytium
progresses through dynamic cell shape remodelling events. It also coincides with polarity
establishment and there have been a lot of studies that have shown that a host of actin
remodelling proteins are important for the development of syncytial nuclear cycles (Foe and
Alberts 1983; Miller et al. 1985; Stevenson et al. 2002; Schmidt and Grosshans 2018; Zhang
et al. 2018; Jiang and Harris 2019; Dey and Rikhy 2020; Xie, Budhathoki, and Blankenship
2021; Henry et al. 2022; Miao et al. 2023 ). BAR domains containing proteins have a role in
regulation of the early embryonic cell shape changes in Drosophila syncytial embryos through
regulation of actin cytoskeleton remodelling and regulation of the cellular trafficking (Guerrier
et al. 2009; Leibfried et al. 2008; Fricke et al. 2009; Edeling et al. 2009; Kovacevic et al. 2012;
Su et al. 2013; Yan et al. 2013; Zobel et al. 2015; Saarikangas et al. 2015; Sherlekar and Rikhy
2016; Rodrigues, Shao, and Harris 2016; Sherlekar et al. 2020; Sharma and Rikhy 2021).
Therefore, we hypothesized that the polarity proteins and BAR domain containing proteins
could be the master regulators of the cell shape remodelling events like apical microvilli
remodelling and establishment of hexagonal dominance in the polygonal array, that help in the

progression of the syncytial nuclear cycles during early Drosophila embryogenesis.

Results

We characterized the role of Baz, Pnut, and DE-cadherin proteins in the regulation of
the polygon array distribution and cell shape index in the syncytial Drosophila embryo. This
analysis revealed that the polygon distribution develops 2 kinds of defects due to differential
perturbation of the molecules: (1) DE-cadherin depletion in embryos perturbs the establishment
of hexagon dominance, and also leads to an increased cell shape index; (2) Bazooka and Peanut
depletion leads to a delayed establishment of hexagon dominance and an increased cell shape
index as well. This was a result of perturbed cellular trafficking, like endocytosis of DE-

cadherin, mediated through polarity proteins.
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The microvilli in the apical region of the pseudo-epithelial cell of syncytial Drosophila
blastoderm development are more prominent and remodel from interphase to metaphase. We
observed that at interphase the majority of microvilli protrude from the periphery of the cells,
which reduce in length and number from interphase to metaphase. This quantification was
possible from both confocal and STED images by using 100x objective. However, the FWHM
analysis showed that the structures were resolved significantly better in the STED system.
Using this protocol to image the microvilli, allowed us to resolve the structures which were
approximately 100-110 nm in width. We also observed that, the depletion of polarity as well
as BAR domain containing proteins showed a lack of microvilli remodelling in the nuclear
cycle 12 of the syncytial embryos.

DMIM, an I-BAR domain containing protein, regulates the structure, number and
remodelling of the microvilli-like membrane protrusions in the apical region of the cells, in the
syncytial Drosophila embryos. DMIM depleted embryos showed a significant increase in the
length and number of the microvilli present apically at interphase of nuclear cycle 12 and a
subsequent failure in remodelling of the same, from interphase to metaphase. This is associated
with the loss of Arp2/3 complex activation and enrichment on the plasma membrane along
with a possible dominance of the bundled actin network, observed through increased
Diaphanous enrichment on the apical plasma membrane. Here, in case of DMIM dependent
endocytosis, we also observe less punctae of FM1-43fx dye at the metaphase stage of syncytial
embryos as compared to the interphase stage. Loss of Arp2/3 mediated branched-actin network
also showed lowered endocytosis and a similar lack of microvilli remodelling with increased
number and length of microvilli at interphase. Expression of dominant-negative Racl, led to
mislocalization of DMIM on the plasma membrane. All of this data together signifies that there
is a DMIM dependent branched actin mediated regulation of endocytosis at the plasma
membrane in the syncytial cycles that regulates the cell shape change.

Finally, we summarise that cellular trafficking is one of the most important mechanisms
responsible for plasma membrane remodelling in Drosophila syncytial blastoderm embryo,
namely the remodelling of the apical microvilli and polygonal cell shape dominant with
hexagons. The endocytosis and recycling of DE-cadherin is especially crucial for the efficient
cell shape regulation. In absence of this the furrow is destabilized and short and also there is a
lack of apical plasma membrane remodelling., as observed in Bazooka, Peanut and DMIM
depleted embryos. Efficient distribution of DE-cadherin appears to be important for the
distribution of both Bazooka and Peanut to the furrow. Loss of Bazooka and Peanut leads to

perturbed trafficking of DE-cadherin and formation of unstable furrow formation in the
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Drosophila syncytial blastoderm embryo. DMIM regulates the activation and enrichment of
the activated Arp2/3 complex at the plasma through interaction with Racl, to promote branched
actin network. In absence of DMIM and the Arp2/3 network, an excess of microvillar
protrusions is observed at the apical plasma membrane which do not reduce and remodel from
interphase to metaphase, as compared to wildtype embryos. The remodelling of the microvilli
in DMIM depleted embryos is due to the lack of branched actin mediated endocytosis.
Consistent with the previous findings in Bazooka and Peanut depleted embryos, here also we
observed lack of hexagon dominant polygonal array formation at metaphase 12 and 13 of
syncytial cycles. Thus, an interplay of different molecular regulators, regulate the plasma

membrane remodelling through a spatiotemporal regulation of cellular trafficking.
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Chapter 1: Introduction

1.1. Role of epithelial cell shape re-modelling during metazoan development

Metazoans during their development, can undergo a host of tissue morphogenesis
events that drive the overall development of the embryos. Cells being the functional unit of any
tissue, are building blocks of the organism as well. Therefore, we need to understand the cell
biological processes associated with the epithelial cell shape remodelling events, and how they,
singularly or in combination, facilitate the tissue morphogenesis (Paluch and Heisenberg
2009). These cell biological processes could be events like cell protrusion formation with the
aid of acto-myosin network, junctional remodelling due to cadherin recycling and plasma
membrane recycling and growth. We would further discuss some of the morphogenetic events
where epithelial cell shape remodelling along with the associated cell biological processes are
the major driving forces.

Regulation of plasma membrane protrusions are one of the most abundantly occurring
processes that leads to changes in epithelial cell shape. Cell migration is one such major
morphogenetic event that several tissues undergo across different species during development.
Single cell migration events are undergone by primordial germ cells in zebrafish, which occur
through bleb-like protrusions (Blaser et al. 2006), whereas leukocytes in mice form thick
pseudopodia-like protrusions, at their leading edge. These structures are usually actin-rich.
Although significant force generated by myosin mediated contractility at the leading edge also
helps the bulging out of the protrusions (Ridley et al. 2003; Charras and Paluch 2008); (Fig.
1.1.). At the trailing end of the migrating cells, myosin is also responsible for generating
contractile force essential to squeeze the cytoplasm and the nucleus forward (Blaser et al.
2006)(Fig. 1.1.). However, these forces generated by the actomyosin network are only able to
carry forward the cell migration because of the cell substrate adhesion which provides the
traction sites (Lauffenburger and Horwitz 1996).

Similar kind of protrusions are observed during collective cell migration events, like in
the cells leading the cluster during collective cell migration in the germ layer progenitors in
vertebrates, in the lateral line primordial cells in zebrafish and border cells in Drosophila
(Montell 2008; Friedl and Gilmour 2009) (Fig. 1.2.). The cluster of cells adhere to each other
through E-cadherin in Drosophila border cell migration and perturbation to these junctions

inhibit the cluster formation, protrusions at the leading edge and thereby hinder the migration
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Fig. 1.1: Schematic showing the localisation of the polarised cytoskeletal networks and
adhesion junctions during mesenchymal cell migration that leads to cell shape change.

(Seetharaman and Etienne-Manneville 2020)

( Niewiadomska, Godt, and Tepass 1999; McDonald et al. 2008) . In the mesoderm progenitors
of Xenopus and zebrafish undergoing collective cell migration, perturbed cadherin causes
polarization, migration, intercalation and separation defects in the migrating cluster of cells
(Wacker et al. 2000; Medina et al. 2004; Unterseher et al. 2004; Nandadasa et al. 2009) (Fig.
1.2.). Remodelling of protrusions like filopodia are also observed in the non-migrating cells of
metazoan embryos during their early developmental stages, for instance in mouse embryos, the
protrusions which appear on the apical region of each of the blastomeres as well as from the
junctions between the cells, are enriched with E-Cadherin which helps the cells remain attached

to the neighbouring cells through trans interactions. Their remodelling occurs in association
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with a process called compaction, where the loosely arranged, rounded cells of the 8-celled
embryo become flattened against each other as the cell-cell contact area increases. This gives
rise to a more spherical embryo and establishment of a first epithelium like tissue and any form
of perturbation to these filopodial structures affects compaction giving rise to non-viable

embryos and failed implantation.
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Fig. 1.2: Models representing in vivo models of collective cell migration. (A, a.) Schematics
of Drosophila border cell migration. (Bib.) Schematics showing collective migration of the
posterior lateral line primordia (pLLP) in Zebrafish. C, c. Schematics representing neural

crest collective migration in Xenopus. (Barriga and Mayor 2019).

Apart from protrusion mediated deformations of plasma membranes in migrating cells,
changes in the overall area and volume of the epithelial cells also contribute to tissue
morphogenesis in stationary cells. Force generated by the cytoskeletal network drives
remodelling of the epithelial cells to regulate Ventral furrow formation during Drosophila

gastrulation (Fig. 1.3.). Apical constriction occurs in the mesodermal progenitor cells located
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at the ventral-most side of the embryos extending all along the anterior-posterior axis of the
embryo. These cells constrict in their area apically which is majorly driven by the force
generated due to the pulsed contractions of the acto-myosin network, which leads to the
formation of wedge-shaped cells and finally leading to excision of the group of cells to form
the mesoderm (Leptin 1999; Martin, Kaschube, and Wieschaus 2009) (Fig. 1.3.).
Morphogenetic events, like convergent extension, which takes place during gastrulation, leads
to narrowing of the embryos along their mediolateral axis and elongation along their apico-
basal length. This requires the boundaries of the cells to remodel or reshape to initiate cell
rearrangements (Fig. 1.3.). For such remodelling events, cortical actin networks are formed by
the activity of myosin I1, which consists of foci connected by actin cables. Perturbations to the
myosin-11 not only affects the contractions but also the cell adhesion (Fig. 1.3.). These cables
are polarised along the mediolateral axis and the contractions are also generated along the same
direction (Keller 2002; Skoglund et al. 2008; Rolo, Skoglund, and Keller 2009). The

importance of junctional remodelling is quite a common
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Fig 1.3: Schematics showing the cell rearrangements and cell shape changes regulated by
the actomyosin network and adhesion junction remodelling that shape epithelial tissues. (a)
The actomyosin and adhesion junctions are organised to regulate the tissue homeostasis in
early Drosophila embryos. (b) Tissue elongation through cell-rearrangements/ intercalation
events require junctional remodelling through the activity of myosin-Il. (c) The bending of

tissues during ventral furrow formation requires cell shape change in the form of apical
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constriction of cells through the remodelling of the cortical actomyosin network (Herrera-
Perez and Kasza 2018)

phenomenon observed as the metazoan embryos develop with adhesion having a great role to
play in it. During a certain stage of development, across embryos of different species, the cells
in the mitotic phase adapt a polygonal cell shape. The cells in the proliferating tissue adapt a
network of polygonal cells where hexagonal cells form the majority. The class of polygons in
majority also changes from interphase to metaphase (Gibson et al., 2008). During the most part
of wing development in early pupal stages of Drosophila, the cells are mostly not arranged as
a low energy 6-sided packing array. They later get organised into a more regular hexagonal
array. This will later ensure an even distribution of the hairs across the wing surface. The
attainment of the polygonal cell shape is not stable throughout the developmental timeline of
an organism.

Hence, we discussed a host of mechanisms that could possibly lead to the regulation of
epithelial cell shape remodelling. However, what could be one the most crucial mechanisms
for regulating cell shape changes during the tissue morphogenesis in early development of
organisms that is during the embryogenesis? As also mentioned previously, the regulation of
morphogenesis through modulating the cytoskeleton and adhesion molecules is crucial during
embryogenesis and has also been extensively studied. However, the more recent studies have
deciphered the role of plasma membrane remodelling in regulating cellular and tissue
morphogenesis. The mechanism of plasma membrane remodelling during morphogenesis is
dynamic as the pools of vesicles can be trafficked faster to and from the membrane without
much changes in the global organisation of the cell. The role of plasma membrane remodelling
in tissue morphogenesis involves cytoskeletal remodelling as well as leads to redistribution of
adhesion. Hence more studies dedicated to deciphering this mechanism could in turn elucidate
the hierarchy of membrane trafficking with respect to cytoskeleton and adhesion remodelling,

across tissue, during development.

1.2. Regulation of cellular trafficking as a mechanism to regulate epithelial cell shape

re-modelling during metazoan development

As discussed above, the role of cytoskeletal and adhesion proteins in driving cell shape

remodelling events has been extensively studied. However there has been recently quite a few
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studies elucidating the role of membrane growth and remodelling in cell morphogenesis during
development. A key mechanism for cell shape change could be through change in the cell
surface area through addition of plasma membrane (Fig. 1.4.A). This addition could be possible
through two processes : one is through the secretory pathway where the plasma membrane is
exported as large pools of vesicles from the endoplasmic reticulum through the Golgi to the
plasma membrane (Lecuit and Pilot 2003)(Fig. 1.4.A). During Drosophila cellularization,
membrane invagination is perturbed if the peripheral Golgi protein Lava lamp (Lva), which
was also a microtubule/microfilament associated protein, was inhibited. Perturbation of
vesicular traffic through the Golgi apparatus perturbed furrow progression while transport

across ER-Golgi inhibited rhabdomere formation
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Fig.1.4.: Schematics showing different mechanisms for plasma membrane growth through
trafficking. (A) Schematics showing the transport routes of secretory vesicles essential for
transport and membrane addition B) Schematics showing the polarised trafficking of the
plasma membrane vesicles for localised membrane recycling (Ravichandran, Goud, and
Manneville 2020; Serra and Sundaram 2021)

in Drosophila photoreceptor cells ( Satoh et al. 1997; Echard et al. 1998; Sisson et al. 2000;
Hill, Clarke, and Barr 2000;). The other way of plasma membrane remodelling is through the
polarised trafficking and recycling of the plasma membrane, which is a more rapid and efficient
way of remobilizing the plasma membrane pools across the different regions of the cell. This
mechanism is carried out through by balancing between the endocytic machinery, which
receives the components from the plasma membrane to maintain a temporary reserve of
membrane vesicles and the exocytic machinery which delivers the vesicles to specific regions
of the cell in a polarised manner (Lecuit and Pilot 2003) (Fig. 1.4.B). Cellular trafficking is one
of the major cellular events that remodel the plasma membrane by transporting a pool of
vesicles from one region of the cell to another, and they also carry molecular regulators across
the cell viz. polarity regulators, membrane lipids, adhesion proteins and other cytoskeletal
regulators. In the migrating chick embryo fibroblasts and nerve growth cones, internalisation
of transmembrane proteins through endosome and subsequent recycling of the same to the
plasma membrane of the leading lamella and growth cone is essential (Hopkins et al. 1994;
Kamiguchi et al. 1998; Kamiguchi and Lemmon 2000; Kamiguchi and Yoshihara 2001). In the
Caenorhabditis elegans embryo, for the efficient completion of cytokinesis during early
cleavages trafficking of recycling endosomes is essential (Ullrich et al. 1996). In the mitotic
cells of the syncytial Drosophila embryos, the increase in length if the cleavage furrows are
mainly carried out by the cumulative efforts of both the membrane trafficking machinery and
the cytoskeletal elements of the cell acting simultaneously (Neto et al., 2011; Schiel and
Prekeris, 2013, Holly et al 2015). We would be further discussing the various molecular factors
that could regulate polarised intracellular trafficking in a spatiotemporal manner.

Intracellular membrane trafficking encompasses various processes that leads to the
transport of cargo in membrane bound vesicles across the cell. The cargo is taken up from the
surface of the cell and transferred into the cell, bound in membrane vesicles, through
endocytosis (Fig. 1.5.). Some of the vesicles are then transcytosed or recycled from endosomes

back to being exocytosed, while the rest of the vesicles are either sent to lysosome for through
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late endosome for degradation or they are trafficked back to the Golgi and Endoplasmic
reticulum through retrograde transport (Huotari and Helenius 2011; Scott, Vacca, and
Gruenberg 2014) (Fig. 1.5.). The vesicles at different stages of the trafficking events vary
depending on the coat proteins on their surface, the kind of cargo they carry and the route they
traverse. The uptake of the vesicles from the plasma membrane through endocytosis is
interestingly driven by different mechanisms (Fig. 1.5.). First of all, the coat proteins like
Clathrin are concentrated on the endocytic vesicles as they facilitate the uptake of the cargoes.
There are other clathrin-independent pathways facilitating the endocytic processes like the
CLIC/GEEC pathway, RhoA-dependent pathway, Arf6-dependent pathway and Flotillin-
dependent pathway ( Mayor, Parton, and Donaldson 2014; Hemalatha and Mayor 2019)(Fig.
1.5.). In some cases, the excision of the endocytic vesicles from the plasma membrane is also
facilitated by dynamin which binds to the neck of the vesicles and fuses the two lipid bilayers
in a GTP-dependent manner (Fig. 1.5.). The other special group of proteins that further aid the
bending of the membrane at the vesicles and either promote or inhibit their scission, which are
the BAR domain containing proteins ( Bonifacino and Glick 2004; Anitei and Hoflack 2011).
Once the vesicles are pinched off from the membrane they traverse across the cells with the
help of microtubules and motors like kinesin, dynein, myosin Il and myosin V (Hirokawa et
al. 2009; Titus 2018). The destination and pathway of the vesicles need to be exact in order to
perfectly execute the trafficking events, and this is ensured by the family of Rab small GTPases,
which coat the specific transport vesicles and also the membrane at the location. There are
several instances of the importance of intracellular trafficking during morphogenesis during
development of organisms across various species, which we would be discussing further.
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Fig. 1.5.: Summary of the components and pathways involved in polarised cellular
trafficking (Juliano and Carver 2015).

The polarised cellular trafficking involves transfer of membrane vesicles across the cell
to promote growth or cell shape change in a spatiotemporal manner. The regulation of furrow
ingression and complete cytokinesis in Drosophila cellularizing embryos is one such
morphogenetic event spatiotemporally regulated by the cellular trafficking machinery. The
cells at this stage possess an extensive membrane reservoir present apically in the form of
microvilli like protrusions, which gets reduced overtime from early to late cellularization. The
remodelling of the microvilli requires the function of Rab5 mediated tubular endocytosis from
the base of these structures (Fabrowski et al. 2013). Not only does the furrow ingression require
efficient remodelling of microvilli but it also requires the furrow tip to possess the right
composition of membrane and proteins. In order to regulate this, surplus membrane and protein
need to be removed through endocytosis that depends on the Nullo, a zygotic gene product, N-
and F-BAR Domain containing proteins Amphiphysin and Cip4/Tocal, respectively; the ADP
Ribosylation Factor (ARF) GTPase regulators, Steppke/Cytohesin and Stepping Stone;
Dynamin; the F-actin cytoskeleton and also its nucleating factor Arp2/3 Complex ( Sokac and
Wieschaus 2008; D. M. Lee and Harris 2013; Su et al. 2013; Yan et al. 2013; J. Liu et al. 2015).
The endocytic plasma membrane vesicles mobilised through Rab11 endosomes ensures lateral
membrane growth at cellularization (Pelissier, Chauvin, and Lecuit 2003). These Rabll
mediated recycling endosomes is also regulated by the ADP ribosylation factor effector
Nuclear fallout (nuf) and is crucial for the trafficking (Riggs et al. 2003) and recruitment of
RhoGEF to the pseudo cleavage furrows of the cells to promote furrow integrity through actin
polymerization (Cao et al. 2008). The growth of the furrows both during Drosophila syncytium
and cellularization also requires the exocytic machinery mediated by Rab8 to deliver
components like membrane and actin regulators, to the furrow. Rab8 mutants show a complete
lack of pseudo cleavage furrow formation in syncytial Drosophila embryos (Mavor et al. 2016).

Gastrulation in vertebrates is yet another important morphogenetic event that involves
the bending of epithelial sheets and the constriction of the apical surface of epithelial cells is
brought about by cytoskeletal dynamics as well as membrane trafficking causing tissues to
bend and invaginate. During Xenopus Laevis gastrulation, the bottle cells undergo constriction
apically. The plasma membrane is internalised as observed through biotinylated membranes

getting accumulated in internalised punctaes, that are also positive for Early embryonic antigen



https://paperpile.com/c/339J50/SmRZ0
https://paperpile.com/c/339J50/cdUn
https://paperpile.com/c/339J50/xT7Q1+Ho6P5+Dpi9g+szu8N+R8kit
https://paperpile.com/c/339J50/xT7Q1+Ho6P5+Dpi9g+szu8N+R8kit
https://paperpile.com/c/339J50/kaXSh
https://paperpile.com/c/339J50/fjnw
https://paperpile.com/c/339J50/NWW7
https://paperpile.com/c/339J50/dSa1t

1 (EEA1) and Rab5, early endosome marker. Mutants for dynamin, inhibited the apical
constriction and also rab5°N embryos showed lack of the internalised vesicles, inefficient
apical constriction and failure of the bottle cells to undergo morphogenetic changes during
gastrulation (J.-Y. Lee and Harland 2010). During the process of neural tube closure, efficient
recycling through Rab11 ensured proper localisation of planar cell polarity proteins, which in
turn in a positive regulatory loop, further directs the apical accumulation of Rabll. This
organisation of Rab11 regulates activated myosin Il localisation that is essential for the apical
constriction during neural tube closure (Ossipova et al. 2014). In zebrafish gastrulation the
mesodermal and endodermal cells have to migrate to form proper tissue layers. Slb/Wntl11
controls the endocytosis of E-cadherin mediated through Rab5 activity. Lack of slb/wntll
showed lowered cytosolic vesicles of E-Cadherin. This caused abnormal migration of the cells
and aggregation of the mesendodermal cells. The defect in internalisation of E-Cadherin in
slb/wntll mutants, was restored on expressing wildtype Slb/Wntll and Rab5c in a
constitutively active manner (Ulrich et al. 2005). Rab5ab mediated endocytosis is essential for
removal of the external yolk cell syncytial layer (E-YSL) membrane which regulates zebrafish
epiboly and is essential for mechanical equilibrium during gastrulation (Marsal et al. 2021).
Cell intercalation is an important morphological event during Drosophila
embryogenesis, where cellular trafficking has a vital role to play. Following formation of a
single epithelial sheet, there is a dramatic reorganisation of cells as they become narrow along
the dorso-ventral (DV) axis and elongate along the anterior-posterior (AP) axis, with the whole
event being aided by apical and junctional molecules. It was observed that there is a significant
role of the cytoskeleton in this process. Scar mediated Arp2/3 activation promotes the
endocytic events that facilitate the cell intercalation event. Diaphanous on the other hand allows
myosin 1l to cluster the E-Cadherin through its contractile function that in turn triggers the
clathrin and dynamin dependent endocytosis of the same. This cumulatively ensures that the
cell boundaries along the DV axis gets shortened by reducing the cell-cell adhesion through
endocytic uptake (Levayer, Pelissier-Monier, and Lecuit 2011). As discussed, earlier Rab-
GTPases form an integral part of the membrane trafficking and associated cytoskeletal
dynamics. In case of the cell intercalation, Rab35 is arranged in a planar polarised manner
across the cells and together with Rab5 promotes formation of transient infoldings of plasma
membrane. The activity of myosin Il is further required for the scission of these vesicles for
the final uptake of the plasma membrane. Therefore, in this instance we see that the cytoskeletal
dynamics together with the activity of the Rab-GTPases regulate the uptake of E-cadherin from

the DV junctions and reduce their length for the intercalation of cells to occur (Jewett et al.
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2017). During the wing development in early pupae of Drosophila, cells get packed into an
energy-minimised, hexagonal array. Throughout this process the percent of hexagonal cells
increase from 40% to 80%. This process is dependent on dynamin dependent uptake and Rab11
dependent recycling of DE-cadherin. This is followed by exocyst/sec5-dependent vesicle
trafficking of DE-cadherin to the junctions to facilitate the repacking through remodelling of
junctions. This ensures that there is a remodelling of the cellular junctions to pack the array of
cells into a more ordered network (Classen et al. 2005).

Thus, we see that cellular trafficking is quite a common phenomenon that is essential
for regulation of the cell shape changes at different stages of embryogenesis across different
species of metazoans. However, in order to efficiently regulate the morphogenesis, the cellular
trafficking needs to be guided in a polarised and spatiotemporal manner and it would be
interesting to investigate the crucial regulators involved in the same in the context of

embryogenesis.

1.3. Polarity proteins and BAR domain containing proteins as regulators of epithelial cell
shape re-modelling during metazoan development

As discussed previously cell shape changes form an integral part of embryogenesis.
And there are several molecular regulators that keep the cell shape regulation under control. In
the previous sections 1.1. and 1.2. we discussed that for efficient tissue morphogenesis during
development, epithelial cell shape remodelling needs to be regulated by modulating the
cytoskeletal and adhesion molecules along with plasma membrane dynamics in a polarised and
spatiotemporal manner. While the polarisation of the cells and the tissue can be determined by
the polarity determining proteins, BAR domain containing proteins belong to a class of proteins
who can play a host of roles-right from sensing and bending the plasma membrane to
interacting with the actin cytoskeleton and also facilitating E-Cadherin trafficking. Hence it
would be really interesting to analyse the role of polarity and BAR domain containing proteins
in regulating the cell shape changes during development of an organism.

1.3.1. Role of polarity proteins in epithelial cell shape re-modelling during metazoan

development

Establishment and regulation of polarity are major events during the development of

epithelial cells, which makes the cells optimised for performing varied functions (St Johnston
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and Sanson 2011; Lemke and Nelson 2021). For instance, development of apico-basal polarity
allows the epithelial cells to form a barrier between the interior lumen and external environment
(Fig. 1.6.). Asymmetric distribution of polarity protein complexes on the plasma membranes
allows mature epithelial cells to have a polarised arrangement in a tissue and also the
arrangement of junctions in the tissues (Fig. 1.6.). It not only allows the cells to be divided into
apical, lateral and basal domains (Fig. 1.6.) but also for maintenance of cell shape, tissue
integrity and remodelling (Bilder, Li, and Perrimon 2000; Hayashi and Carthew 2004; Laprise
and Tepass 2011; Letizia et al. 2013; ). The existing polarity also needs to be reorganised, as
and when the cells change their shape in order to undergo morphogenesis. Apico-basal polarity

of the epithelial cells indirectly regulate the cell shape
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Fig. 1.6.: Schematic showing the arrangement of epithelial cells in a tissue. (a-d) Schematic
showing the significance of the polarised arrangement of epithelial cells in the tissue. (e)

Schematic showing the apico-basal polarity in epithelial cells of Vertebrates and
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invertebrates. Cell polarity is substantially defined by the positioning of the cell—cell
junctions which are the adherens junction (AJ) and either the septate junction (SJ) (in

invertebrates) or the tight junction (TJ) (in vertebrates) (Buckley and St Johnston 2022).

change by remodelling the junctional and cytoskeletal components of the cell (Buckley and St
Johnston 2022). In order to modulate the cell shape changes through regulation of polarity, the
localisation of a common set of molecules is required. They are as follows: Par, Crumbs and
Scribble complexes, primarily identified in Drosophila melanogaster and Caenorhabditis
elegans (reviewed in (Assémat et al. 2008)), which has been widely studied as the critical
polarity determining proteins regulating the development of diverse cell shapes and function
in nearly all animals ( Wodarz 2002; St Johnston and Ahringer 2010; Nance and Zallen 2011;
Thompson 2013). In addition to apico-basal polarity, epithelial cells also show planar-cell
polarity along the orthogonal axis in the plane of the epithelium (Fig. 1.7.). Certain types of
morphological changes during the development of an organism, require patterning of tissues.
For instance, retina patterning, cuticle development, patterning of epidermal appendages like
hair follicle or organisation of cilia in ear ( Lawrence and Shelton 1975; Gubb and Garcia-
Bellido 1982). All these processes require the development of planar-cell-polarity, which
primarily is achieved through antagonism between proximal protein complexes - vang-like
protein (Vangl) and Prickle (pk) and distal protein complexes -Frizzled (Fz), Dishevelled
(Dsh), and Diego (Dgo). Flamingo (Fmi, vertebrate Celsr), associates with both complexes
(Fig. 1.7.). Such a distribution is essential for ensuring proper orientation of the patterning’s,
remodelling of adhesion junctions and polarised actomyosin contractility (Winter et al. 2001;
Nishimura, Honda, and Takeichi 2012) that would drive the cell-cell arrangements.

As discussed in section 1.1., one example is during the cell migration, when the cells
adopt back-front polarity by responding to the external chemotactic signals (Fig. 1.7.). In
order to ensure a polarised forward movement, the migrating cells need to form dynamic
lamellipodia and filopodia like structures at the leading edge while at the rear edge establish
actomyosin contractility (Ridley et al. 2003)(Fig. 1.7.). Cell migration is an important
morphogenetic event during developmental processes like primordial germ cells in zebrafish,
mesoderm progenitors of Xenopus and border cell migration during oogenesis in Drosophila,
to name a few. The transition in polarity initiates the epithelial cell-shape remodelling
through mechanisms like epithelial-to-mesenchymal transition (Lim and Thiery 2012), where
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Fig. 1.7.: Schematic showing the arrangement of rear-front polarity in migrating cells and

arrangement of planar cell polarity in a tissue (Campanale, Sun, and Montell 2017).

polarity proteins like Crumbs and Lgl, are downregulated to impart a migratory status to the
cells (Moreno-Bueno, Portillo, and Cano 2008). Polarity proteins also modulate the cell shape
to regulate the directional migration of the cells by remodelling the microtubule arrangement
(Etienne-Manneville et al. 2005; Osmani et al. 2006). Whereas, for the formation of
protrusions, like, filopodia and lamellipodia, activation of aPKC-Par complex through removal
of its inhibitors (H.-R. Wang et al. 2003) or activation of GTPases Cdc42 and Racl at the
leading edge, and RhoA at the rear to induce contractions (Iden and Collard 2008)(Fig. 1.7.).
Polarity proteins also modulate the cell-cell junctions which is essential for the cell migration
event. A representation of the polarity establishment in a migrating cell is shown in figure.
Apical constriction is a prominent cell shape change event that drives the tissue

morphogenesis in various instances like gastrulation in various organisms and neural tube
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formation in vertebrates. For instance, in the salivary gland placode the anisotropic distribution
of Crumbs negatively regulates the distribution of Rho-Kinase (ROK) specifically leading to
the formation of actomyosin cable on the outer edge of the placode enabling budding of tubes
(Roper 2012; Sidor et al. 2020). During dorsal closure also, in Drosophila embryos, Crumbs
negatively regulates the actomyosin in the amnioserosa to regulate the supracellular
actomyosin cable (Flores-Benitez and Knust 2015). However, interaction of Yurt and Crumbs
at the apical membrane of the epithelial cells in Drosophila embryo and follicular epithelium,
activates the non-muscle myosin Il to enable apical constriction. While aPKC phosphorylates
Yurt and inhibits the Crumbs mediated activation of non-muscle myosin Il and apical
constriction, while Pak-1 kinase dephosphorylates Yurt to activate non-muscle myosin Il
mediated apical constriction (Biehler et al. 2021). During gastrulation in Drosophila, the
folding of the dorsal epithelium is regulated by the re-localization of Bazooka/Par-3 to the basal
epithelium. This relocalization is triggered by the downregulation of Par-1 and leads to
remodelling of the adhesion junctions as well that facilitates the epithelial cell shape change
(Y.-C. Wang et al. 2012). During the mesoderm invagination in Drosophila, Bazooka is
repositioned to the apical domain of the epithelial cells due to the activity of non-muscle
myosin Il from and is associated with the disassembly of the adherens junctions (Weng and
Wieschaus 2017).

1.3.2. Role of BAR domain Proteins in epithelial cell shape re-modelling during metazoan

development

Epithelial cell-shape remodelling requires the modulation of the actomyosin network
as well as the localisation of cadherin at cell-cell junctions. However as discussed in section
1.1. apart from the actomyosin and cadherin, remodelling of the plasma membrane is also
crucial for the epithelial cell shape remodelling. Plasma membrane remodelling includes
forming invaginations like the endocytic vesicles and protrusions like lamellipodia and
filopodia that are induced by different classes of the Bin/amphiphysin/Rvs (BAR) domain
containing proteins (Fig. 1.8.). The major mechanism for plasma membrane remodelling is
through membrane trafficking which involves the internalisation and excision of membrane
vesicles from one region of the cell through endocytosis and deposition of the membrane
vesicles to another region through exocytosis, depending on where the cell growth is required.
These processes require bending of the plasma membrane, controlled spatiotemporally, in a

dynamic manner. A special class of proteins which possess BAR domain are widely known as
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BAR domain containing proteins and are one of the largest groups of membrane-curving
proteins. Dimerized BAR domains form a curved bundle of helices; the shape is reminiscent
of a crescent moon (Fig. 1.8.), where either the concave or convex surface can comprise of
positively charged residues (Simunovic et al. 2015), through which they associate with the

membrane determining the direction in which it gets curved. (Peter et al. 2004).

A + curvature %@%g
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Fig 1.8.: Schematic showing the curvature of the plasma membrane that favours the binding
of the respective BAR domain protein. The positive (green) and negative (red) curvature of
the cell membrane are marked. There is a probability of both the positive and negative
curvature inducing BAR domain proteins to bind to the different regions of both these
different structures-membrane invaginations and protrusions. (B) Electrostatic surface
potential of the positive curvature inducing FBP17 FBAR domain (PDB ID: 2EFL). (C)
Electrostatic surface potential of the negative curvature inducing IRSp53 I-BAR domain
(PDB ID: 1Y20). (Jones, Liu, and Cui 2020)

Members of the different classes BAR domain family are further classified on the basis
of the characteristics of their BAR domain. The F-BAR (extended Fes-CIP4 homology

16



https://paperpile.com/c/339J50/heWw9
https://paperpile.com/c/339J50/usFGQ

(EFC)/FCH-BAR) domain subfamily of proteins sense and induce positive curvature as they
are banana-shaped with positive charge on their concave side, (bend membranes toward the
protein binding leaflet), whereas I-BAR (IRSp53-MIM homology domain I-BAR/inverse-
BAR) domain proteins, can generate negative membrane curvature as they are more cigar or
inverse banana shaped with positive charges on their convex surface (bend membrane away
from the protein binding leaflet) (Safari and Suetsugu 2012). Amphiphysin and endophilin, are
two of the most notable members of the family which were found to be enriched at the nerve
terminals in the mammalian ( Lichte et al. 1992; Giachino et al. 1997).
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PFAM database that were downregulated. (b) Histogram showing normalised fluid-phase
uptake in S2R+ cells where the proteins were downregulated, dsSRNA against GBF1(garz)
being the positive control, and against GFP the negative control. (Sathe et al. 2018)

Over the years, the role of these BAR domain proteins in membrane-remodelling
through endocytosis has become very prominent (Leibfried et al. 2008; Leibfried et al. 2008;
Fricke et al. 2009). A recent screening of the BAR domain proteins in Drosophila S2R+ cells
showed their importance in regulating endocytosis (Fig. 1.9.). It is a process through which
cells internalise nutrients, signalling proteins, and other cargo. BAR domain proteins not only
modulate the cytoskeleton and also can regulate cadherin trafficking and interact with other
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membrane effectors, but they are also direct modulators of membrane shape. A crucial role of

these proteins has been observed even in the early development of the organisms, specifically

mostly in studies, carried out in Drosophila melanogaster. The table below has a list of studies

showing the role of BAR domains in regulating the plasma membrane remodelling during

development across different species.

Table 1.1.: Role of BAR domain containing proteins in regulating cell shape changes during

development

BAR domain Tissue Function Reference

protein

SIGAP2 Primary Induces neurite outgrowth and (Guerrier et al.

neuronal branching 2009)
culture of
mice
MIM/MTSS1 Cultured rat Initiates spine protrusions by (Saarikangas et
primary coupling phosphoinositide al. 2015)
neurons signalling, direct membrane
bending, and actin assembly to
ensure proper synaptogenesis

Syndapin/ Zebrafish Influences cellular locomotionto | (Edeling et al.

PACSIN facilitate the columnar 2009)
organization of the notochord
during early development.

Nostrin Zebrafish Regulates filopodia number and (Kovacevic et
length and tip cell morphology, al. 2012)
leading to normal intersegmental
vessel trajectory
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Cdc42-interacting
protein 4 (Cip4)

Drosophila

melanogaster

Cdc42 effector that interacts with
Dynamin and the Arp2/3 activator
WASP regulating E-cadherin

Endocytosis

(Leibfried et al.
2008)

Cdc42-interacting | Drosophila Cdc42 acts upstream of Cip4 and | (Fricke et al.
protein 4 (Cip4) melanogaster | recruits not only WASP but also 2009)
Scar/WAVE via Abi to control
Dynamin-dependent cell
polarization in the wing
Cdc42-interacting | Drosophila Cip4 inhibits mainly actin (Yanetal.
protein 4 (Cip4) melanogaster | nucleation by Dia which stabilize | 2013)

cortical compartmentalization by
antagonizing membrane turnover
induced by WASP/WAVE-Arp2/3

Amphiphysin

Drosophila

melanogaster

Regulation of endocytic tubules
that form at cleavage furrow tips
(CFT-tubules) and cleavage

furrow ingression.

(Su et al. 2013)

Cdc42-interacting
protein 4 (Cip4)
and Nostrin

Drosophila

melanogaster

Cip4 initially promotes membrane
invagination and early-actin-based
endosomal motility, and Nostrin
makes contacts with microtubules
through the kinesin Khc-73 for
trafficking of recycling endosomes
to regulate turnover of E-cadherin

at the membrane

(Zobel et al.
2015)
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Asap Drosophila Recycle Arfl to the Golgi for (Rodrigues,

melanogaster | cleavage furrow biosynthesis Shao, and
Harris 2016)
Syndapin/ Drosophila Promotes pseudo cleavage furrow | (Sherlekar and
PACSIN melanogaster | formation and apical cap Rikhy 2016;
remodelling through actomyosin Sherlekar et al.
organization 2020)
GRAF1 Drosophila Restricts Rho-GTP levels in a (Sharma and
melanogaster | spatiotemporal manner for Rikhy 2021)

inhibiting actomyosin contractility

during cellularization

The activity of such a huge number of BAR domain proteins, being recruited in a very
spatiotemporal manner in the developing tissues begs the question of what mechanisms

regulate their precise recruitment.

1.4. Early Drosophila embryogenesis as a model system to study different epithelial cell

shape re-modelling events.

Drosophila syncytial embryos is an extraordinary model to study cell shape
remodelling which takes place during the dynamic nuclear division cycles. The fertilised
embryos undergo 9 rounds of nuclear cycle divisions at the depth of the embryo following
which the nuclei migrate to the surface of the embryos and undergo 4 more rounds of cortical
nuclear division cycles which are incomplete, that is without the cytokinesis (Foe and Alberts
1983; Miller et al. 1985). At the interphase of each of these cortical nuclear cycles, an actin cap
is formed on top of each nucleus which consists of actin filaments present as microvilli like
protrusions mostly emerging from the periphery of the caps. These microvilli remodel and

reduce in number as the cell progresses from interphase to metaphase, which is coincident with
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the formation of lateral furrow and further increase in its length (Sherlekar et al. 2020). The
increase in furrow length is also associated with the establishment of a hexagon-dominated
polygonal array of cells (Dey and Rikhy 2020). We have segregated the cell shape changes that
take place in the syncytial Drosophila blastoderm into three distinct morphogenetic events,
which are: Apical cap expansion and actin microvilli remodelling, Furrow formation and
extension and Polygonal distribution formation. We would further discuss in detail how the
different molecular regulators are responsible for these epithelial cell shape remodelling events
in detail.

1.4.1. Apical cap expansion and actin microvilli remodelling:

Towards the beginning of nuclear cycle 10, the nuclei reach the earlier flat cortex of the
single-celled embryo in order to form dome shaped compartments, just above each of them.
Taking cues from the centrosome (Cao et al. 2010), a cap made of polymerised actin forms on
top of each nucleus at the beginning of each cycle, which expands in area from interphase to
metaphase (Fig. 1.9) with an actomyosin border accumulating at the border of the cap. These
caps expand or grow in an Arp 2/3 dependent manner and a reduction in levels of myosin
activity by perturbing Rho-Kinase has shown predominantly expanded caps (Stevenson et al.
2002; Zhang et al. 2018). The Arp 2/3 structures push against the Dia mediated bundles to
facilitate the growth of apical caps under the regulation of Par-1 kinase (Jiang and Harris 2019).
A host of Arp2/3 activation factors like Scar, Dpod1, Cortactin, Coronin and CARMIL regulate
the expansion of the cap area (Xie, Budhathoki, and Blankenship 2021). These regulators are
in turn tightly regulated by Sponge which is a Guanine Nucleotide Exchange Factor and is
known to activate the Arp 2/3 complex through the Racl mediated pathway (Zhang et al. 2018;
Henry et al. 2022).

The caps collide at contact sites during metaphase, with the borders pushing against the
expansion all the way to cause the cortical bulging. The borders form the pseudo-cleavage
furrow on collision with the neighbouring syncytial cells. At nuclear cycle 10, when the nuclei
reach the cortex, an apical cap is formed, consisting of polymerised actin filaments. They are
arranged as microvilli arising from the periphery of the caps (Turner and Mahowald 1976;
Warn, Magrath, and Webb 1984) which are dependent on the composition of the actin
cytoskeleton at the apical caps regulated by Abelson kinase and Enabled (Grevengoed et al.
2003). As these apical caps expand from interphase to metaphase in each nuclear cycle, the

microvilli undergo extensive remodelling (Fig. 1.10.). possibly due to restructuring of actin
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reservoir through endocytosis, regulated by the BAR domain protein Syndapin and in order to

facilitate the growth of pseudo cleavage furrows (Sherlekar et al. 2020).

1.4.2. Furrow formation and extension:

In the syncytial blastoderm stages of the embryo, the pseudo epithelial cells remain
attached to the neighbouring cells solely through their lateral membrane due to absence of basal
membrane. The lateral membrane or furrow increases in length over time from the interphase
to metaphase in a single nuclear cycle (Fig. 1.10.) with the furrow retracting back during
anaphase, only for them to start dividing again. The apical caps as mentioned in the previous
section also show the presence of Anillin, Syndapin, the septin Peanut and the formin
Diaphanous whose absence show a reduction in the furrow length ( Fares, Peifer, and Pringle
1995; Foe, Field, and Odell 2000; Silverman-Gavrila, Hales, and Wilde 2008; Sherlekar and
Rikhy 2016) . Rho-GEF is known to affect the positioning of furrows while their formation is
mostly dependent on the proper apical cap formation and expansion, regulated majorly by the
other myosin activity regulators like Rho-Kinase and MBS, which is a phosphatase ( Afshar,
Stuart, and Wasserman 2000; Padash Barmchi, Rogers, and Hacker 2005; Zhang et al. 2018).
The regulators of the Apical cap expansion like the Arp2/3 complex proteins and its activators
Scar, Dpod1, Cortactin, Coronin and CARMIL also regulate the progression of furrow growth
( Stevenson et al. 2002; Zallen et al. 2002; Xie, Budhathoki, and Blankenship 2021; Henry et
al. 2022). Along with the cytoskeletal network, the trafficking machinery of the cell is also an
important regulator of the furrow ingression at this point of early Drosophila embryogenesis.
A Rab39-1p98A-Rab35 mediated endocytic recycling pathway is essential for the progression
of furrow ingression in the syncytial Drosophila embryos (Miao et al. 2023). A Rab8 mediated
exocytic machinery is also essential for the transfer of the cargo through membrane vesicles to
the furrow and an absence of this pathway perturbs the furrow ingression at this stage as well
(Mavor et al. 2016).

«— Apical Cap expansion
Microvilli remodelling

Apical

Sagittal —Furrow extension

Interphase Metaphase 22



https://paperpile.com/c/339J50/2Ji6p
https://paperpile.com/c/339J50/CrIm+TUELe+knCg0+WEdvS
https://paperpile.com/c/339J50/CrIm+TUELe+knCg0+WEdvS
https://paperpile.com/c/339J50/CrIm+TUELe+knCg0+WEdvS
https://paperpile.com/c/339J50/EFium+zl2nP+oLcFf
https://paperpile.com/c/339J50/EFium+zl2nP+oLcFf
https://paperpile.com/c/339J50/EkZht+grYnk+BtOc0+8vzeH
https://paperpile.com/c/339J50/EkZht+grYnk+BtOc0+8vzeH
https://paperpile.com/c/339J50/H5ndb
https://paperpile.com/c/339J50/dSa1t

Fig. 1.10.: Schematic of the pseudo epithelial cells in syncytial Drosophila embryos at
nuclear cycle 12, which shows the remodelling of apical cap area and microvilli along with

furrow length ingression , from interphase to metaphase (Adapted from (Mitra et al. 2022).

1.4.3. Polygonal distribution formation:

Following expansion and collision, as a result of apical flattening and straightening of
the edges, epithelial cells adopt a polygonal shape and get packed into a sheet of polygonal
array. In syncytial Drosophila embryos the polygonal array is first formed in the metaphase of
each nuclear cycle. DE-cadherin levels on the lateral cell membrane of the pseudo-epithelial
cells determine the achievement of its polygonal shape. myosin, on the other hand, maintains
contractility in the cell shape to counter the cell expansion, resulting in the polygon formation
(Fig. 1.11.). As the cell cycle, progresses from prophase to metaphase, there is an increased
recruitment of DE-cadherin on the lateral membrane which reaches its maxima at metaphase
followed by a simultaneous drop in the levels of myosin on the cell membrane which eventually
becomes cytosolic. Epithelial cells are hence found to undergo a transition in cell shape from
circular caps to a polygonal architecture eventually forming pseudo cleavage furrows as a result
of a fine balance between myosin mediated contractility and junctional tension maintained by
DE-cadherin (Fig. 1.11.) (Dey and Rikhy 2020).

While a considerable amount of study has been carried out to decipher the network that
operates to carry out cell shape remodelling in early embryos, much of it still remains to be
figured out. For example, what is the cue that initiates the actin villi remodelling that takes
place as the actin cap expansion and collision takes place in early embryos? How is the
polygonal architecture stabilised in the early embryo when the epithelial cells are still not
differentiated into a mature epithelial cell layer and no basal layer present? It would be
interesting to look at the mechanistic basis of the above questions related to cell shape

transitions in early Drosophila syncytial embryos.
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Fig. 1.11.: Schematic showing the summary of the role of DE-cadherin and Myoll in
maintaining a balance for formation of polygonal epithelial architecture (Dey and Rikhy

Table 1.2.: List of proteins that regulate shape remodelling of epithelial-like cells in syncytial

Drosophila embryos.

Name of the
Protein

Phenotype in
Type of protein depletion Reference

mutants

A non-receptor tyrosine

Arp 2/3 (arpcl)

) ) More microvilli
Abelson kinase kinase that phosphorylates o (Grevengoed et al.
_ and missing
(abl) cell adhesion and 2003)
) furrows
cytoskeletal proteins
Actin nucleator that Small caps and (Stevenson et al.

promotes branching of actin | missing furrows | 2002)
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cytoskeleton filaments

Actin nucleator that

Small caps and

(Xie, Budhathoki,
and Blankenship

ArpC4 promotes branching of actin | wide but short
) 2021; Henry et al.
cytoskeleton filaments furrows
2022)
_ Lack of hexagon
Orthologue to PAR-3 apical ]
) o dominance at
Baz polarity protein in (Dey et al. 2023)
metaphase 12 and
vertebrates
short furrow
Regulates actin capping (Xie, Budhathoki,
CARMIL protein and also interacts Small caps and Blankenship
with myosin II. 2021)
Recruits Arp2/3 complex to (Xie, Budhathoki,
Coronin promote actin cytoskeleton | Small caps and Blankenship
nucleation and branching. 2021)
Stabilizes the Arp 2/3 (Xie, Budhathoki,
) _ ] Small caps and _
Cortactin mediated nucleation of and Blankenship
) no furrow
actin cytoskeleton 2021)
DE-cadherin o ) ) Round caps and | (Dey and Rikhy
Adhesion junction protein
(Shotgun) short furrow 2020)

Diaphanous (dia)

Formin that bundles the
actin cytoskeleton filaments

Small caps and

missing furrows

(Afshar et. al 2000)
(Xie, Budhathoki,
and Blankenship
2021)

Dpod1 (coronin)

A microtubule and actin
filament binding protein

regulating actin

Small caps

(Xie, Budhathoki,
and Blankenship
2021)
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cytoskeleton reorganisation

GTPase which is an

essential component of the

(Rikhy, Mavrakis,

Dynamin vesicles during their Short furrows and Lippincott-
formation while vesicular Schwartz 2015)
trafficking

KIp98A Microtubule based motor Short furrows (Miao et al. 2023)
An adaptor between the ] ]

Gaps in (Sullivan, Fogarty,

Nuclear fallout

Rab11 and motor proteins

_ _ furrows/incomple | and Theurkauf
(nuf) in recycling endosome
te furrow 1993)
pathway
Par.1 Apical polarity determining | Small caps and (Jiang and Harris
ar-
protein no furrow 2019)
Lack of hexagon
Septate junction protein in | dominance at
Peanut _ (Dey et al. 2023)
Drosophila metaphase 12 and
short furrow
Rab35 Early endosome marker Short furrows (Miao et al. 2023)
Rab39 Endosome marker Short furrows (Miao et al. 2023)
Component of the exocyst o
Rab8 Missing furrows | (Mavor et al. 2016)
complex
Activates Rhol to regulate (Dey and Rikhy
RhoGEF short furrow

acto-myosin constriction

2020)
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Phosphorylates myosin |1 to

large caps and

promotes actin

polymerization

missing furrows

Rho-Kinase regulate acto-myosin short/missing (Zhang et al. 2018)
constriction furrow
A primary regulator of the (Xie, Budhathoki,
S Arp2/3 complex, which Small caps and and Blankenship
car

2021; Zallen et al.
2002)

Scrambled (sced)

Involved in actin filament

reorganisation

Lack of furrow

formation

(Sullivan, Fogarty,
and Theurkauf
1993)

A DOCK family RhoGEF

Small caps and

(Postner, Miller,

that activates the Arp 2/3 wide but and Wieschaus
Sponge (spg) : . . _
mediated nucleation of short/missing 1992; Henry et al.
actin cytoskeleton furrows 2022)
(Sherlekar and
) F-BAR domain containing | More microvilli | Rikhy 2016;
Syndapin )
protein and short furrow | Sherlekar et al.
2020)

1.5. Hypothesis: Plasma membrane remodelling in early Drosophila embryogenesis

requires extensive cellular trafficking regulated by different classes of proteins like

polarity proteins and BAR domain containing proteins

Establishment of polarity in an epithelial cell is important in pertaining functionality
and maintaining the cellular architecture of the epithelial sheet. However, there are very few
reports about the characterization of the syncytial stage for polarity where the pseudo-epithelial
cells in spite of not being fully differentiated, there exists a polarised organisation of various
molecules along the lateral cell membrane. The syncytial plasma membrane resembling
differentiated cells, shows asymmetrical organisation of Toll, DE-cadherin and Patj, occupying
only the lateral domain (Mavrakis et al., 2009). The polarised organisation of epithelial cells
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results in the formation of distinct apical and basal domains, also apical microvilli like
structures. The establishment of the adherens junctions between the neighbouring pseudo-cells,
defines the major polarity landmark, separating the apical domain in mature epithelial cells
from the lateral domain, well regulated by polarity determining proteins.

The assembly and mobility of the DE-cadherin on the cell membrane has been shown
to be dependent on the presence of bazooka (Harris and Peifer 2004, McGill et al 2009).
Polarity proteins can regulate a series of cell shape changes during embryogenesis (Harris and
Peifer, 2004). Along with polarity determining proteins, membrane trafficking pathways can
also regulate epithelial cell shape. During early Drosophila embryo development, membrane
trafficking pathways play an important role in regulation of actin turnover on the epithelial cell
membrane. When certain drugs are added to perturb exocytosis in the embryos undergoing
cellularization, the villi-like projections on the actin caps are reduced much faster as compared
to the control (Figard et al. 2016). Exocytic trafficking of the components from the cell's
interior to the cell membrane requires the function of Rab8 and Rab11 for the formation of the
syncytial furrows. The BAR domain containing proteins are also known to regulate the
endocytic trafficking and cytoskeletal network simultaneously. The plasma membrane
remodelling events in the syncytial Drosophila embryos are dynamic and complex. These
processes need to be regulated through the interaction of a host of factors and at a very specific
time point. BAR Domain proteins like Cip4, Syndapin, Amphiphysin and Asapl (Table 1.1.)
have already been shown to regulate cell shape remodelling in early Drosophila embryogenesis
through regulation of endocytosis. Interestingly the BAR domain proteins modulate the actin
cytoskeleton in order to facilitate cellular trafficking. This could also affect the relocalisation
of the adhesion proteins as cargoes, and therefore regulation of the epithelial cell shape.

It becomes interesting to note how the different classes of proteins interact
mechanistically, for regulation of epithelial cell shape in a very specific spatiotemporal manner
due to the function of the varied regulatory proteins. Thus, the hypothesis of the thesis is that
plasma membrane remodelling in early Drosophila embryogenesis requires extensive cellular
trafficking regulated by different classes of proteins like polarity proteins and BAR domain

containing proteins

1.6. Broad aims and objectives

The significance of the cell shape remodelling during tissue morphogenesis during the

development of an organism. The cell shape changes involve remodelling of plasma membrane
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protrusions and junctional remodelling. This leads to formation of epithelial cells and its
maturation, into a polarised organisation ultimately, to form a specialised tissue. In order to
understand how the mature epithelial cells transition their shape as they mature and adapt into
a 3-dimensional tissue, we characterise the major cell shape remodelling events during the
syncytial cycles of the early Drosophila embryogenesis. We therefore analyse the role of the
molecular regulators that regulate these remodelling events and the mechanism of the

regulation. For such analysis the following aims and objectives are designed-

e Characterization of establishment of hexagon dominance and cell shape index in the
polygon distribution of cells in early Drosophila embryo

e Role of polarity proteins in regulating establishment of hexagon dominance and cell
shape index in the polygon distribution of cells in early Drosophila embryo

e Microvilli re-modelling event - a major cell shape re-modelling event in early
Drosophila embryo

e Role of Missing-in-metastasis in regulating apical microvilli remodelling in syncytial

Drosophila embryo
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Chapter 2: Materials and methods

2.1. Fly genetics

All fly stocks are maintained at 25°C in the standard corn meal agar medium. The RNAI
crosses are maintained at 28°C or 25°C. RNAI stocks are either from the Transgenic RNAI
Resource project (TRIiP), Vienna Drosophila RNAIi centre (VDRC) or Bloomington
Drosophila Stock Centre (BDSC). The RNAI and the UASp or UASt transgenic lines were
driven by crossing them to the respective GAI4 lines (Table 2.1.). shg' was driven by being
crossed to a single chromosomal copy of nanos-Gal4 and was maintained at 18°C. This was
done in order to lower the severity of phenotypes that were observed when the cross was set
up at a higher temperature and obtained fertilized eggs to perform experiments. The Germline
clones of pnut*® were made by crossing ovo® FRTG13 males to hsflp; GlaBlc females to finally
obtain hsflp; ovo® FRTG13/GlaBlc males. These males were then crossed to pnut*®
FRTG13/Cyo females. Larvae, pupae and adults emerging from this cross were heat-shocked
at 37.5 °C. hsflp;ovo® FRTG13/pnut*® FRTG13 adults were then put in a cage to collect
embryos depleted of pnut. In Table 2.1. are lists of the fly stocks to be used for the project.

Table 2.1.: List of the fly strains used for the experiments.

Genotype Description

CantonS Wild-type (obtained from L.S. Shashidhara)
tGPH::matatub-Gal4 67; matatub-Gal4 | PH domain of Grpl tagged with GFP-marks PIP3
15 in the membrane , along with maternal gal4
UASp-Bazooka RNAI Down regulation of Bazooka val20 (BL-35002)
UASp-Peanut RNAI Down regulation of Peanut (BL-65157)

Mutant Peanut with FRT sites (obtained from
Peanut XP FRT G13 )
Manos Mavrakis)

Shotgun RNAI Down regulation of E-cadherin (BL-38207)
Sgh-sgh mCherry, matatub-Gal4 67; Myosin regulatory chain tagged to mCherry and
ubi-DE-cad-GFP, matatub-Gal4 DE-cadherin tagged to GFP (obtained from Adam
15/TM3Shb martin lab)
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OvoD FRTG13

Dominant female sterile mutant that blocks

0ogenesis

nanos-Gal4

VP16 fusion protein loaded into eggs, expressed

under the control of the nanos promoter

matatub-Gal4d 67

VP16 fusion protein loaded into eggs, expressed

under the control of the aTub67C promoter

If/Cyo; MKRS/TM3, Ser

Double balancer 2nd and 3rd chromosome for

making stocks with balancers

Sp/cyo; MKRS/TM6B, th

Double balancer 2nd and 3rd chromosome for

making stocks with balancers

UASp-mCherry-MIM M3/Cyo

UASp line with MIM M3 isoform tagged with
mCherry (obtained from Tom Millard)

UASp-mCherry-MIM M3/TM6B

UASp line with MIM M3 isoform tagged with
mCherry (obtained from Tom Millard)

UASp-mCherry-MIM5kb

UASp line with MIM 5kb isoform tagged with
mCherry (obtained from Tom Millard)

w [1118]; Df(2R)BSC261/CyO

MIM deficiency line (BL-23161)

w [1118]; Dp (2;3) GV-CH321-43A06,
PBac{y[+mDint2] w[+mC] =GV-
CH321-43A06} VK00031/TM3, Sb [1]

MIM duplication line (BL-89927)

dmim

MIM deletion mutant (exon 3-10) (Quinones, Jin,
and Oro 2010)

UASp-Mim RNAI

UASp line with dsrna against Missing-in-
Metastasis (BL-43223)

UASp-Arp3 RNAI

UASp line with shRNA against Arp3 (BL-32921)

UASt-Rac1.N17 (rac1PV)

UASt line with dominant negative version of
Racl where a mutant in wildtype Racl was
generated at N17 position (BL-6292)

UASp-GFP-MIM M3 AI-BAR

UASp line with MIM M3 tagged with GFP
having the I-BAR domain deleted (obtained from
Tom Millard)
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UASp line with MIM tagged with GFP having the
UASp-GFP-MIM ACentral+WH?2 central scaffold and WH2 domain deleted
(obtained from Tom Millard)

UASp line with MIM M3 tagged with GFP

UASp-GFP-MIM M3 AWH2 having the WH2 domain deleted (obtained from
Tom Millard)
] ) UASpP line with dsrna against Diaphanous (BL-
UASp-Dia RNAI
33424)
) UASp line with Diaphanous expressing EGFP
UASp-Dia-EGFP
(BL-56751)

Gal4-UAS system

The Gal4-UAS system was used to drive the expression of fluorescently tagged
transgenes and RNAI lines. It is based on the findings by Hitoshi Kakidani and Mark Ptashne
(Kakidani and Ptashne 1988) and Nicholas Webster and Pierre Chambon (Webster et al. 1988)
that Gal4, on binding to the UAS sequences, can activate gene expression. This method is
predominantly derived from the yeast and was introduced into flies by Andrean Brand and
Norbert Perrimon in 1993 (Brand and Perrimon 1993). The system has two parts: the Gal4
gene, that encodes the yeast transcription activator protein Gal4, and the UAS (Upstream
Activation Sequence), an enhancer to which GAL4 specifically binds leading to activation of
gene transcription. Many Gal4 driver lines are available that drive expression in specific tissues
and at specific developmental times. To study the syncytial stages, nanos Gal4 and maternal-
Gal4 driver lines were mainly used which drive expression during oogenesis and allow

maternal dumping of proteins in the egg for the initial stages of embryogenesis.

2.2. Reagents

e List of Chemicals used

Table 2.2: List of chemicals used for making the reagents for experiments.
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Chemicals

Company

Catalogue no.

Agar local purchase non-molecular biology grade
Yeast local purchase non-molecular biology grade
Malt local purchase non-molecular biology grade
Cornflour local purchase non-molecular biology grade
Sucrose local purchase non-molecular biology grade

Propionic acid

local purchase

non-molecular biology grade

Orthophosphoric acid local purchase non-molecular biology grade
5% methyl-para-hydroxybenzoate Loba Chemie Catalogue number: 04660
Ethanol Jiangsu Catalogue number: 1170

NaCl Qualigens Catalogue number: Q15918
KCI Qualigens Catalogue number: Q13305
Na2HPO4 HiMedia Catalogue number: MB024
K2HPO4 HiMedia Catalogue number: MB044
Triton X-100 Sigma Catalogue number: T8787
Sodium Azide Sigma Catalogue number: S2002-25G
Paraformaldehyde HiMedia Catalogue number: GRM3660
BSA HiMedia Catalogue number: MB083
Mowiol Sigma-Aldrich Product number: 81381
DABCO Sigma-Aldrich Catalogue number: 290734
HCI Fisher Scientific | Catalogue number: 29505
NaOH pellets Qualigens Catalogue number: Q15895
4% Sodium Hypochlorite (bleach) Sigma Catalogue number: 1056142500
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Glycerol HiMedia, India | Catalogue number: MB060

n-Heptane Merck Catalogue number:
1.04365.2521

e Protocol for making Fly Media (1 L)

Table 2.3.: List of the components and their quantities required for making fly media

Reagents Amount for 3% /1L Amount for 6% /1 L
Agar 109 109

Yeast 15¢ 24 ¢

Malt 309 60 g

Cornflour 7549 759

Sugar 80g¢g 804¢g

Deionized water 900 mL 900 mL
Propionic acid 5mL 5mL
Orthophosphoric acid 1mL 1mL

Ethanol 5mL SmL

5% Methyl-para-hydroxybenzoate 0.7 g in ethanol 1.7 g in ethanol

The required amounts of agar, yeast, malt, cornflour and sugar were added and
deionized water was added to that by stirring. The mixture was autoclaved at 121°C and 15 psi
for 15-20 min. Propionic acid and orthophosphoric acid were mixed in a 15 mL conical tube
and kept aside. Ethanol and methyl p-hydroxybenzoate were mixed in a 15 mL conical tube (to

make a 5% solution) and kept aside. The autoclaved media was mixed continuously for a few
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minutes, and the propionic acid and orthophosphoric acid mixture was added to the autoclaved

media. Following this the ethanol and methyl p-hydroxybenzoate mixture was added. The

solution was mixed well and poured into vials/bottles. The mouths of the vials and bottles were

covered with a thin clean cotton cloth and allowed to be dried overnight. Next day the mouths

of the vials/bottles were covered with tight cotton plugs and stored at 4°C until further use.

e Protocol for making 10x PBS (Phosphate Buffer Saline), pH 7.4 (1 L)

Table 2.4.: List of the components and their quantities required for making 10x PBS.

Reagent Final concentration Amount

NaCl 1.37M 804¢g

KCI 27 mM 29

Na2HPO4 100 mM 144 g

KH2PO4 18 mM 2.4 ¢

Deionized water N/A Makeuptol L

NaOH N/A As needed for pH adjustment to 7.4
HCI N/A As needed for pH adjustment to 7.4

All the components were mixed and the solution was autoclaved. It was stored at

room temperature and can be used for up to 3-4 months.

e Protocol for making 0.3% PBST (Phosphate-buffered saline containing 0.3% [v/v]
Triton X-100) (200 mL)

Table 2.5.: List of the components and their quantities required for making 0.3% PBST.

Reagent

Final concentration

Amount

10x PBS

1x

20 mL
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Triton X-100 0.3% [v/v] 600 uL

Deionized water N/A Make up to 200 mL

A magnetic bead was added to the solution and placed on a magnetic stirrer to ensure
that the Triton X-100 dissolves completely. The solution is then stored at room temperature
and can be used for up to 3—4 weeks.

e Protocol for making PFA (50 mL)

Table 2.6.: List of the components and their quantities required for making Paraformaldehyde

solution.
Reagent Final concentration Amount
Paraformaldehyde 4% [wiv] 29
8% [wiv] 49
1x PBS 1x to 50 mL

The required amount of Paraformaldehyde powder was weighed and dissolved in 1x
PBS in a glass beaker. The volume was made up to 50 mL. The glass beaker was covered from
the sides and on top with aluminium foil. A magnetic bead was added to the solution and placed
on a hot plate magnetic stirrer. The hot plate was set to 60°C and the stirrer was set at 100 rpm
till the PFA powder dissolved completely. The solution was allowed to cool to room

temperature and stored at —20°C in 1 mL aliquots.

e Protocol for making 2% PBTA (PBS containing 0.3% [v/v] Triton X-100, 2% [w/V]
bovine serum albumin (BSA), and 0.02% sodium azide) (10 mL)

Table 2.7.: List of the components and their quantities required for making 2% PBTA.

Reagent Final concentration Amount
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0.3% PBST 0.3% 10 mL

Bovine serum albumin (BSA) powder 2% [wiv] 0.2¢9

10 mg/mL Sodium Azide solution 1.2 [wiv] 200 uL

The required amount of Bovine Serum Albumin (BSA) powder was weighed and
dissolved in 0.3% PBST solution with sodium azide in a 15 mL conical tube. The tube was
placed on a rocker at 4°C to ensure that the BSA dissolves completely. The solution was

stored at 4°C and can be used for up to 1 week.

e Mowiol-DABCO (20 mL)

Table 2.8.: List of the components and their quantities required for making Mowiol-DABCO.

Reagent Final concentration Amount
Mowiol 2.5% [wiv] 249
Glycerol 30% [wiv] 60
Tris-HCI (pH 8.5) N/A 12 mL
DABCO 2.5% [wiv] 059
Deionized water N/A 6 mL

The required amounts of Mowiol powder and glycerol were mixed. This mixture was
dissolved in 6 mL of deionized water and mixed with 12 mL of 0.2 M Tris-CI (pH 8.5) in a 50
mL conical tube. The tube was kept in a water bath set to 50°C for several hours. The solution
was centrifuged at 5,000 g for 15 mins and the supernatant was transferred to a fresh 50 mL
conical tube. DABCO was added to the supernatant to achieve a final concentration of 2.5%
[w/v] of DABCO. The resultant solution was stored at —30°C in 1 mL aliquots and can be used

for up to 5-6 months.

2.3. Embryo Immunostaining
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The flies are put in a cage for embryo collection. 2.5-3hr old embryos are collected in
plates containing 3% sugar, 2.5% agar and a little amount of yeast paste. Embryos are
dechorionated by incubating in 100% bleach for 1 min and then fixed using 1:1 heptane and
4% paraformaldehyde (PFA) in 1x Phosphate Buffer Saline (PBS) for 20 mins. This is followed
by hand de-vitelinization of the fixed embryos in PBS or de-vitelinization by vigorous shaking
in a 1:1 mixture of Heptane and chilled methanol. De-vitelinized embryos are washed three
times in 1x PBST (1x PBS and 0.3% Triton X-100). As a blocking agent 2% Bovine serum
albumin (BSA) is added for 1 hr. Embryos are then incubated overnight in the primary antibody
of required dilution and washed again with 1x PBST. Secondary antibodies are then added and
incubated for 45 mins followed by washing, addition of Hoechst for DNA staining and
mounting on slides. The Antibodies that are used for the experiments are listed in Table 2.

Table 2.9.: List of antibodies used and the concentrations used.

Antibody Company | Catalogue no. | Lab
anti-Arp3 raised in William
Rabbit (1:500) Theurkauf
anti-Diaphanous Brooke M.
raised in Rabbit McCartney
(1:2000)
anti-DCAD?2 raised
_ DSHB AB_528120
in Rat (1:5)
anti-Rab5 raised in Akira
Guinea pig (1:500) Nakamura
anti-Cortactin raised | BD
_ o 610049
in Mouse (1:100) Biosciences

Primary antibodies anti-Dynamin raised | BD 510263
in Mouse (1:200) Biosciences
anti-Rab11 raised in Akira
Rabbit (1:500) Nakamura
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anti-Scar raised in

DSHB AB 261
Mouse (1:100) 2618386
anti-Sgh raised in Adam C.
Rabbit (1:1000) Martin lab
anti-Racl raised in
DSHB AB_1553767
Mouse (1:100)
anti- Phospho
Histone3 raised in Invitrogen | MA5-15220
rabbit (1:600)
anti-DMIM (raised in )
) Booster Bio
Rabbit)
Alexa Fluor 488,
Secondary 568, 633 and 647
o o Molecular
antibodies raised in Mouse/
] ] Probes
Rabbit/ Guinea
pig/Rat (1:1000)
Hoechst 3342 Molecular
H-3569
(1:1000) Probes
Phalloidin Molecular
Dyes 488,568,647 (1:100) [ Probes
Thermofish
FM 1-43fx | F35355
er scientific

2.4. Dye uptake assay

Embryos were collected after 1.5 hrs in the sucrose-agar plate. The embryos were

washed with deionized water and passed through the sieve. The embryos were dechorionated

with 100 % bleach for 4 minutes and then permeabilized for 5 minutes using 1:10 Limonene

detergent (Citrasolv) and 1x PBS. This is followed by a wash with 1x PBS. The embryos are
then incubated with FM 1-43 FX dye (fixable analog of FM™ 1-43 membrane stain,
Thermofisher Scientific, Catalogue number: F35355) diluted in 1x PBS for 15 minutes and

then fixed using 1:1 heptane and 4% paraformaldehyde (PFA) in 1x Phosphate Buffer Saline
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(PBS) for 25 mins. The embryos are then hand de-vitellinized followed by addition of Hoechst
33258 (1:1000) for DNA staining and mounted on slides with Slow fade Gold antifade
(Molecular Probes). FM 1-43 FX dye absorbs in the range of 490-510 nm and initially emits at
around 626-636 nm and in the 565-590 nm range upon membrane integration.

2.5. Confocal microscopy for imaging fixed samples

Microscopy

Fixed samples were imaged using Laser Scanning Microscopes using a Plan
Apochromat 40x/1.3 QOil Iris M27 Objective on LSM 710, Plan Apochromat 40x/1.4 Oil Iris
M27 Objective on LSM 780 (Carl Zeiss™) and Plan Apochromat 40x/1.3 CS2 Oil on inverted
Leica TCS SP8.

2.6. Confocal microscopy for imaging live samples

Sample preparation for Live imaging

Embryos are collected after 1 hr of incubation and dechorionated with 100% bleach.
Embryos are then washed, dried on a tissue and carefully mounted on coverslip Laptek

chambers and immersed in 1x PBS.

Microscopy

Live samples were imaged using Laser Scanning Microscopes using a Plan
Apochromat 40x/1.3 Oil Iris M27 Objective on LSM 710, Plan Apochromat 40x/1.4 Qil Iris
M27 Objective on LSM 780 (Carl Zeiss™) and Plan Apochromat 40x/1.3 CS2 Oil on inverted
Leica TCS SP8.

2.7. Super-resolution imaging on Stimulated emission depletion microscopy (STED)
(Mitra et al. 2022)

Embryos were collected for 1.5-2hr at 25 degree C and were labelled with Phospho-
Histone PH3 (1:600, Invitrogen) which is used to label the nucleus and identify different
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syncytial nuclear cycles. This was coupled with anti-mouse Alexa Fluor® 320 488 (1:1000,
Life technologies™). F-actin was labelled with Alexa Fluor® 321 568 Phalloidin (1:100, Life
technologies™). The samples were embedded in Mowiol supplemented with 2.5% DABCO to
reduce fading of the fluorescence. The embryos were then imaged within 1-2 days with an
inverted TCS SP8 3x microscope (Leica 326 Microsystems, Mannheim Germany) with a
100X/1.4NA oil immersion (refractive index 327 1.518) objective (Leica HC PL APO CS2-
STED WHITE) operated by the Leica LAS X 328 software (version 3.5.3). Fluorophores were
excited with 488 nm (for nuclear Lamin) and 561 nm (for Phalloidin) derived from 80 MHz
pulsed White Light Laser (Leica 330 Microsystems, Mannheim Germany) at 70% intensity and
depletion was performed with a 775 nm pulsed laser (Leica Microsystems, Mannheim
Germany) with a maximum power of 820-860 mW. All images were acquired in 2D STED
mode. The fluorophore emission was collected with Hybrid Detectors (HyD, Leica
Microsystems, Mannheim Germany) and a typical spectral window of 495- 336 550 nm for

nuclear Lamin imaging and 570-640 nm for phalloidin was used.

Table 2.10.: Laser settings for confocal microscopy.

Fluorophore |Labels |Excitation |Excitation |Detector |Spectral Gain | Line
wavelength | laser window averaging
intensity for
detection
Hoechst Dividin | 405 nm 70% (90 Photomult | 443-466 800- |2
33258 g nuclei MHz pulsed | iplier tube | nm 1,000
white light | (PMT)
laser)
Phospho- Dividin [ 488 nm 70% (90 Hybrid 506-539 100- |2
Histone H3 g nuclei MHz pulsed | detector | nm 200
white light | (HyD)
laser)
Alexa 568 Microvi | 561 nm 70% (90 Hybrid 585-623 100- |2
Phalloidin i (F- MHz pulsed | detector |nm 150
actin) white light | (HyD)
laser)
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Table 2.11: Laser settings for STED super resolution microscopy.

Fluorophor | Labels [Excitation |Excitatio |Detecto | Tim |Spectral |Gain |Line
e wavelength | n laser r e window averaging
intensity gate |for
detection
Alexa 488 Microv [ 488 nm 70% (90 | Hybrid |[0.3— |507-542 |100- |2
Phalloidin illi (F- MHz detector [6ns [nm 120
actin) pulsed (HyD)
white light
laser)
Phospho- Dividin | 561 nm 70% (90 | Hybrid [0.3— |584-633 |50- |2
Histone H3 |g MHz detector [6ns [nm 60
nuclei pulsed (HyD)
white light
laser)

2.8. Image processing, quantification and analysis

2.8.1. Deconvolution of STED images using Huygens professional

Huygens Professional version 17.04 (Scientific Volume Imaging, Netherlands) was
used to deconvolve the STED images using the STED module on. The average background
was estimated using the In/near object module by controlling the radius parameter. The
Classical Maximum Likelihood Estimation (CMLE) algorithm was used and the maximum
iterations was set at 27. The Signal to Noise Ratio was set at 7.5 and the quality threshold was

set at 0.05. The deconvolved images were saved as high-quality TIFF images.

2.8.2. Quantification of Apical microvilli length and number from fixed embryos

A ROI was drawn to form an open-ended line, along the microvillar projections using

the “Segmented line” tool in ImageJ. As many as microvilli that could be observed in sharp
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focus emerging from one apical cap, were measured. Microvilli from at least 3-5 caps were
measured for each embryo and at least 3 embryos for each genotype. The lengths of each ROI
were the length measurements for each microvillus and the number of ROIs per cap were the

number of microvilli for each cap.

2.8.3. Quantification of furrow length from live movies

An orthogonal plane of the z-stack that showed the lateral furrows at the interphase and
metaphase from the live movies of embryos with their plasma membrane fluorescently tagged,
was chosen. A ROI was drawn to form an open-ended line, along the furrows using the
“Segmented line” tool in ImagelJ. At least 3-5 furrows were measured for each embryo and 3
embryos for each genotype. The lengths of each ROI were the length measurements for each

furrow and the approximately 3-5 furrows were measured from each embryo.

2.8.4. Quantification of membrane to cytosolic ratio

A grazing section of the z-stack that showed the sub apical section of the cell was
chosen. A ROl was drawn on the cell boundary along its length to measure the mean intensity
of the fluorophore on the cell membrane. Another ROl was drawn adjacent to the nuclear region
of the cell to measure the intensity of the fluorophore in the cytosol. Both were drawn using
the “Segmented line” tool in ImageJ. 5 cells were measured for each embryo and 3-4 embryos
for each genotype. The mean intensity of the membrane ROI was divided by mean intensity of

the cytosolic ROI, and the ratio was plotted as “membrane to cytosolic ratio”.

2.8.5. Quantification of normalised apical intensity

A grazing section of the z-stack that showed the apical section of the cell was chosen.
A ROI was drawn to form a closed area, along the boundaries of the apical caps using the
“Polygon Selection” tool in ImageJ. This selection measures the intensity of the whole area
chosen in the ROI. Another similar ROl was drawn on a plane above the apical cap of the cell
to measure the mean intensity of the background noise of the fluorophore. 5 cells were
measured for each embryo and 3-4 embryos for each genotype. The mean intensity of the
membrane ROI was divided by mean intensity of the ROI for background noise, and the ratio

termed as normalised apical intensity” was plotted.
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2.8.6. Quantification of Polygon analysis (Dey et al. 2023)

The brightest grazing section was chosen from the base of the cells, with the sharpest
boundaries for the metaphase of each nuclear cycle, per embryo and fed into the Packing

analyzer software (Benoit Aigouy, Classen et al.,2005, https://idisk-srv1.mpi-cbg.de/~eaton/).

The software performs segmentation of the plasma membrane surrounding each cell. The cell
area and perimeter are estimated from each cell in the rendered image. Each of the cells are
colour coded according to the polygon type depending on the number of neighbours. The output
is available as an Excel sheet with the area, perimeter, and polygon type of each cell in the
field. For this analysis 3 or more embryos were used per nuclear cycle and all the cells in the
field A line of cells at the border of the images was omitted during the analysis to obtain the

polygon distribution within the tissue per cycle.

2.8.7. Quantification of cell shape index (Dey et al. 2023)

Based on the cell segmentation data obtained from the packing analyzer and its output
in the form of the area (A) and perimeter (P), the average cell shape index was calculated from
all the cells excluding one row from the boundary, in the frame, using the formula : P/+/A (Bi
etal. 2015). The cell shape index was estimated from the segmented images. 3 or more embryos
were used for each nuclear cycle and all the cells in the field except a line of cells at the border

of the images were analysed to calculate the average cell shape index.
2.8.7. Statistical analysis
The data is represented as the mean + s.d. for all the quantifications. The n-values are

mentioned in their respective figure legends, for all the experiments. The data were plotted in

GraphPad Prism 5.0. The means were compared using a two-tailed unpaired Student’s t-test .
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Chapter 3: Hexagon dominated polygon architecture is achieved with reduction in cell
shape index value and regulated by polarity proteins and DE-cadherin

(Done in collaboration with Bipasha Dey)

3.1. Introduction

3.1.1. Polarised organisation in syncytial epithelial cells

During metazoan embryogenesis an onset of epithelial-like-polarity is observed as the
epithelial cells get formed. This also coincides with the formation of a polygonal array of cells
packed in a tissue. Such coordinated mechanisms enable us to investigate the mechanisms that
regulate the arrangement of the packed tissue (Nance 2014). Syncytial Drosophila embryos
show the asymmetric distribution of various polarity proteins as well as cytoskeletal regulators
on the plasma membrane (Schmidt and Grosshans 2018) (Fig. 3.1.). While initially in the pre
blastoderm stage, the cortical domains are not polarised, the differentiation of the cortical
domains begins as the cortex is divided into 2 domains at the interphase of nuclear cycle 10.
The 2 domains are the cap and the intercap regions (Fig. 3.1.). F-actin and actin-associated
proteins such as Arp2/3, Scar, Moesin, ELMO, Sponge, and a-spectrin, mark the cap region
while myosin I, Toll and Slam localise to the intercap region (Fig. 3.1.). During the syncytial
cycles, at metaphase the furrow is increased to its maximum length of each nuclear cycle and
the cortical domain is segregated into 3 domains: apical, lateral and basal. The lateral domain
is marked by the localisation of Canoe, Peanut (Pnut), Scrambled, DE-cad, Bazooka (Baz),
Dlg, and Toll (Fig. 3.1.). The basal domain is mostly formed by the tip of the pseudo cleavage
furrow and comprises PatJ, Amphiphysin, Anilin, Diaphanous, and Syndapin (Pesacreta et al.
1989; Thomas and Williams 1999; Foe, Field, and Odell 2000; Stevenson et al. 2002; Zallen
et al. 2002; Mavrakis, Rikhy, and Lippincott-Schwartz 2009; Rikhy, Mavrakis, and Lippincott-
Schwartz 2015; Sherlekar and Rikhy 2016; Schmidt, Lv, and GroRhans 2018; Schmidt and
Grosshans 2018; Dey and Rikhy 2020).
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Table 1, Marker proteins of cortical domains in early Drosophila embryos

Posibon Protesn Comment Vertabeato homolog Refererces

Pre-blastoderm cortex

Corex F-actn Cortical filaments Kaer and Alberts (1985)
Tubutn Short polymerized forms at cortex Karr and Alberts (1586)
Myosn 1l Ursform distribution. aiso called zipper  Nonsmuscle myosin Il Abesu-8lanco ot al. (2011)

in Drosophia

Syncytial blastoderm - Interph

Cap ELMO Foems o complax with Sponge Coo-12 Schimat ¢t al. (2018)
Factn Karr and Alberts (19886)
Sponge Foems a complex with ELMO DOCK3 Schmidt et al. {2018)
Mcesin Binds 10 F-actin Rikhy et a. (2015)
a-Speciin Pesacreta el ol, (1989)
Anp2i3 Ennched at the rmns of caps Stovonson ot al, (2002)

intercap Slam Membrane associated Schmidt et al. (2018)
Toll Transmombeanad protein Tolldike proteins Mavrakis ot & (2009)
Peanut Member of the septin famdy SEPTY Fares ot al (1595); Fiedd and Alberts (1595)
Anillin Scraps (Scra) in Drosophils, sepsn Fares of 8 (1995), Fiedd and Alberts (1995)
Myosin 1| Non-muscie myosn Il Royou et al. (2004); Wam et al. (1980)
P-Spectrin SPTBN1 Thomas and Wiltiams (1999)
Bnary-Spoctin  Isoform of B-Spectin Thomas and Wiliams (1999)
E.Cadherin Ennched in intercap Marakis ot ol (2009)

Fig. 3.1.: Cortical organisation of polarity proteins in the syncytial blastoderm Drosophila
embryos. (A) Schematic showing the dynamics of the cortical domains in pre blastoderm
stage and syncytial nuclear cycles of early Drosophila embryos.

(B) List of proteins that get localised to the different cortical domains in an asymmetric
manner with the initiation of the syncytial nuclear cycles. (adapted from Schmidt and
Grosshans 2018)

We have also observed that during the syncytial cycles of Drosophila embryogenesis,
DE-cadherin, an adhesion junction protein, Bazooka, a Par-3 homolog and a polarity
determining protein and Peanut, a septate junction protein., becomes polarized on the cell
boundaries. While DE-cadherin and Bazooka become enriched at the edges, Peanut is enriched

at the vertices of the polygonal cells. The loss of DE-cadherin leads to a short furrow as well
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as Baz and Pnut depletion also leads to a minor decrease in furrow length. Therefore, in the
syncytial Drosophila blastoderm embryo, molecular and morphological asymmetries in the
cortical domain are observed which is concurrent with the onset of a polygonal array of cells
at metaphase, during the syncytial cycles (Dey and Rikhy 2020; Dey et al. 2023). However,
how the onset and dynamics of the polygonal array is regulated by the asymmetric arrangement
and polarised arrangement of the molecules on the plasma membrane remains to be

investigated.

3.1.2. Regulation and significance of a hexagon dominated polygonal array

Tissues are a collection of cells which should be packed efficiently. Cell packing refers
to the spatial arrangement of cells, in a sheet of epithelial cells. This sheet of epithelial cells
typically lines the organs and form a barrier between the compartments. The cells comprising
the tissue can undergo shape changes and rearrangements, which leads to stretching, bending
or folding of the tissues, essential for the final formation of the organs. The shape and geometry
of the cells forming the tissue is of great significance for the homeostasis and stability as well
as the functionality of the tissue. A change in cell shape leads to a heterogeneity in their size
or area as well. This causes the cells to rearrange and possibly a perturbed cell packing within
the epithelium. In cases of cancer, cells that become extremely small in shape can get dispersed
within the tissue. During metazoan embryogenesis as the epithelial cells are formed, the onset
of polygonal organization of the cells takes place (Gibson et al. 2006). For instance, during
early Drosophila embryogenesis the cells are arranged as polygons for the first time (Dey and
Rikhy 2020). Even in the wing epithelium of Drosophila the tissue is able to reach an
energetically favourable state as the cells rearrange the number of neighbours they are
surrounded with by getting dispersed between normally sized cells (Classen et al. 2005;
Ramanathan, Krajnc, and Gibson 2019).

In order to quantitatively analyze the distribution and arrangement of the cells in the
polygonal array, the simplest metric is to count the number of neighbours of each cell, in a two-
dimensional projection of the tissue. The shape and packing of the tissues can also be analyzed
using the same strategies as used for the packaging of soap bubbles in a foam, described in
seminal work by D’Arcy Thompson (“On Growth and Form,” n.d.). However, cells grow and
remodel their shape actively and move around within the tissues and are not passive objects
like soap bubbles ( Lecuit and Lenne 2007; Graner and Riveline 2017) . One way to measure

the dynamics of the cell shape changes is to measure the cell-shape index, which is calculated
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by dividing the perimeter of a cell by the square root of its area. A cell closer to circular or an
isotropic shape possesses the smallest shape index for a given area. The value increases for
more elongated and anisotropic cell shapes. Thus, cells that have shorter contacts with their
neighbours yield a smaller shape index value, which is typically assumed to be a more solid-
like or ‘jammed’ tissue. Here, the cells are too tightly packed and stable to exchange their
neighbours frequently. Alternatively, cells that engage with their neighbours through longer
intercellular contacts, possess a shape index with higher value and are considered to be more
fluid-like or ‘unjammed’ tissue with cells frequently exchanging neighbours. The shape index
value of an isotropic hexagonal shaped cell is observed to be around 3.81 in lung epithelial
tissue (Bi et al. 2014). Thus, the cell-shape index proves to be a useful metric to analyse the
fluidity of cells packed in a tissue. During germ band extension in Drosophila, an increase in
cell shape index is observed simultaneously along with the cell movements within the tissue
(X. Wang et al. 2020). We utilise both the strategies- to count the number of neighbours of the
cells packed in the tissue as well as the cell shape index values to quantify the onset and

dynamics of the polygonal array of cells in the Drosophila syncytial blastoderm embryos.

3.1.3. Polarity proteins regulate cadherin trafficking and cell-cell junctional remodelling.

Epithelial tissues consist of cells adherent to each other, that the interior and exterior
surfaces of various metazoans are lined with. The segregation of the epithelial plasma
membrane in apical, lateral and basal domains is crucial for stabilising the adhesion proteins
on the lateral membrane, as well as essential for trafficking of cadherin (Buckley and St
Johnston 2022) (Fig. 3.2.), either along the apico-basal or planar axis of the tissue, as observed
during apical constriction and cell rearrangements, respectively. Par-3/Bazooka is itself
arranged in planar polarised manner during Drosophila germband extension and interacts with
the p120-catenin to facilitate cadherin endocytosis around the cell boundaries for recycling the
cadherin molecules to the specific cell-cell contacts ( Zallen and Wieschaus 2004; Bulgakova
et al. 2013; Bulgakova and Brown 2016). Polarity complexes like the Par6-aPKC cassette also

interact with the actin cytoskeleton to regulate cadherin endocytosis.
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Fig. 3.2.: Schematic showing the polarised trafficking of E-cadherin (Briiser and Bogdan
2017).

Absence of Par6-aPKC leads to cadherin getting stuck in extended endocytic vesicles
which are not efficiently internalised, in Drosophila notum (Georgiou et al. 2008). A perturbed
cadherin trafficking was also observed due to lack of Cdc42, an activator of Par6-aPKC
cassette, and it's cytoskeletal effectors like Cip4, WASP, Arp2/3 complex and dynamin
(Leibfried et al. 2008) (Fig. 3.2.). Trafficking of DE-cadherin is key to controlling the dynamics
of adherens junctions (Fig. 3.2.). The cellular trafficking of DE-cadherin starts with its constant
internalisation from the plasma membrane which could be clathrin-mediated as well as
clathrin-independent endocytosis, including Racl mediated macropinocytosis ( Braga et al.
1997; Le, Yap, and Stow 1999; Akhtar and Hotchin 2001; Palacios et al. 2002; Paterson et al.
2003). The cadherin molecules enter early endosomes marked by Rab5 and then get sorted
through Rab7, Rabl1 and also get exocytosed through the exocyst complex back to the cell
surface (Briser and Bogdan 2017) (Fig. 3.2.). The dynamics of cadherin at the cell-cell-
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junctions regulates the plasticity of the tissue making it efficient for remodelling (Fig. 3.3.).
This in turn is important for polarised morphogenesis that could extend tissues along a specific
axis of the body or organ, as in elongation of the Drosophila embryo along the dorsal-ventral
(D-V) body axis. Another example of adherens junction remodelling where the junctions need
to be removed in case of cell-cell intercalation and shrink anterior-posterior cell-cell contacts
while simultaneously delivering cadherin newly forming contacts along the D-V axis (Zallen
2007). Cdc42 effector, Pakl, regulates trafficking of cadherin from apico-lateral to baso-lateral
domain in Drosophila salivary gland, which is essential for remodelling the organ’s size and
shape and overall tissue development (Pirraglia, Walters, and Myat 2010). The efficient
trafficking of adhesion could regulate polarised arrangement of the mature epithelial cells in a
developing tissue. Hence, an understanding of such a mechanism is essential to understand the

overall process of cell shape remodelling.

Low Cadherin Mobility \ | Tissue Resistance

"’ Distortion

‘Mechanism —_—
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"’ Distortion
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......................................

Fig. 3.3.: Schematic showing that trafficking of cadherin along the cell boundaries regulates
the maintenance of tissue remodelling. Low cadherin trafficking (top) leads to a tissue
resistant to remodelling, whereas high cadherin remodelling (bottom) makes the tissue plastic
allowing it to undergo junction remodelling and cell intercalation events. Arrows represent

the directionality of cadherin endocytosis and recycling (West and Harris 2016).
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Core trafficking mechanisms regulate the cadherin trafficking during cell shape
remodelling. Perturbed endocytic machinery regulated by the clathrin, dynamin or Rab5
increases cadherin at the PM while depleting the same from intracellular vesicles, whereas, if
the recycling or exocyst mechanism regulated by the Rabll or the exocyst complex is
perturbed, the level of cadherin on the plasma membrane is lowered which also leads to
abnormal cadherin accumulation in intracellular vesicles (West and Harris 2016). Lowered
turnover of Drosophila E-cadherin (DE-cad) in endocytic mutants leads to perturbed
distribution of the polygonal classes in the Drosophila wing discs, specifically lowered
hexagonal classes. Planar cell polarity (PCP) proteins, were found to be the regulators of DE-
cadherin turnover along the cellular junctions in Drosophila wing discs. Thus, it shows that an
interplay of adhesion and PCP proteins was responsible for regulating the frequency of
hexagons in wing disc epithelium (Classen et al. 2005; lyer et al. 2019). Hexagon-dominance
in a polygonal array of packed epithelial cells in a tissue, is a property that remains conserved
across organisms ranging from the diploblastic Hydra to the triploblastic Xenopus (Gibson et
al. 2006). Theoretical studies suggest that maintenance of such polygonal architecture is
attributed to the function of surface tension and that reduced surface tension leads to
minimisation of the cell area. Additionally, the cells mechanical properties such as contractility
and adhesion along with global tissue level forces also have a possible role in regulating the
cellular rearrangements and hence the polygonal packing ( Gibson et al. 2006; Farhadifar et al.
2007a; Sugimura and Ishihara 2013). The other branch of studies elucidating on the role of
molecular factors, regulating cellular adhesion, in maintaining the polygonal distribution of the
cells has however not been fully understood yet. These above examples substantiate that
adhesion and polarity proteins are important regulators for maintenance of hexagon dominance
in a polygonal distribution of cells.

Here we used the Drosophila embryogenesis as a model system to study the onset of a
polygonal arrangement of cells. During early Drosophila embryogenesis the cells are arranged
as polygons for the first time and simultaneously the establishment of polarity proteins is also
observed during this period of time (Classen et al. 2005; Dey et al. 2023). Therefore, since the
two events of polarity establishment and polygonal arrangement of cells occur simultaneously,
we further analysed if the latter was correlated to the polarity establishment. We hence tested
the role of adhesion and polarity proteins in regulation of the polygonal arrangement of cells
in the embryo. We observed that the cells are packed into a polygonal arrangement at the
metaphase of nuclear cycle 11 and the cell shapes become hexagonally dominant at the

metaphase of nuclear cycle 12. At this specific time point, DE-Cad and apical polarity protein,
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Bazooka, a Par3 homolog gets arranged on the edges whereas the septin, Peanut gets enriched

at the vertices. Disrupting DE-Cad leads to perturbed hexagon dominance in the polygonal

arrangement of cells whereas the disruption of Bazooka and Peanut leads to a delayed

achievement of hexagonal dominance with increase in furrow length from the metaphase of

nuclear cycle 12 to nuclear cycle 13.

3.2. Materials and methods

Fly stocks

Refer to Chapter 2: Material and Methods section 2.1.

Embryo Immunostaining

Refer to Chapter 2: Material and Methods section 2.3.

Fixed and Live Imaging

Refer to Chapter 2: Material and Methods section 2.6.

Quantification and statistical analysis

Membrane to cytosolic ratio of dynamin, rab5 and DE-cadherin

Refer to Chapter 2: Material and Methods section 2.8.4.

Polygon analysis
Refer to Chapter 2: Material and Methods section 2.8.6
Quantification of cell shape index

Refer to Chapter 2: Material and Methods section 2.8.7
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3.3. Results

3.3.1. Analysis of the cell shape index and polygonal distribution of the plasma membrane

architecture and in syncytial Drosophila blastoderm embryos

We wanted to assess the establishment of a hexagon-dominated polygonal network
during the syncytial nuclear cycles which emerges during the early Drosophila embryogenesis.
For this we used embryos expressing tGPH which contains the PH domain of GRP fused to
GFP that binds the phospholipid PIP3 and labels the plasma membrane uniformly (Britton et
al. 2002; Sherlekar and Rikhy 2016; Dey and Rikhy 2020). The experimental setup was
mounted such that a grazing section of the cells as shown in the schematic could be observed
(Fig. 3.4.A). A z-stack image was captured and one of the stacks that showed an array of the
tautest cells with brightest intensity, from the metaphase stage of each nuclear cycle was chosen
for analysing the polygon distribution. We used the packing analyzer software to estimate the
cell shape index as well as the polygon distribution (Fig. 3.4.A). A theoretical approach to
quantify a non-dimensional parameter called the shape index for confluent epithelial
monolayers involves estimation of the ratio of the perimeter and area of each cell (see materials
and methods) (Park et al. 2015; Bi et al. 2015). A cell shape index value lower than the critical
value of 3.81 signifies a jammed state of the tissue that is more solid-like with isotropic cells
whereas a value higher than 3.81 leads to non-jammed , fluid-like, anisotropic cells (Bi et al.
2015). An instance where there is a transition of the cells from a jammed to a non-jammed state
is during Drosophila germ band extension, where during the tissue elongation phase there is
an increase in anisotropic cell shapes along with increase in cell shape index and percentage

distribution of pentagons in the polygonal distribution of cells (X. Wang et al. 2020).
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Fig. 3.4.: Hexagon dominated plasma membrane organisation is established for the first time
in nuclear cycle 12

(A)Schematic showing the setup for imaging syncytial Drosophila blastoderm embryo being
imaged using an inverted confocal microscope. The zoomed inset shows apical and sagittal
views of syncytial cells in both interphase and metaphase. The syncytial epithelial cells show
polygonal organisation in metaphase. The right-hand side of the schematic shows the
methodology for image analysis. The acquired fluorescent images are segmented in the
software-packing analyzer for obtaining segmented cell boundaries which are subsequently
also used to estimate the average cell shape index. The segmented images are rendered
further for estimation of polygon distribution across the metaphase 10-14.

(B) Images showing grazing sections of tGPH expressing embryos from metaphase 10-13
and nuclear cyclel4.

(C) Colour-coded polygon rendering of the respective images in (B) using the packing
analyzer software.

(D) Quantitative analysis of polygon distribution in metaphase 11-13 and nuclear cyclel4
(n=20-60 cells from nuclear cycle 11-14 per embryo, 4 embryos). Each curve represents a
single nuclear cycle Pentagons and hexagons are compared using the unpaired, two-tailed,
Student’s t test. Data is represented as mean + SEM, *p<0.05, **p<0.01, and ***p<0.001.
(E) Graph shows the average cell shape index of all the cells in the field for control embryos
(n=20-60 cells from metaphase 11-13 and nuclear cyclel4 per embryo, 4 embryos). Data is
represented as mean + SEM, *p<0.05, **p<0.01, and ***p<0.001, two-tailed, unpaired
Student’s t test. Scale bar: 5 pm.

(F) Grazing sections showing tGPH expressing embryos from nuclear cycle 11-13 at furrow
length just above the threshold (approximately 6.5um) and the respective colour-coded
polygon rendering using the packing analyzer software

(G) Quantitative analysis of polygon distribution in nuclear cycle 11-14 at approximately
6.5um (n=4 embryos). Pentagons and hexagons are compared using the unpaired, two-tailed,
Student’s t test. Data is represented as mean + SEM, *p<0.05, **p<0.01, and ***p<0.001.
(H) Graph showing the average shape index of all the cells in the field in control embryos
nuclear cycle 11-14 at furrow length of approximately 6.5um (n=4 embryos). Data is
represented as mean + SEM, *p<0.05, **p<0.01, and ***p<0.001, two-tailed, unpaired
Student’s t test. Scale bar: 5 pm.
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During Drosophila embryogenesis actin caps are formed above each of the nuclei at
the cortex of the embryo and their boundaries are far apart in the metaphase stage of nuclear
cyclel10 with large gaps between them. There is a gradual increase in furrow length, extending
between each of the nuclei from interphase to metaphase, through each of the nuclear cycles,
that is from nuclear cycle 11 to 13.and reaches a maximum length at the metaphase of nuclear
cyclel3 ( Foe and Alberts 1983; Holly et al. 2015; Xie and Todd Blankenship 2018; Dey and
Rikhy 2020). We observed that during these syncytial cycles the plasma membrane gets
organised into a polygonal array for the first time in the metaphase of nuclear cyclell (Fig.
3.4. B-C) and the polygonal distribution of cells at this stage showed almost equal numbers of
pentagons and hexagons (Fig. 3.4. D). At the metaphase of the nuclear cycle 12, the polygonal
array becomes dominated by hexagons. This hexagonally dominated polygonal network
persisted through the metaphase of nuclear cycle 13-14 (Fig. 3.4. D). As mentioned earlier, the
attainment of more isotropic cell shape like hexagons in a polygonal distribution is associated
with lowering of cell shape index (Park et al. 2015; Bi et al. 2015). We therefore wanted to test
if the onset of a hexagon-dominated polygonal distribution is associated with the tissue
becoming more jammed. Hence, we estimated the cell shape index for the cells at the following
cell cycle stages- metaphase 11, metaphase 12, metaphase 13, and nuclear cyclel4. The area
and perimeter values for each of the cells were obtained from the segmented images from the
movies of tGPH expressing embryos. These were obtained as output from the packing analyzer
software and applied to the formula (see materials and methods). The most significant finding
was that for all of the nuclear cycles 11,12,13 and 14 at metaphase, when the polygonal
organisation is most taut with sharp boundaries, the cell shape indices were greater than the
optimal value of 3.81. This suggests that the tissue in the syncytial cycles exists in a soft or
unjammed state with more fluid-like properties. However, there is a gradual decrease in the
shape index values across the nuclear cycles from 11-14 (Fig. 3.4. E). Previous studies from
our lab have shown that the formation of polygonal architecture is based on the progression of
the lateral furrow length, specifically achieved at 6.5 pm, known as the threshold length (Dey
and Rikhy 2020). We analysed the frequency of the polygonal distribution at a furrow length
of approximately 6.5 um in nuclear cyclel 1, nuclear cyclel2 and nuclear cyclel3. We found
that at this shorter furrow length in nuclear cyclel2, the pentagons were more in number than
hexagons, although not statistically significant, whereas in nuclear cycle13 hexagons became
dominant at 6.5 pum itself (Fig. 3.4. F-G). Therefore, hexagon dominance was essentially first
seen in nuclear cyclel2 at increased furrow lengths in metaphase (furrow length 9 um) and at

the short furrow length of 6.5 um already, in nuclear cycle 13. The cell shape index was also
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significantly increased at 6.5 um furrow length in the nuclear cycle 12 (4.38) and nuclear cycle
13 (4.25) as compared to when the cells are at the longest furrow length in metaphase (Fig.
3.4. H). This shows that the organisation of cells in the syncytial epithelium forms an
unjammed network initially which can sustain the dynamic plasma membrane remodelling
events during this stage of embryogenesis. The gradual reduction in the cell shape index values
along with increase in lateral furrow length progression and increase in cell number with cell
cycle progression is observed in the syncytial Drosophila embryos. This is consistent with an
earlier finding in mammalian epithelial cells where the cell shape index also reduces over time

with increase in cell proliferation (Vishwakarma et al. 2020).

3.3.2. Analysis of cell shape index and polygonal distribution of plasma membrane
architecture in Drosophila E-cadherin, Bazooka and Peanut mutants

We tested the distribution of polygons and the cell shape index values of the cells in
the syncytial tissue at metaphase of nuclear cycle 12 and 13, in DE-cadherin, Bazooka and
Peanut knockdown embryos. In order to knockdown the DE-cadherin, Bazooka and Peanut we
used the RNAI lines (refer to Materials and methods). At first, their loss-of-function effects
were investigated on the distribution of the polarity proteins in the syncytial cycles. The role
of DE-cadherin was assessed in the recruitment of Bazooka and Peanut by maternally
expressing DE-cadherin RNAI (shg'). Similar to our previous studies, DE-cadherin depletion
showed a decrease in DE-cadherin immunostaining as compared to controls (Dey and Rikhy
2020). DE-cadherin-depleted embryos also showed a significant decrease in the localization
of Bazooka and Peanut on the syncytial furrows and an increase in their cytoplasmic
distribution. The enrichment of Pnut at vertices as compared to controls was not seen upon
DE-cadherin depletion (Dey et al. 2023).

We have imaged embryos expressing tGPH or with Phalloidin staining, both of which
mark the boundaries of the cells. For shg' expressing embryos, we used the tGPH tag for
marking the plasma membrane (Fig. 3.5.A-B)., which showed a lack of hexagon dominance
completely both at metaphase 12 and metaphase 13, as compared to control embryos where the
hexagon dominance is achieved by the at metaphase 12 itself (Fig. 3.5. C). The cell shape index
values in shg' expressing embryos were also increased as compared to that of the control
embryos, both at metaphase 12 and 13 (Fig. 3.5. D). This finding therefore indicates that
disrupting the DE-cadherin levels perturbs the hexagon dominated polygonal distribution and

leads to formation of anisotropic cells and a more fluid-like unjammed network of cells. Further
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Fig. 3.5.: DE-cadherin depletion shows a loss of hexagon dominance in the polygon
distribution of cells.

(A-B) Images showing grazing sections of tGPH/+ and tGPH; matatub-Gal4, UAS-shg'
(shg') embryos in metaphase 12 and 13 along with the respective colour-coded polygon
renderings (C). Graph showing polygonal distribution in shg' expressing embryos in
metaphase 12-13 (n=approximately 120 syncytial cells, 20-30 cells/embryo; 4 embryos).
Pentagons and hexagons are compared in each cycle using the unpaired, two tailed, Student’s
t test. Data is represented as mean + SEM, *p<0.05, **p<0.01, and ***p<0.001.

(D) Graph showing average shape index of all the cells in the field in control and shg'
expressing embryos in metaphase 12-13 (n=approx. 120 syncytial cells, 20-30 cells/embryo;
4 embryos). The control tGPH cell shape index is repeated from Fig. 1E. Data is represented
as mean + SEM, *p<0.05, **p<0.01, and ***p<0.001, two-tailed, unpaired Student’s t test.
The nuclear cyclel13 polygon distribution for the control is repeated from Fig. 1D. Scale bar:

5 um.
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Fig. 3.6.: Bazooka and Peanut depleted embryos show a delay in the onset of hexagon
dominance in the polygon distribution of cells.

(A-B) Images showing grazing sections of control (matatub-Gal4/+), matatub-Gal4, UAS-
baz' (baz') and pnut*® (germ line clone) embryos stained with phalloidin in metaphase 12-13
along with the respective colour-coded polygon renderings.

(C) Graph showing polygonal distribution in baz' and pnut*® embryos in nuclear cycle 12-
13, (n= 60-80 syncytial cells, 20-30 cells/embryo; 4-5 embryos). Pentagons and hexagons
are compared in each cycle using the two tailed, unpaired, Student’s t test. Data is represented
as mean + SEM, *p<0.05, **p<0.01, and ***p<0.001.

(D) Graph showing average shape index of all the cells in the field in Control, baz' and pnut*®
embryos in metaphase 12-13 (n=approx. 60-80 syncytial cells, 20-30 cells/fembryo; 4-5
embryos). Data is represented as mean + SEM, *p<0.05, **p<0.01, and ***p<0.001, two-

tailed, unpaired Student’s t test. Scale bar: 5 um.

59




we disrupted the polarity determining protein, Par3 homolog Bazooka and the septin, Peanut
and analysed the polygonal distribution in baz' expressing embryos and pnut*® germline clone
embryos by staining them with fluorescently coupled phalloidin (Fig. 3.6. A-B). Both the
mutants showed a loss of hexagon dominance at metaphase 12 as compared to the control
embryos. However, the polygonal distribution achieved a hexagonal dominance comparable to
the control embryos at metaphase 13 (Fig. 3.6. C). The cell shape index values in baz'
expressing embryos and pnut*® germline clone embryos, were also higher than that of the
control embryos (Fig. 3.6. D). Therefore, our data demonstrates that a disrupted polygonal
distribution along with a high average cell shape index is observed in shows upon loss of DE-
cad, Baz, and Pnut. Therefore, it shows that polarity and adhesion molecules are important
determinants of a stable, jammed and isotropic tissue whereas their disruption causes leads to
a more unjammed and fluid-like tissue that comprises unstable, anisotropic and unjammed

cells.

3.3.3. The delayed hexagon dominance in Bazooka and Peanut mutant embryos was

recovered during syncytial cycle 13 with furrow extension

Previous study from our lab has shown that in the syncytial stages of Drosophila
embryogenesis the cells are circular in shape at the beginning of each nuclear cycle that is at
interphase, when the lateral furrows are also shorter as they are just beginning to form. With
gradual transition from interphase to metaphase there is a change in the cell shape and area. As
the cell area increases the shape also transitions from circular to polygonal. An increase in the
furrow length beyond 6.5 um is essential for the shape transition. Mutants that affect the furrow
length progression beyond 6.5 um show a lack of transition from a circular to polygonal shape
(Dey and Rikhy 2020). Therefore, we wanted to analyse the stage at which the rescue of the
cell shape is achieved and if it occurs with increase in furrow length. We analysed the polygonal
distribution from live movies of embryos expressing tGPH at 6.5 um in prophase and at
metaphase of nuclear cycle 13. For control embryos at 6.5 pum in prophase, the cells were
already arranged in a hexagonally dominant polygon distribution and such an organisation was
maintained till metaphase 13 (Fig. 3.7. A-B, E). In Bazooka and Peanut depleted embryos there
was a lack of hexagon dominance at a furrow length of 6.5 pum in prophase and the hexagon
dominance was achieved at the maximum furrow length in metaphase 13 (Fig. 3.7. C-D, E).
An analysis of the ratio of pentagons to hexagons increased in Baz and Pnut depleted embryos

at 6.5 um in nuclear cycle 13 and metaphase 13 was carried out. The ratio was significantly
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higher in the mutants than controls at 6.5 pum in prophase whereas at metaphase 13, it was not
significantly different from controls (Fig. 3.7. F). The average cell shape index value however
remained higher than controls in both prophase of nuclear cycle13 and metaphase 13 (Fig. 3.7.
G). To summarise, we observed that the establishment of a hexagonally dominant polygon
distribution was delayed and it occurred in nuclear cycle 13 and not at nuclear cycle 12 as in
controls. In nuclear cycle 13 also the transition was achieved with increase in furrow length.
Therefore, it can be speculated that in the bazooka and peanut depleted embryos, with increase
in furrow length there could be an increased stability due to possible recruitment of adhesion
proteins, which can possibly also be responsible for the establishment of a hexagon dominant

polygon distribution finally.
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the metaphase of nuclear cyclel3 with increase in furrow length.

(A, C) Images showing grazing sections of matatub-Gal4; baz' (baz') and matatub-Gal4; pnut'
(pnut’) embryos also expressing tGPH at a shorter furrow length of 6.5um and at metaphase
of nuclear cyclel3, (B, D) along with the respective colour-coded polygon renderings.

(E) Graph showing the polygon distribution of control, baz' and pnut' embryos at nuclear
cyclel3 at a short furrow length of 6.5 um and at metaphase.

(F) Graph showing the pentagon to hexagon ratio of control, baz' and pnut' embryos at nuclear
cyclel3 at a short furrow length of 6.5 um and at metaphase. Data is represented as mean +
SEM, *p<0.05, **p<0.01, and ***p<0.001, two-tailed, unpaired Student’s t test.

(G) Graph showing average shape index of all the cells in the field in control, baz' and pnut’
embryos at nuclear cyclel3 at a short furrow length of 6.5 um and at metaphase. Data is
represented as mean + SD, *p<0.05, **p<0.01, and ***p<0.001, two-tailed, unpaired

Student’s t-test. Scale Bar=5 pum

3.3.4. Analysis of DE-cadherin levels at the plasma membrane in Bazooka and Peanut
depleted embryos in the syncytial Drosophila embryos

We analysed the levels of DE-cadherin in Baz and Pnut depleted embryos. For this we
performed immunostaining of the fixed embryos depleted of Bazooka and Peanut with DE-
cadherin antibody together with phalloidin that marked the cortical F-actin localised very close
to the plasma membrane and imaged the syncytial Drosophila embryos at metaphase 12 and
metaphase 13 (Fig. 3.8. A, B). We also imaged the distribution of DE-cadherin distribution in
live Baz and Pnut depleted embryos using ubi-DE-Cad-GFP in the syncytial Drosophila
embryo at metaphase 12 and 13 (Fig. 3.8. D, E). The levels of the DE-cadherin distribution on
the membrane and cytosol were measured from the sum projections of all the z-sections and
their ratios were plotted.

The levels of DE-cadherin analysed using immunostaining with the anti-DE-cadherin
antibody were increased on the membrane on the furrow both at metaphase 12 and metaphase
13 (Fig. 3.8. C). Embryos depleted of Baz and Pnut, expressing ubi-DE-cad-GFP however did
not show a significant change in ubi-DE-cad-GFP levels on the membrane as compared to
controls in metaphase 12. However, 50% of these embryos showed an increase in ubi-DE-cad-
GFP intensity on the furrow. The ubi-DE-cad-GFP levels on the membrane were significantly

increased in metaphase 13 in Baz and Pnut depleted embryos as compared to controls (Fig.
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Fig. 3.8.: DE-cadherin accumulation increases on the plasma membrane in Bazooka and
Peanut knockdown embryos in Bazooka and Peanut knockdown embryos.

(A-B) Images showing grazing sections of control, matatub-Gal4; baz' (baz') and matatub-
Gal4; pnut' (pnut') stained with DE-cadherin in metaphase 12-13. Insets show zoomed in
images. The 16-colour rainbow scale from the ImageJ is used to show fluorescent intensities.
(C) Graph showing quantification of the intensity of DE-cadherin on the membrane using
membrane to cytosol ratios in baz' (n=15-25, 4-10 cells per embryo from metaphase 12-13,
3-5 embryos) and pnut' embryos (n=20-60, 5-10 cells per embryo from metaphase 12-13, 4-
5 embryos) For metaphase 12 DE-Cad accumulations are observed at approximately 2-2.4
microns of furrow length in both baz' and pnut' embryos. For metaphase 13, DE-Cad
accumulations are observed at around 2.4-4 microns of furrow length in both baz' and pnut’
embryos. Data is represented as mean + SD, *p<0.05, **p<0.01, and ***p<0.001, two-tailed,
unpaired Student’s t-test. Scale Bar=10 um
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(D-E) Images showing grazing sections of ubi-DE-cad-GFP/+, ubi-DE-cad-GFP; matatub-
Gal4, UAS-baz' (baz') and ubi-DE-cad-GFP; matatub-Gal4, UAS-pnut' (pnut’) embryos in
metaphase 12-13. Insets show zoomed in images. The 16-colour rainbow scale from the
imageJ is used to show fluorescent intensities.

(F) Graph showing quantification of normalised intensity of DE-cadherin on the membrane
using membrane to cytosol ratios in baz' and pnut' embryos (n=12-15, metaphase 12-13, 5
cells per embryo, 5 embryos). Data is represented as mean + SD, *p<0.05, **p<0.01, and
***p<0.001, two-tailed, unpaired Student’s t-test. Scale Bar=5 um

3.8.D). This increased accumulation of DE-cadherin was observed majorly along the sub-apical
region of the cells. Summarising this, we observed that both the ubi-DE-cadherin levels as well
as the endogenous DE-cadherin levels as observed with the antibody staining, were increased
on the membrane as compared to the control embryos. This possibly hinted at the fact that the
internalisation of DE-cadherin from the plasma membrane of the furrows was perturbed, which

leads to the increased accumulation of DE-cadherin.

3.3.5. Analysis of endocytosis in Baz and Pnut depleted embryos at the plasma membrane

in the syncytial Drosophila embryos

As discussed in the introduction section, several studies have shown that polarity
proteins are known to regulate endocytosis at the plasma membrane (Shivas et al. 2010)
especially of DE-cadherin, for example during the dynamic tissue remodelling in the
Drosophila tracheal tissues (Shindo et al. 2008). In notum epithelial cells loss of polarity
proteins like Par6-aPKC leads to reduced DE-cadherin trafficking (Georgiou et al. 2008).
Dynamin-mediated endocytosis has been shown to be crucial for furrow extension in the
syncytial blastoderm embryo and temperature-sensitive mutants of Dynamin, shibire, show
reduced endocytosis and DE-cadherin accumulation on the plasma membrane (Rikhy,
Mavrakis, and Lippincott-Schwartz 2015). Since we observed a possible reduced DE-cadherin
internalisation due to perturbed cellular trafficking in Baz and Pnut depleted embryos in
metaphase 12 and metaphase 13, we analysed the levels of Dynamin and early endosome
protein Rab5 at the plasma membrane in Baz and Pnut depleted embryos. We immunostained
Baz and Pnut depleted embryos with Dynamin (Rikhy, Mavrakis, and Lippincott-Schwartz
2015) and Rab5 (Tanaka, Tani, and Nakamura 2021) antibodies together with phalloidin that
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marked the cortical F-actin localised very close to the plasma membrane. We measured the
levels of Dynamin and rab5 on the plasma membrane and cytosol. The ratios of the membrane

to cytosolic intensities were plotted in metaphase 12 and metaphase 13.
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Fig. 3.9.: Dynamin accumulation increases on the plasma membrane in Bazooka and Peanut
knockdown embryos.

(A-B) Images showing grazing sections of control (matatub-Gal4/+), matatub-Gal4, UAS-
baz' (baz') and matatub-Gald, UAS-pnut' (pnut’) stained with Dynamin and Phalloidin in
metaphase 12 and metaphase 13

(C) Graph showing quantification of fluorescence intensity of Dynamin on the membrane
using membrane to cytosol ratios in baz' (n= 15-40, 5 cells per embryo from metaphase 12-
13, 3-8 embryos) and pnut' embryos (n= 30-39, 4-5 cells per embryo metaphase 12-13, 6-8
embryos). For metaphase 12, the image shown for Dynamin accumulations is at
approximately 1.8-2.4 microns of furrow length in both baz' and pnut' embryos. For
metaphase 13, the image shown for Dynamin accumulation is at around 2.4-4 microns of
furrow length in both baz' and pnut' embryos. Data is represented as mean + SD, *p<0.05,

**p<0.01, and ***p<0.001, two-tailed, unpaired Student’s t test. Scale Bar=10 pm
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Dynamin is usually localised weakly on the plasma membrane at the furrow as marked
with phalloidin in control embryos in metaphase 12 and metaphase 13 (Fig. 3.9. A, B). We
observed an accumulation of Dynamin with an increase in its intensity on the plasma membrane
both at the furrow and in the cytoplasm in the form of distinct punctae’s in both Baz and Pnut
depleted embryos. We specifically quantified the Dynamin intensity on the plasma membrane
at the furrow marked by phalloidin and cytosol and plotted the ratios of the same. We found
that there is a significant increase of the dynamin intensity on the plasma membrane at the
furrows in metaphase 12 and metaphase 13 in Baz and Pnut depleted embryos (Fig. 3.9. C).
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Fig. 3.10.: Rab5 accumulation increases on the plasma membrane in Bazooka and Peanut
knockdown embryos.

(A-B) Images showing grazing sections of control (+/+), baz' and pnut' stained with Rab5 in
the metaphase of metaphase 12-13.

(C) Graph showing quantification of intensity of Rab5 on the membrane using membrane to
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cytosol ratios in baz' (n= 25-26,4-5 cells per embryo from nuclear cycle 12-13, 5 embryos)
and pnut' embryos (n= 10-25, 5 cells per embryo from metaphase 12-13, 2-5 embryos). For
metaphase 12, the image shown for Rab5 accumulation is at approximately 1.8-2.4 microns
of furrow length in both baz' and pnut' embryos. For metaphase 13, the image shown for
Rab5 accumulations is at around 2.4-4 microns of furrow length in both baz' and pnut'
embryos. Data is represented as mean + SD, *p<0.05, **p<0.01, and ***p<0.001, two-tailed,

unpaired Student’s t test. Scale Bar=10 pm

Rab5 fluorescence intensity was observed as punctae and localised weakly on the plasma
membranes at the furrow which is marked by phalloidin in control embryos in metaphase 12
and metaphase 13 (Fig. 3.10. A, B). We observed that there was an increased accumulation of
Rab5 on the plasma membrane at the furrow in Baz and Pnut depleted embryos. We specifically
quantified the rab5 intensity on the plasma membrane from a single plane at the furrow marked
by phalloidin and cytosol and plotted the ratios of the same. We found that there is a significant
increase of the rab5 intensity on the plasma membrane at the furrows in metaphase 12 and
metaphase 13 in Baz and Pnut depleted embryos (Fig. 3.10. C). This accumulation of Dynamin
and Rab5 at the sub-apical region on the furrow clearly indicates that there is a possible
reduction of endocytosis at the plasma membrane, in Baz and Pnut depleted embryos implicates
which led to an increased accumulation of DE-cadherin on the plasma membrane a decrease in
endocytosis at the furrow PM in and this is likely to be the cause of the accumulation of DE-

cadherin both at nuclear cyclel12 and nuclear cyclel3.

3.4. Discussion and conclusion

In summary, we show that across successive division cycles, the syncytial Drosophila
blastoderm embryos show an increase in furrow length with the progression of the nuclear
cycles. This is also associated with the establishment of a polygonal array of cells from the
metaphase of cycle 11 onwards. Pentagons and hexagons were present in equal probability at
nuclear cycle 11 when edges were formed for the first time. Hexagons were found to be present
at double the number of pentagons at metaphase 12 and 13. There is also a concurrent decrease
in cell shape index as the cells become more isotropic and jammed, with increased crowding
signifying the formation of a more stable polygonal array. This is associated with reduced

surface tension and minimised surface energy, all facilitating the formation of a stable tissue.
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In syncytial cycles, the embryos do not have a sealed basal domain and therefore the lateral
membrane, i.e. the pseudo cleavage furrow, keeps the cells attached to each other and may be
sufficient for the regulation of the stability and distribution of the polygonal array of cells. We
have therefore characterised the role of Baz, Pnut, and DE-cadherin proteins in the regulation
of polygon array distribution and cell shape index in the syncytial embryo. This analysis reveals
that the polygon distribution can possibly have 2 kinds of defects: (1) Depletion of DE-cadherin
in embryos lead to loss of hexagon dominance, and an increased cell shape index; (2) Depletion
of Baz and Pnut lead to a delay in establishment of hexagon dominance in the polygonal array
and an increased cell shape index as well. From previous work in the lab we also know that in
De-Cad mutants the furrow length is much shorter than the control while in the Baz and Pnut
mutants, the furrow length is only slightly shorter (Dey et al. 2023). Although the cell shape
index was found to be more than controls in DE-cad, Baz, and Pnut depleted embryos, there is
a gradual decrease from metaphase 12 to 13. This shows that cell proliferation and the
associated changes in the plasma membrane remodelling packing of cells in the tissue, a more
stable network. Baz and Pnut depleted embryos show delayed hexagon dominance and higher
cell shape index which was coincident with increased accumulation in levels of DE-cadherin
on the plasma membrane as compared to controls, with a gradual increase in furrow lengths.
This increase is possibly brought about by the accumulation of endocytic machinery at the
furrow plasma membrane, marked by Rab5 (Fig. 3.11.) as has also been observed in the case
of shibire mutants, in early Drosophila embryos (Rikhy, Mavrakis, and Lippincott-Schwartz
2015). The increased E-cadherin levels on the plasma membrane due to the loss of the polarity
proteins could be retention of non-mobile E-cadherin as loss of baz is known to reduce the
mobility of E-cadherin which leads to the formation of aberrant cell packing, like rosette-like
structures. The endocytosis of the E-cadherin depends on its association with baz and a
formation of the mobile complex that can functionally lead to efficient turnover of the cellular
junctions crucial for the isotropic cell shape and packing within the tissue (Bulgakova et al.
2013). Therefore, in spite of the excess E-cadherin accumulated on the plasma membrane, it is
possible due to the absence of baz, the accumulated E-cadherin is less mobile and leads to
defect in the packing of cells and increasing the average cell shape index values of the tissue.
These observations highlight that an interaction of polarity, adhesion, and endocytosis
proteins is crucial for achieving a stable developing tissue which can sustain the forces and
remodelling that it would have to undergo in later stages of development during early

Drosophila embryogenesis.
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Fig 3.11.: Schematic summarising the concurrent establishment of polarised distribution of
DE-cad, Baz and Pnut on the lateral furrow and polygon distribution in the Drosophila
syncytial blastoderm embryo in Nuclear Cycle 13. Control embryos show hexagon
dominance in metaphase 12-13 as the DE-cadherin undergoes efficient endocytosis at the
plasma membrane. Loss of Bazooka or Peanut results in a shorter furrow and a delay in the
onset of hexagon dominance while loss of DE-cadherin leads to shorter furrow along with a

loss of hexagon dominance.
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Chapter 4: Microvilli length and number reduce from interphase to metaphase during
the syncytial cycles of Drosophila embryos

(Done in collaboration with Amruta Swaminathan)

4.1. Introduction

One of the most important traits of change in apical cell surface area drives remodelling
of epithelial cell shape, during several morphogenetic events like cell growth and tissue
invagination. This is also associated with change in tension in the cells or tissue. The apical
surfaces of epithelial cells usually possess structures like the microvilli which are observed
across various cell types like polarised epithelia of kidney, liver and lung, to neurosensory cells,
Schwann cells, immune cells, and embryos (Revenu et al. 2004). Functionally the microvilli
are known to increase surface area for absorption of water in kidney cells, or increase the
exposure of digestive enzymes in gut or for adhesion of lymphocytes to the walls of blood
vessels ( Louvard, Kedinger, and Hauri 1992; Ashworth and Molitoris 1999; Sundd et al.
2011). While in the microvillar protrusions of stereocilia in the inner ear are known to transmit
mechanotransduction, there has always been an widely accepted notion that these microvilli
like structure act as reservoir of excess plasma membrane which is utilised for fuelling cellular
growth in events like cytokinesis, wound healing, morphogenesis, osmotic regulation, cell
spreading and phagocytosis (Arnold 1969; Fullilove and Jacobson 1971; Porter, Prescott, and
Frye 1973; Ducibella et al. 1977; Betchaku and Trinkaus 1978; Schroeder 1978; Bement,
Forscher, and Mooseker 1993; Herant, Heinrich, and Dembo 2005).
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Fig. 4.1.: Early mouse embryo showing the distribution of polarity proteins as well the
localisation of the filopodia-like protrusions that appear from the boundary of the cells due

to the activity of E-cadherin and actomyosin contractility. (White et al. 2018)
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Fig. 4.2.: Schematic showing the remodelling of microvilli like protrusions that are present
at the apical surface of the epithelial-like cells during the cellularization stage of Drosophila
embryos, through cellular trafficking processes. (A) They get internalised through the apical
tubular endocytosis and (B) get effluxed or added to the lateral or sub-apical region to support

the F-actin assembly there. (Sokac, Biel, and De Renzis 2023)

The shaping of the apical plasma membrane into finger-like protrusions requires the
activity of bundled cytoskeletal filaments attached to the plasma membrane. In case of cilia,
the filaments are microtubules, whereas in case of microvilli, stereocilia and filopodia the
filaments are made of F-actin ( Lewis and Bridgman 1992; DeRosier and Tilney 2000). In
mouse preimplantation embryos, long cellular protrusions appear at the time of compaction
which are enriched with E-cadherin. These filopodia become extended from the cell-cell
junctions on the apical membrane of the neighbouring cells in order to maintain tension and

increased adhesion, thus facilitating compaction, where the cells transition from a more circular
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to a polygonal shape and compact structure. A disruption to the structures of these filopodia
through laser ablation, perturbs the compaction process and makes the cells circular. Perturbing
the levels of E-cadherin, a-catenin, f-catenin, or Myol0, that usually mark the filopodia,
disrupts the filopodia formation and embryo compaction (Fierro-Gonzélez et al. 2013). In
Drosophila cellularization embryos, the apical surface of the cells possesses a reservoir of
excess plasma membrane present in the form of microvilli initially (Turner and Mahowald
1976). The reservoir is maintained by golgi-dependent delivery of the membrane vesicle
through the Rab8 mediate exocytosis. Over time the exocytosis is reduced and the microvilli
like structures gets reduced over time to aid in the elongation of the lateral furrow either through
dynamin and Rab5 dependent endocytic pathway or through stretching of plasma membrane.
A lack of the remodelling of the microvilli affects the furrow ingression (Figard et al. 2013;
Fabrowski et al. 2013). The microvilli in these studies were visualised either using confocal
microscopy, TIRF or SEM, which didn’t provide enough resolution and hence precise
quantification of the density and structure of these microvilli was not possible. Therefore, we
identified the syncytial blastoderm embryo as a model system to look at the microvilli
remodelling dynamics very precisely. The major reason for choosing this specific stage is the
presence of bigger cells and longer microvilli with lesser number of cells, making the frame
less crowded and allowing for the achievement of better resolution of the microvilli structures.

In the syncytial blastoderm stage of Drosophila embryogenesis the nuclei undergo
rapid division cycles cortically (Foe and Alberts 1983) and at this stage each nucleus is
surrounded partially by the plasma membrane with an actin-rich cap present atop. During
interphase of the syncytial division cycles, these actin caps bear filamentous microvilli-like
protrusions (Turner and Mahowald 1976; Warn, Bullard, and Magrath 1980; Warn, Magrath,
and Webb 1984; Foe and Alberts 1983; Karr and Alberts 1986; Mavrakis, Rikhy, and
Lippincott-Schwartz 2009) . These actin caps expand in area from interphase to metaphase of
each nuclear division cycle (nuclear cycle) with simultaneous reduction in microvilli lengths
and numbers (Sherlekar et al. 2020) and is coordinated with extension of the plasma membrane
in the form of lateral furrows in between the nuclei. This growth in the furrow could be possibly
aided by the remodelling of the microvilli as has been observed in cellularizing Drosophila
embryos. The observation and analysis of the status of microvilli at these stages is key to
understanding how the changes in plasma membrane remodelling are coordinated with the
development of the embryos. We have used confocal and super-resolution STED microscopy
to visualise the apical microvilli present on the surface of Canton-S embryos, wild-type strain

of Drosophila melanogaster. STED microscopy allows to resolve structures closer than the
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diffraction limit of light microscopy which is known to be approximately 200-250 nm. The

basic principle of this system makes it possible to overcome this diffraction limit by depleting

fluorophores at predefined positions where the objects supposed to be imaged are smaller in

size than the diffraction limit and are marked by a special doughnut-shaped profile. Therefore

, the fluorophores from the complementary region only emit light, separating the objects closer

than the diffraction limit (Vicidomini, Bianchini, and Diaspro 2018) .We have also used image

processing methods to resolve these structures using deconvolution and finally demonstrated

image analyses to elucidate the microvilli remodelling event from interphase to metaphase in

nuclear cyclel2.

4.2. Materials and methods:

Fly stocks
Refer to Chapter 2: Material and Methods section 2.1.

Embryo immunostaining

Refer to Chapter 2: Materials and methods section 2.3.

Super resolution imaging on STED
Refer to Chapter 2: Materials and methods section 2.7.

Image processing, quantification and analysis

Deconvolution of STED images

Refer to Chapter 2: Materials and methods section 2.8.1.

Quantification of microvilli length and number

Refer to Chapter 2: Materials and methods section 2.8.2.

Identification of the nuclear division cycle number in fixed and stained embryos.

Refer to Chapter 2: Materials and methods section 2.8.8

Quantification of Full-Width at half maximum (FWHM)
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Refer to Chapter 2: Materials and methods section 2.8.9

4.3. Results

4.3.1. Standardising the setup for imaging and identification of cell cycle stage in the

syncytial blastoderm embryo

Microvilli are present in the apical region of the pseudo-epithelial cells in syncytial Drosophila
blastoderm embryos. The schematic in Fig. 4.3. A, shows the setup for the imaging of apical
microvilli using super-resolution microscopy Stimulated Emission Depletion Microscopy
(STED). As shown in the inset image the actin caps show projections appearing mostly from
the periphery at interphase, which is mostly a reservoir of the excess plasma membrane and
actin. The lateral furrows are shorter as they are just beginning to form. By the time the nuclear
cycle progresses to metaphase the microvilli get reduced in number and length. This is
concurrent with the increase in lateral furrow length. In order to study these structures, we fixed
wild type embryos and stained them with phalloidin to look at the F-actin rich projections
present on the apical caps.

A

"f((‘fhr /t \"/
Interphase Metaphase

Green Excitation laser Red Depletion laser

Fig. 4.3: Schematic showing the setup for imaging and identification of the cell cycle

stages in the syncytial blastoderm embryo.
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(A) Schematic showing syncytial Drosophila embryos being imaged using an inverted
confocal and STED microscope (left). The schematic of a pseudo-epithelial cell at the
syncytial nuclear cycle stage (right, magnified inset), showing an apical view and a sagittal
view, with the dashed line indicating the plane of the membrane shown in the top panel.

For imaging the microvillar structure at different stages of the nuclear cycle we need to

identify the interphase and other mitotic stages which can be identified by observing the

nucleus. While using STED, Hoechst cannot be used to label the nuclei as it interferes with the

functioning of the depletion laser. Therefore, we stained the embryos with Phospho-Histone

H3, which labels the nuclei only when they are in their dividing/ mitotic stages.
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Fig. 4.4.: ldentification of the stages of nuclear cycles for measurement of the apical
microvilli in the syncytial Drosophila blastoderm.

(A) Grazing sections showing the apical actin caps at interphase and metaphase of nuclear
cycles 10-13 imaged using Super-resolution STED in the syncytial Drosophila embryo.
Scale bar: 5 um.

(B) ROI drawn using Polygon tool for imageJ/ Fiji (yellow) along the boundaries of the apical
cap to measure its area. Scale bar: 5 um.

(C) Graph showing the quantification of apical cap areas at interphase and metaphase in
nuclear division cycles 10-13 in the syncytial Drosophila embryo. nuclear cycle 10, n = 6,3
caps from 2 embryos each, nuclear cycle 11, n = 9,3 caps from 3 embryos each; nuclear cycle
12, n = 12,3 caps from 4 embryos each, nuclear cycle 13, n = 6,3 caps from 2 embryos each.
Data are represented as mean + SD, *p<0.05, **p<0.01, and **xp<0.001, two-tailed,
unpaired Student’s t test.

(D) Estimation of the range of apical area in order to identify the different nuclear cycles.
Cells in syncytial nuclear cycle 10 have apical caps are larger than 240 um2; in nuclear 11
the apical area is in the range of 120-240 um2; in nuclear cycle 12 the apical area ranges

from 80—120 um?2 and in nuclear cycle 13 the apical area lies in the range of 40—80 um?2.

The embryos stained with Phospho-histone H3 and Alexa Fluor 488 Phalloidin to mark
the cortical actin were imaged using STED. Several studies show that the apical actin cap as
well as the microvilli remodel majorly between the interphase and metaphase of every nuclear
cycle. Therefore, it is pertinent that we can estimate the exact stage of the nuclear cycle while
imaging with STED, in order to observe the microvilli remodelling. A single plane from the
apical section of the pseudo-epithelial cells was imaged using the STED system. For the
settings used for imaging refer to the materials and methods. The embryos were imaged at

interphase and metaphase of each of the nuclear cycles from 10 to 13 (Fig.4.4. A). The
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polygonal tool from Fiji was used to draw an ROI around the apical caps to measure the area
of the cells as shown in Fig.4.4. B. The apical cap areas were plotted for interphase and
metaphase of each nuclear cycle (Fig.4.4.C). We observed that the apical cap area changes
were most significant at nuclear cyclel2 between the interphase and metaphase. Summarised
in Fig.4.4. D is the range of apical cell area for each of the nuclear cycles measured from
interphase to metaphase which can be used as a guideline for imaging and quantifying the

microvillar structures at specific stages of the nuclear cycle.

4.3.2. Analysis and quantification of microvilli like structures using both Confocal and
STED

We wanted to verify quantitatively if there was difference in the resolution of the
microvilli between the confocal and STED images. For this we drew an ROI in the form of a
straight line across the microvilli as shown in the Fig. 4.5. And used the plot profile option in
imageJ to obtain the distribution of the intensity across the ROI as shown in the graphs (Fig.
4.5.B and C). We used the MATLAB code as mentioned in material and methods in order to
obtain the Full-width half max (FWHM) values from the distribution. We plotted the curves
and obtained the FWHM values, from Confocal and STED images of microvilli at interphase
and metaphase of nuclear cyclel2. The values obtained from STED images of the microvilli
both at interphase and metaphase were both smaller than that of the Confocal images. This
signifies that the microvilli were definitely better resolved using STED images as compared to

confocal images at 100X magnification.

A Confocal STED

Interphase

Metaphase
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Fig. 4.5.: Comparison of confocal and STED images of apical microvilli.

(A) Grazing sections of confocal and STED images of the apical actin caps of syncytial
nuclear cycle 12 at interphase and metaphase Scale bar: 5 um. A section is zoomed in to
show the apical microvilli and an ROl is drawn across a single microvillus and used to plot
its intensity profile. Scale bar: 5 um.

(B) Intensity profile of one microvillus at interphase obtained from confocal (red) and STED
(black) imaging.

(C) Intensity profile of a microvillus at metaphase obtained from confocal (red) and STED

(black) imaging.

We wanted to verify quantitatively if there was difference in the resolution of the
microvilli post deconvolution of the STED images. For this we drew an ROI in the form of a
straight line across the microvilli (Fig. 4.6. A) and used the plot profile option in imageJ to
obtain the distribution of the intensity across the ROI as shown in the graphs (Fig. 4.6. B and
C). We used the MATLAB code as mentioned in material and methods in order to obtain the
Full-width half max (FWHM) values from the distribution. We plotted the curves and obtained
the FWHM values, from STED and STED with deconvolution images of microvilli at
interphase and metaphase of nuclear cyclel2. The values obtained from STED with
deconvolution images of the microvilli both at interphase and metaphase were both smaller
than that of the STED images. This signifies that the microvilli were definitely better resolved

using STED with deconvolution images as compared to STED images at 100X magnification.
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Fig. 4.6.: Comparison of STED and STED with deconvolution images of apical microvilli.
(A) Grazing sections of STED and STED with deconvolution images of the apical actin caps
of syncytial nuclear cycle 12 at interphase and metaphase Scale bar: 5 pm. A section is
zoomed in to show the apical microvilli and an ROI is drawn across a single microvillus and
used to plot its intensity profile. Scale bar: 5 um.

(B) Intensity profile of a microvillus at interphase obtained from STED imaging (red) and
the STED image with deconvolution (black).

(C) Intensity profile of a microvillus at metaphase obtained from STED imaging (red) and
the STED image with deconvolution (black).

We wanted to quantify the length and number of the microvilli at interphase and at metaphase

in order to understand the microvilli remodelling across the nuclear cycle 12 from interphase

to metaphase. To measure the microvilli length, we drew an ROI using the segmented line
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along the microvilli (Fig.4.7. A). The measurement of length was noted down. The lengths of
all the microvilli that could be observed in the single plane of focus were plotted for both
interphase and metaphase. The number of such microvilli observed across the stages were also
noted and plotted for both the stages. This was done for both STED and STED with
deconvolution images. We observed a significant decrease in the length and number of the

microvilli from interphase to metaphase in both STED and STED with deconvolution images
(Fig.4.7. B-E).
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Fig. 4.7.: Quantification of microvilli lengths and numbers from deconvolved STED and
confocal images.

(A) Grazing sections of Confocal and STED with deconvolution images of the apical actin
caps of syncytial nuclear cycle 12 at interphase and metaphase Scale bar: 5 um. ROIs are
drawn across a single microvillus and used to plot the graphs. Scale bar: 5 um.

(B, C) The lengths of microvilli (B) and numbers of microvilli per cap (C) are measured and
plotted for interphase and metaphase in the deconvolved STED images. n= 2—4 cells each
from 3 embryos. Data are represented as mean + SD, *p<0.05, *xp<0.01, and ***p<0.001,
two-tailed, unpaired Student’s t test. Scale bar: 5 pm.

(D, E) Quantification of microvilli lengths and numbers using confocal images of apical actin
caps in nuclear cycle 12 of the syncytial Drosophila embryo. The lengths of microvilli (D)
and numbers of microvilli per cap (E) are measured and plotted for interphase and metaphase.
n= 2-3 cells each from 3 embryos. Data are represented as mean + SD, *p<0.05, **p<0.01,
and **xp<0.001, two-tailed, unpaired Student’s t test. Note that the numbers of villi and their
lengths are reduced in the confocal images in interphase as compared to deconvolved STED

images with a significance of p<0.001 possibly due to the reduced resolution.

4.3.3. Loss of polarity protein, Bazooka, septin, Peanut and I-BAR protein Missing-in-

Metastasis (MIM) in Drosophila syncytial embryos showed lack of microvilli remodelling

We checked the status of microvilli remodelling in Bazooka, Peanut and DMIM mutant

embryos from interphase to metaphase of nuclear cyclel2. We visualised microvilli by
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labelling the cortical actin to fluorescently coupled Alexa fluor phalloidin 488 in fixed
embryos. We used super-resolution STED microscopy to look at the microvilli. As previously
observed, in ( Sherlekar et al. 2020; Mitra et al. 2022), we found that in control embryos, the
microvilli were enriched at the edges of the actin cap on the pseudo epithelial in interphase and
were reduced in appearance in metaphase. In Bazooka, Peanut and DMIM depleted embryos
(see materials and methods for the depletion methods), we observed a lack of microvilli
remodelling. Loss of DMIM showed a more extensive lack of microvilli remodelling (Fig.4.8.
A-B).
A

Interphase Metaphase

baz RNAI Control

pnut RNAI

Control

Fig. 4.8.: STED images showing the F-actin mediated microvillar protrusions at interphase
and metaphase of nuclear cycle 12 for control, baz RNAIi and pnut RNAI (A) and Control
and mim RNAI (B). The region in the yellow box is further zoomed in to show the microvilli.

Scale bar: 5 microns.

82



https://paperpile.com/c/339J50/gTJL+2Ji6p

4.4. Discussion and conclusion

Standardising the protocol helped us to analyse the change in the microvilli width,
length and number across different stages of development from nuclear cycle 10 to nuclear
cycle 12. The microvilli at these stages of syncytial Drosophila blastoderm development are
more prominent and less crowded as the cells are bigger and also show significant increase in
area from interphase to metaphase. We also observed that at interphase the majority of
microvilli protrude from the periphery of the cells, which reduce in length and number from
interphase to metaphase. This quantification was possible from both confocal and STED
images when imaged using 100x objective, although the FWHM analysis clearly showed that
the structures were resolved better in the STED system as compared to the confocal images.
Using this protocol to image the microvilli, allowed us to resolve the structures which were
approximately 100-110 nm in width. The structures were resolved well enough such that
quantification of their length and number was possible at the syncytial nuclear cycle 12, and
we observed that remodelling of the microvilli takes place from interphase to metaphase of
each nuclear cycle, which possibly fuels the growth of lateral furrow length. We therefore
screened for the molecular regulators that could possibly regulate the microvilli remodelling.
As discussed in the introduction chapter, 1.3. that polarity determining proteins and BAR
domain proteins, could be the master regulators of the cell shape change through regulation of
cellular trafficking, we chose to perturb Bazooka, Peanut and MIM and analyzed the structure,
number and status of microvilli remodelling. We observed that the microvilli remodelling was
perturbed in these mutant embryos, but it was perturbed extensively in the embryos depleted
of Missing-in-Metastasis. As discussed in the introduction to this chapter, in cellularization
embryos, the microvilli remodelling is regulated through tubular endocytosis and we have also
observed in our lab that shibire mutants, where dynamin dependent endocytosis is perturbed,
the microvilli remodelling in syncytial embryos is perturbed (unpublished results). Therefore,
it is a possibility that in all of these mutants cellular trafficking is perturbed. We chose to
analyze MIM further with respect to the mechanistic regulation of microvilli remodelling in

syncytial Drosophila embryos.
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Chapter 5: Missing-in-metastasis is a major protein regulating microvilli remodelling and

cellular trafficking during the syncytial cycles of Drosophila embryos

5.1. Introduction

Drosophila syncytial embryos is an exceptional model to study cell shape remodelling
during dynamic nuclear division cycles. As discussed previously in 1.4., in the syncytial cycles
of the Drosophila embryogenesis, an actin cap is formed on top of each nucleus at interphase.
This actin cap consists primarily of actin filaments and an excess of membrane reservoir
present as microvilli-like protrusions made of bundled actin. These microvilli appear from the
periphery of the caps and reduce in number and length as the cell progresses to metaphase,
which is coincident with the formation and increase in length of the furrows. A special family
of proteins that could regulate the cytoskeletal network to regulate cell shape remodelling are
the BAR domain family of proteins. The BAR domain containing family of proteins might
have a role in regulating the microvilli remodelling during the syncytial nuclear cycles through
regulating endocytosis and interacting with the actin cytoskeleton and its nucleators. Here we
characterise the role of an I-BAR domain containing protein Missing-in-Metastasis in syncytial
Drosophila embryos (DMIM), in regulating the microvilli remodelling.

MIM was identified for the first time as a gene product that is possibly involved in
invasion and metastasis in bladder cancer cells, through interaction with the actin cytoskeleton
(Y.-G. Lee et al. 2002). It is a multidomain protein that contains an I-BAR domain at the N
terminus, a central scaffold region containing a Proline Rich domain (PRD) and WH2 domain
at the C terminus. The I-BAR domain enables its interaction with the phospholipids on the
plasma membrane and acts as a scaffold for Racl. PIP2 is known to promote the recruitment
of MIM and subsequent assembly of the Arp2/3-mediated branched actin network (Saarikangas
et al. 2015).

The different developmental roles of MIM were studied in mouse, Drosophila and
Xenopus. The role of MIM in murine development was dispensable (Mattila et al. 2003).
However, in another study mice depleted of MIM showed development of progressive kidney
disease. MIM was found to localise to the adherens junctions at the cell boundaries through its
I-BAR domain and recruit the actin filaments to the contacts thus regulating the maintenance
of the integrity of kidney epithelial cells (Saarikangas et al. 2015). Depletion of MIM in mouse
perturbs dynamics of actin cytoskeleton and endocytosis in mouse embryonic fibroblasts.

Although there was no difference observed in filopodia number in fibroblasts depleted of MIM,
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altered levels of Racl was observed (D. Yu et al. 2012). Loss of MIM during embryogenesis
of Xenopus laevis resulted in defective anterior neural tube closure due to restructuring of actin
cytoskeleton and apical constriction and interestingly here, Daam1, a formin was also found to
be an interactor of MIM (W. Liu et al. 2011).

MIM-B isoform in mouse induces lamellipodia-like actin protrusions which requires
the Rac activity. The IRSp53/MIM domain of MIM-B but not the WASP homology 2 motif
binds and activates Rac. Therefore MIM-B is more of a scaffold protein that interacts with Rac
and associated actin binding proteins to induce lamellipodia lie structures (Bompard et al.
2005). The PRD in the central scaffold region enables binding to the SH3 domain of other actin
network regulator proteins like Cortactin. The WH2 domain allows the protein to regulate the
actin cytoskeleton via an interaction with actin monomers (Mattila et al. 2003). Together, this
hints at the fact that MIM might be a crucial activator and regulator of the Arp2/3 network and
facilitate the formation of the branched actin network. MIM might regulate the cell shape
regulators by regulating the branched actin network through promoting the Arp2/3 complex.
This could be done by activating the Nucleation Promoting Factors (NPFs) like Scar/WAVE
(Scar/WASP family verprolin-homologous protein). Together they are responsible for
generating flat protrusion-like structures, called lamellipodia during neural crest cell migration,
macrophage migration in Drosophila or neurons migrating along radial glia (Stramer et al.
2010; Moore et al. 2013; Cooper 2013; Krause and Gautreau 2014). While Scar/WAVE
complex recruits the Arp2/3 network to the leading edge of the lamellipodia, WASP (N-
WASP) and WASH NPFs recruit and activate the Arp2/3 complex at the clathrin-coated pits
and the surface of endosomes (Mund et al. 2018);(Jin et al. 2022); (Krause and Gautreau 2014)
to aid with endocytosis of cargoes like Delta to facilitate notch activation as observed in
Drosophila (Trylinski and Schweisguth 2019). Force generated through the actin assembly is
harnessed for mediating vesicle formation and scission during endocytic events (Qualmann,
Kessels, and Kelly 2000). A special family of proteins that could activate this cytoskeletal
network to regulate cell shape remodelling are the BAR domain family of proteins. Syndapin,
a F-BAR domain containing protein is crucial for regulating the apical microvilli remodelling
in syncytial Drosophila embryos and in its absence these protrusions are retained in the cells
till metaphase (Sherlekar et al. 2020). It has also previously been shown that Syndapin is
required for efficient endocytosis (Sherlekar and Rikhy 2016). BAR domain proteins under the
regulation of small GTPases are known to activates Arp2/3 through WASP, like the Drosophila
Cdc42-interacting protein 4 (Cip4), which is an effector of Cdc42, and also interacts with
Dynamin facilitating E-cadherin endocytosis (Leibfried et al. 2008).
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MIM or its homologue in vertebrates MTSS1 (Metastasis suppressor 1) along with
IRSp53, a member of the same I-BAR domain family is known to regulate endocytosis by
modulating the branched actin network and in some instances through the clathrin and
dynamin-independent pathway (Fig. 5.1). MIM/ MTSS1 regulates the trafficking and
internalisation of various cargoes (nanoparticles and receptors) through interacting with the
actin cytoskeleton and Rab GTPases ( Dan Yu et al. 2011; P. Zhao et al. 2016; Li et al. 2017;
Sathe et al. 2018; P. Zhao et al. 2019; Y. Wang et al. 2023) (Table 5.1.) . These findings are
interesting due to fact that the members of I-BAR domain family of proteins have always been
known to induce protrusions or negative curvature membranes (H. Zhao, Pykaldinen, and
Lappalainen 2011) and due to this nature also inhibit endocytosis (Quinones, Jin, and Oro
2010). However, it seems that the function of this intriguing gene product is contextual. It not
only performs varying functions in a tissue specific manner but also depending on the density
cells in a tissue (Dawson et al. 2012). Also as discussed in the introduction chapter 1.3.2. the
two different structures, whether a protrusion or an invagination both show the presence of
positively and negatively bent membrane curvature (Jones, Liu, and Cui 2020). During the
formation of the endocytic pits or invaginations, the neck of the pits are the regions of negative
architecture and there is a possibility that the I-BAR domain containing proteins and even MIM

bind to that region.

Early Endosome s  Late Endosome s Lysosome

= MIM & Clathrin  —< Actin filaments ’ Nanoparticles mm RabS wm Rab?

86



https://paperpile.com/c/339J50/JqRev+9yImw+Hw2HJ+NDOBJ+FTwI6+JQMhV
https://paperpile.com/c/339J50/JqRev+9yImw+Hw2HJ+NDOBJ+FTwI6+JQMhV
https://paperpile.com/c/339J50/DFX7j
https://paperpile.com/c/339J50/DFX7j
https://paperpile.com/c/339J50/PZrRZ
https://paperpile.com/c/339J50/PZrRZ
https://paperpile.com/c/339J50/SMowx
https://paperpile.com/c/339J50/usFGQ

Fig. 5.1: Missing-in-metastasis promotes endocytosis of magnetic nanoparticles through
clathrin light chain and Rab7 mediated pathway (P. Zhao et al. 2016).

Table 5.1: Literature showing the role of MIM/MTSSL1 in regulating cellular trafficking

MIM / MTSS1 Promotes
endocytosis

MIM / MTSS1 inhibits
endocytosis

MIM / MTSS1
promotes/inhibits
endocytosis

Murine Missing in
Metastasis (MIM)
mediates cell polarity and
regulates the motility
response to growth factors
(Dan Yu et al. 2011)

I-BAR protein antagonism of
endocytosis mediates directional

sensing during guided cell

migration (Quinones, Jin, and

Oro 2010)

Mtss1 regulates
epidermal growth factor
signalling in head and
neck squamous
carcinoma cells (Dawson
etal. 2012)

Small GTPases and BAR
domain proteins regulate
branched actin
polymerisation for
clathrin and dynamin-
independent endocytosis
(Sathe et al. 2018)

Downregulation of MIM
protein inhibits the
cellular endocytosis
process of magnetic
nanoparticles in
macrophages (P. Zhao et
al. 2016)

Missing-in-metastasis
protein downregulates
CXCR4 by promoting
ubiquitylation and
interaction with small Rab
GTPases(Li et al. 2017)

Differential interactions of
missing in metastasis and
insulin receptor tyrosine
kinase substrate with

RAB proteins in the
endocytosis of CXCR4.
(Lietal. 2019)

Missing-in-metastasis
protein promotes
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internalisation of
magnetic nanoparticles
via association with
clathrin light chain and
Rab7 (P. Zhao et al. 2019)

MTSSL1 curtails lung
adenocarcinoma immune
evasion by promoting
AlP4-mediated PD-L1
monoubiquitination and
lysosomal degradation (Y.
Wang et al. 2023)

In our findings, we observe that MIM localised to the plasma membrane promoting
endocytosis and recruitment of actin-regulatory proteins Arp3, Cortactin and Scar at the cortex
at a very specific time to regulate villi remodelling and furrow formation. We also found that
activated Racl is essential for efficient localisation of MIM at the cortex region for villi
remodelling and also regulating endocytosis. Hence, our studies find an essential role for MIM
mediated regulation of villi remodelling in a spatio-temporal manner in early Drosophila

embryogenesis.

5.2. Materials and methods:

Fly stocks

Refer to Chapter 2: Material and Methods section 2.1.

Embryo Immunostaining

Refer to Chapter 2: Material and Methods section 2.3.

Dye uptake assay

Refer to Chapter 2: Material and Methods section 2.4.
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Microscopy

Refer to Chapter 2: Material and Methods section 2.5. and 2.6.

Super resolution imaging on STED

Refer to Chapter 2: Material and Methods section 2.7.

Image processing, quantification and analysis

Refer to Chapter 2: Material and Methods section 2.8.

5.3. Results

5.3.1. Depletion of DMIM leads to perturbed microvilli remodelling in the syncytial

division cycles in Drosophila embryogenesis

We checked the status of microvilli length and number in dmim mutant and also if there
was significant remodelling of the microvilli from interphase to metaphase of nuclear cycle12.
We visualised microvilli by labelling the cortical actin to fluorescently coupled Alexa fluor
phalloidin 488 in fixed embryos. We used super-resolution STED microscopy to look at the
microvilli. As previously observed, in ( Sherlekar et al. 2020; Mitra et al. 2022), we found
that in control embryos, the microvilli were enriched at the edges of the actin cap on the pseudo
epithelial in interphase and were significantly reduced in number and length in metaphase (Fig.
5.2.A) of syncytial nuclear cycle 12 . We used two different strategies to generate embryos
depleted of DMIM - First strategy was to use ShRNA expression against it and second, was a
previously generated dmim mutant (Quinones, Jin, and Oro 2010). The dmim allele resulted
from excision of a P transposon and has a deletion of most of the gene. It lacks the conserved
I-BAR domain and much of the scaffolding domain and functions as a strong loss-of-function
mutant (Quinones, Jin, and Oro 2010) (Fig. 5.2.A). mim shRNA (mim') was crossed to maternal
Gal4 (see material and methods) to deplete MIM during oogenesis and embryogenesis (Fig.
5.2.A). Embryos from F1 females containing both the Gal4 and shRNA were collected and

stained for F-actin. In dmim and mim' expressing embryos the average microvilli length was
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significantly more than the control in both interphase and metaphase (Fig.5.2. B-D, G-H). The

mutant embryo also showed a significant increase in average microvilli numbers per cap as

compared to controls in interphase and metaphase (Fig.5.2. B, D). There was also a reduced

remodelling in the length and number of microvilli in the dmim and mim' expressing embryos

(Fig.5.2. B-D, G-H).
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Fig. 5.2.: Depletion of DMIM leads to increased numbers and length and perturbed
remodelling of microvilli in the syncytial nuclear cycle 12.

(A) Schematic showing the grazing and sagittal sections of pseudo-epithelial cells of
syncytial Drosophila blastoderm embryo at interphase and metaphase.
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(B-F) STED images showing the F-actin mediated microvillar protrusions at interphase and
metaphase of nuclear cycle 12 for control, mim RNAIi, dmim, MIM overexpression
(NG4>UASp-mCherry-MIM M3), dmim; mCherry-MIM M3 embryos. The region in the
yellow box is further zoomed in to show the microvilli.

(G-H) Graphs showing the microvilli length (G) and numbers per apical cap (H) at
interphase and metaphase, n=2-3 cells from 3 embryos for each genotype. Data is
represented as mean + SD, *p<0.05, *xp<0.01, and **xp<0.001, two-tailed, unpaired
Student’s t test. Scale bar: 5 microns

(I-K) STED images showing the F-actin mediated microvillar protrusions at interphase and
metaphase of nuclear cycle 12 in dmim / + (A), mim deficiency / + (B) and dmim; mim
deficiency (BL-23161) (C) embryos. The region in the yellow box is further zoomed in to

show the microvilli. Scale bar : 5 microns.

The MIM M3 isoform was overexpressed using maternal Gal4 lines during oogenesis
and embryogenesis (see material and methods). Embryos were collected from the F1 females
containing the UASp-mCherry-MIM M3 and maternal Gal4 together. They were further
stained with fluorescently labelled phalloidin (see material and methods) for studying the
microvilli remodelling. The average microvilli length and number in interphase and metaphase
in MIM overexpression embryos was significantly lower than the control as well as the dmim
embryos and embryos expressing mim' (Fig.5.2.B,E, G-H). The excess microvilli that were
observed in the dmim embryos both in interphase and metaphase, was rescued by combining it
to the mCherry-MIM M3 (Fig. 5.2.B-F, G-H). The average microvilli length and number per
cap at interphase in dmim ; mCherry-MIM M3 expressing embryos was significantly lower
than that of the dmim embryos and mim' expressing embryos in both interphase and metaphase
(Fig. 5.2.B-F, G-H). In order to verify if the allele is indeed a DMIM loss-of-function mutant,
we performed the complementation assay where we crossed the dmim females to DMIM
Deficiency (BL-23161) males and the F1 flies with the genotype dmim/Def, were put in the
cage and embryos were collected. Further they were stained with fluorescently labelled Alexa
fluor 488 phalloidin to stain the cortical actin. As controls the embryos from dmim/+ and Def/+
were also processed (Fig. 5.2.1-K). The dmim/Def embryos showed a similar defect of
increased microvilli length and number both in interphase and metaphase as was seen in DMIM
depleted embryos in the combination, whereas the dmim/+ and Def/+embryos didn’t show such

severe microvilli remodelling defects (Fig. 5.2.1-K).
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Overall, in the absence of MIM the microvillar protrusions increase in number and
length at interphase and fail to remodel and reduce over time till metaphase. The over
expression of MIM however limits the length and number of the microvillar protrusion
significantly right from the beginning of the nuclear cycle 12 that is at interphase. Thus, the
function of MIM is therefore likely to be involved in the limiting of the length and number of
the microvillar protrusions as well as facilitate their remodelling to reduce the number per

apical cap and length, from interphase to metaphase of nuclear cycle 12.

5.3.2. DMIM is responsible for regulation of apical actin cap and lateral furrow dynamics

in the syncytial division cycle 12

As discussed in the introduction section, an apical actin cap is formed at the beginning
of each interphase of the syncytial blastoderm cycles on top of each nucleus. This cap is
primarily formed of branched and bundled F-actin and this actin as well as excess plasma
membrane is stored as microvillar protrusions apically, that appear projecting mostly from its
periphery. The plasma membrane remains folded along these microvillar protrusions and any
fluorescent tags labelling the plasma membrane also marks the apical protrusions. As these
microvilli remodel, the boundaries of the caps not only become taut but they also expand in
their area, until they meet with their neighbours and form the lateral furrow. Following this
there is a downward contractile force exerted by non-muscle myosin-I1 that helps in extension
of the lateral furrows down towards the centre of the embryo. The furrow reaches its maximum
length at metaphase where the area of the cells reaches their highest.

In Fig.5.3. A-C snapshots obtained from live imaging of embryos expressing tGPH are
shown. In the tGPH tag the domain of the Steppke protein is fluorescently tagged to a GFP that
binds to the PIP3 phospholipids which essentially labels the plasma membrane. This tagged-
line was combined with 13.4 Mat-a-tub gal4 and maintained as a stable line. The other rnai and
UASp lines were crossed to this tGPH::matatub gal4 67; matatub gal4 15 line to drive the
downregulation and overexpression both during oogenesis and early embryogenesis. In
tGPH::matatub gal4 67; matatub gal4 15(here onwards referred to as tGPH) /+ embryos the
apical area increases from interphase to metaphase in the syncytial nuclear cycle 12 (Fig. 2A).
The average area of the apical caps in the tGPH/+ embryos in the nuclear cycle 12 increases
till metaphase (Fig.5.3. A-B). Also, at interphase the lateral furrow length gradually increases

to its maximum at metaphase. The tGPH also marks the microvillar protrusions which are
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present abundantly at interphase and gets reduced with the progression till metaphase along
with the cell boundaries becoming tauter (Fig.5.3. A-B). In tGPH / mim' expressing embryos,
the average apical cell area was found to be significantly larger than the control at interphase
and remained larger till metaphase (Fig.5.3. A-B, D). Along with expanded area, the cells were
misshapen and possessed of a lot of protrusions present along the periphery of the apical actin
caps (Fig.5.3. A-B). While in tGPH / + embryos these protrusions reduced over time, in the
tGPH / mim' expressing embryos, the remodelling was perturbed and the microvillar
protrusions remained equally abundant from interphase to metaphase (Fig.5.3. A-B). In the
tGPH / mim' expressing embryos, the lateral furrow length remained much smaller with a
length of at interphase and reached to a maximum of at metaphase as compared to the controls
(Fig.5.3. A-B, E). The embryos expressing tGPH / mCherry-MIM M3 where MIM M3 isoform
was overexpressed, showed a smaller apical cap area at interphase than the control embryos
(Fig.5.3. A, C, D). The lateral furrow length of tGPH / mCherry-MIM M3 expressing embryos
were comparable to the tGPH/+ embryos at interphase whereas the furrow remained only
slightly shorter than the tGPH / + expressing embryos at metaphase (Fig.5.3. A, C, E). This
showed that the cell boundaries were loose and irregularly shaped, possibly due to either a loss
of tension and the cell membrane looked like it failed to remodel which also perturbed the

furrow ingression.
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Fig. 5.3.: DMIM depletion leads to expanded cap area and shorter furrow length in syncytial
nuclear cycle 12

(A-C) Timelapse images of the grazing and sagittal sections of the syncytial epithelial cells
tagged with tGPH labelling the plasma membrane of control (A), mim RNAi (B) and
mCherry-MIM M3 (C) embryos. (D-E) Graphs showing the quantification of apical cell area
(D) and furrow length (E) at interphase and metaphase. n=5 cells from 3 embryos for each
genotype. Data is represented as mean = SD, *p<0.05, **p<0.01, and **%p<0.001, two-
tailed, unpaired Student’s t test. Scale bar: 5 microns

5.3.3. DMIM is localised cortically at the cap and at the furrows with the help of its I-
BAR domain, in interphase and becomes cytosolic at metaphase with the help of its WH2

domain.

In order to visualise the localization and recruitment of MIM in syncytial blastoderm
embryos, we used a MIM M3 isoform tagged with mCherry at the C-terminal in UASp vector
(see Materials and methods for more details). We expressed the mCherry-MIM M3 tagged line
with maternal Gal4 (see Materials and methods) and with fluorescently labelled plasma
membrane tag tGPH (matatub gal4 67; matatub gal4 15). The mCherry-MIM M3 and tGPH

fluorescence was visualised together in syncytial blastoderm nuclear cycle 12. The time lapse
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images show that mCherry-MIM M3 gets recruited to the cortical region where it localises at

the cap on top of the nucleus and also at the lateral furrows in interphase to prophase and just

as the nuclear cycle progresses to metaphase it becomes cytosolic. The membrane to cytosolic
ratio of the mCherry-MIM M3 and tGPH intensities were quantified from a single optical plane

and plotted across the different timepoints from interphase to metaphase (Fig.5.4. A-B).
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Fig. 5.4.: DMIM enriches cortically at the cap and furrow between interphase to prophase
and becomes cytosolic in the metaphase stage of the syncytial cycle 12 with the help of its
I-BAR and WH2 domain respectively. The cortical localisation is dependent on the presence
of the I-BAR domain and the cytosolic distribution requires the central scaffold and WH2
domain.

(A) Timelapse images of the grazing and sagittal sections of the syncytial epithelial cells
tagged with tGPH labelling the plasma membrane (green) and mCherry-MIM M3 (red) and
both merged together. Scale bar: 5 microns.

(B) Quantification of the membrane to cytosolic ratio of mCherry-MIM M3 and tGPH,
showing their distribution in the cells across time from interphase to metaphase. n= 3 cells
from 3 embryos.

(C) Schematic of the domain deletion lines of MIM in order to show the domains present in
each of the transgenic lines.

(D-G) Timelapse images of the grazing and sagittal sections of the syncytial epithelial cells
tagged with mCherry-MIM M3 (B) GFP-MIM M3AI-BAR (C), GFP-MIM M3 AWH?2 (D)
and GFP-MIM M3ACentral+WH2 (E), showing their distribution. Scale bar: 5 microns.
(H) Quantification of the membrane to cytosolic ratio of mCherry-MIM M3 (B) GFP-MIM
M3AI-BAR (C), GFP-MIM M3 AWH2 (D) and GFP-MIM M3ACentral+WH2 (E),
showing their distribution, in the cells across time from interphase to metaphase. n= 3 cells

from 3 embryos.

Further to study how the different domains are responsible for the recruitment of MIM,
we used truncated domains of MIM M3 isoform tagged with GFP at the C-terminal in the
UASp vector. The domain deletion lines were GFP-MIM MB3AI-BAR, GFP-MIM
M3ACentral+WH2 and GFP-MIM M3 AWH2 where the I-BAR domain, Central scaffold
along with WH2 domain and only WH2 domain were deleted respectively (see Materials and
methods for more details). We expressed the GFP tagged domain deletion lines with maternal
Gal4 (see Materials and methods), and the fluorescence was visualized in syncytial blastoderm
nuclear cycle 12. The time lapse images show that GFP-MIM M3AI-BAR does not get enriched
at the cortical region and furrows from interphase to metaphase of the nuclear cycle but remains
evenly distributed all over the cytosol compared to the mCherry-MIM M3 expression (Fig.5.4.
D-E). However, both GFP-MIM M3ACentral+WH2 and GFP-MIM M3 AWH2 get enriched
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at the cortical region and on the furrows from interphase to metaphase and they do not become
cytosolic at metaphase as observed in the control embryos (Fig.5.4. F-G). The membrane to
cytosolic ratio of the mCherry-MIM M3, GFP-MIM M3AI-BAR, GFP-MIM
M3ACentral+WH2 and GFP-MIM M3 AWH2 intensities were quantified from a single optical
plane and plotted across the different timepoints from interphase to metaphase (Fig.5.4.H).

This suggests that the I-BAR domain of MIM is essential for the protein to be recruited
to the cortical region and the furrows whereas both the central and WH2 domain were required
for MIM to become cytosolic at metaphase.

5.3.4. DMIM regulates the localization of key actin regulatory proteins in the syncytial

division cycles

We tested the levels of Arp 2/3 complex in nuclear cycle 12 of DMIM depleted
syncytial blastoderm embryos. We imaged the Arp3 distribution in fixed embryos of dmim
mutant and mim' expressing embryos using an antibody against Arp3. Immunostaining with
Arp3 antibody showed that its levels were reduced significantly in both dmim mutant and mim'
expressing embryos both in interphase and metaphase. We quantified the membrane to
cytosolic ratios of Arp3 intensity in both dmim mutant and mim' expressing embryos and
plotted it (Fig.5.5. A). The membrane to cytosolic ratio of Arp3 intensity in the DMIM depleted
embryos showed significant reduction as compared to the control (Fig.5.5. B).

Further we tested if the levels of the Nucleation Promoting Factors (NPFs) like
Scar/WAVE and stabiliser of Arp 2/3 network, Cortactin, were altered in embryos depleted of
MIM. Cortactin levels were estimated in mim' expressing embryos by immunostaining for
Cortactin using an antibody. The enrichment of Cortactin levels were reduced from the cell
cortex in MIM depletion embryos as compared to the control (Fig.5.5.C). We quantified the
membrane to cytosolic ratios of cortactin intensity in mim' expressing embryos at metaphase
and plotted it. The membrane to cytosolic ratio of cortactin intensity in the DMIM depleted
embryos showed significant reduction as compared to the control (Fig.5.5. D). Further, Scar/
WAVE levels were estimated in dmim embryos by immunostaining for Scar using an antibody.
The enrichment of Scar levels was also reduced from the cell cortex in MIM depletion embryos
as compared to the control (Fig.5.5. E).

We quantified the membrane to cytosolic ratios of Scar intensity in dmim mutant
embryos at metaphase and plotted it. The membrane to cytosolic ratio of Arp3 intensity in the

DMIM depleted embryos showed significant reduction as compared to the control (Fig.5.5. F).
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Fig. 5.5.: Depletion of DMIM leads to loss of Arp3, Scar and cortactin from the cell cortex

and increase in apical Diaphanous intensity in the syncytial nuclear cycles.

(A) Grazing sections of cells showing nucleus labelled with Hoechst (grey), Arp2/3 network

labelled with Arp3 (green) and cortical F-actin labelled with Alexa Fluor 568 (red) in

interphase and metaphase in control, mim' and dmim embryos.

(B) Graph showing the quantification of membrane to cytosolic ratio of Arp3 in control, mim'

and dmim embryos, n=5 cells from 3-4 embryos for each genotype. Data is represented as

mean £ SD, *p<0.05, **p<0.01, and ***p<0.001, two-tailed, unpaired Student’s t test.
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(C) Grazing sections of cells showing nucleus labelled with Hoechst (grey), Arp2/3 network
activator Cortactin (green) and cortical F-actin labelled with Alexa Fluor 568 (red) in
interphase and metaphase in control and mim RNAi embryos.

(D) Graph showing the quantification of membrane to cytosolic ratio of cortactin in control
and mim' embryos, n=5 cells from 3-4 embryos for each genotype. Data is represented as
mean £ SD, *p<0.05, **p<0.01, and **%p<0.001, two-tailed, unpaired Student’s t test.

(E) Grazing sections of cells showing nucleus labelled with Hoechst (grey), Arp2/3 network
activator Scar/WAVE (green) and cortical F-actin labelled with Alexa Fluor 568 (red) in
control and dmim embryos.

(F) Graph showing the quantification of membrane to cytosolic ratio of Scar/WAVE in
control and dmim embryos, n=3 cells from 3 embryos for each genotype. Data is represented
as mean £ SD, *p<0.05, **p<0.01, and ***p<0.001, two-tailed, unpaired Student’s t test.
(G) Grazing sections of cells showing nucleus labelled with Hoechst (grey), bundled actin
network labelled with Diaphanous (green) and cortical F-actin labelled with Alexa Fluor 568
(red) in control, mim RNAI and dmim embryos.

(H) Graph showing the quantification of normalised apical intensity of Diaphanous in
control, mim RNAI and dmim embryos. n=5 cells from 3-4 embryos for each genotype. Data
is represented as mean = SD, *p<0.05, **p<0.01, and **xp<0.001, two-tailed, unpaired

Student’s t test. Scale bar: 5 microns.

Thus, the activation and levels of the Arp 2/3 complex in the cell cortex was disrupted
in DMIM depletion embryos. This could be the reason for reduced branched actin network and
the presence of excess bundled actin network in the form of the excess microvilli network, as
observed in DMIM depleted embryos. We therefore tested the levels of Diaphanous - a formin
that regulates the formation of bundled actin structures in the actin caps in nuclear cycle 12 of
Drosophila syncytial blastoderm (Jiang and Harris 2019) , in the embryos depleted of DMIM.
We imaged the Diaphanous distribution in fixed dmim mutant and mim' expressing embryos
using an antibody. Immunostaining with Diaphanous antibody showed that its levels were
increased apically all over the cap instead of only being restricted to the furrows in both dmim
mutant and mim' expressing embryos (Fig.5.5. G). We quantified the normalised apical
intensity of Diaphanous and plotted it (See materials and methods). The normalised apical
intensity of Diaphanous in the MIM depleted embryos showed significant increase as compared
to the control (Fig.5.5.H).
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In summary we observed that the Arp2/3 network activation was perturbed in DMIM
mutant embryos, which could possibly be due to DMIM acting as a scaffold for Racl to activate
its downstream interacting partners. In absence of DMIM, therefore there is a lack of branched
actin network in the syncytial epithelial cells. However, the bundled network of actin is still
existing and overtakes the existing architecture to form excess microvilli as compared to the

control embryos.

5.3.5. MIM overexpression leads to increased endocytosis along with increased apical

Arp2/3 and decreased Diaphanous levels

The MIM M3 isoform was overexpressed in the syncytial blastoderm stage by crossing
the UASp-mCherry-MIM M3 to maternal Gal4 lines (see material and methods). Embryos
were collected from the F1 females containing both the UASp-mCherry-MIM M3 and maternal
Gal4. We further stained the embryos with anti-Arp3 antibody and tested if the levels of the
Arp 2/3 complex changed in nuclear cycle 12 of MIM M3 overexpressing embryos. We imaged
the Arp3 distribution in fixed embryos and its levels were increased apically all over the cap,
in mCherry-MIM M3 expressing embryos, instead of only being restricted to the cortical region
in the control embryos (Fig.5.6. A). We quantified the normalised apical intensity of Arp3 (see
material and methods for more details) and it was significantly increased as compared to the
control (Fig.5.6. B). We also analysed the distribution pattern of the Arp2/3 complex in the
cortex of the syncytial epithelial cells. For this we drew an ROI with the help of a “segmented
line” tool from imagelJ and plotted the intensity profile across the length in the graph, for both
phalloidin and Arp3. In the control embryos the peak intensity of Arp3 antibody staining co-
localized with the peak intensity of phalloidin marking the cortical actin. However, in the
embryos overexpressing mCherry-MIM M3, not only was the normalised intensity of Arp3
higher but also there was no sharp peak co-localizing with the cortical actin. Instead, the
distribution of Arp 3 was more widely spread across the cortex, indicating an increase in the

branched actin network during mCherry-MIM M3 overexpression (Fig.5.6.C-D).
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Fig. 5.6.: Overexpressing MIM increases Arp3 intensity and reduces Diaphanous in the
syncytial division cycles.

(A) Grazing section of syncytial cells showing nucleus labelled with Hoechst (grey), Arp2/3
network labelled with Arp3 (green), cortical F-actin labelled with Alexa Fluor Phalloidin
647 (red) in control and mCherry-MIM M3 embryos.

(B) Graph showing the quantification of normalised apical intensity of Arp3 in control, and
mCherry-MIM M3 embryos. n=5 cells from 3-4 embryos for each genotype. Data is
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represented as mean + SD, *p<0.05, *%p<0.01, and =**xp<0.001, two-tailed, unpaired
Student’s t test.

(C-D) Graphs showing the relative distribution of Arp3 and F-actin along the line drawn
across the cell boundary. Data is represented as the mean of 3-line profiles drawn across 3
edges, normalised to the maximum value, from 1 embryo.

(E) Grazing sections of cells showing nucleus labelled with Hoechst (grey), bundled actin
network labelled with Diaphanous (green) and cortical F-actin labelled with Alexa Fluor 568
(red) in control and mCherry-MIM M3 embryos.

(F) Graph showing the quantification of normalised apical intensity of Diaphanous in control
and mCherry-MIM M3 embryos. Data is represented as mean + SD, *p<0.05, **p<0.01, and

*xxp<0.001, two-tailed, unpaired Student’s t test. Scale bar: 5 microns.

We therefore tested the levels of Diaphanous- a formin that regulates the formation of
bundled actin structures, in nuclear cycle 12 of Drosophila syncytial blastoderm
overexpressing mCherry-MIM M3. We imaged the Diaphanous distribution in fixed mCherry-
MIM M3 expressing embryos using an antibody against Diaphanous and its levels were
reduced from the cortical region (Fig.5.6. E). We quantified the membrane to cytosolic ratio of
Diaphanous intensity and plotted it. The membrane to cytosolic ratio of Diaphanous intensity
in the MIM depleted embryos showed significant reduction as compared to the control (Fig.5.6.
F).

5.3.6. Arp2/3 complex and active Racl are crucial for regulating microvilli remodelling

We have already observed that a lack of DMIM led to reduction in the levels of Arp3
and its activators. We further wanted to test if the perturbation of the branched actin network
could also lead to the excess of microvilli formation as we see in the mutants of DMIM. This
would therefore signify, that absence of a branched actin network by itself can lead to a
formation of excess of bundled actin network and hence excess of microvilli formation. We
therefore tried to perturb the levels of Arp3 and also express the dominant-negative version of
Rac1, which is the major activator of the Arp2/3 complex. The arp3' was expressed during
oogenesis and in the syncytial blastoderm stage by crossing it to maternal Gal4 lines (see
material and methods). Embryos were collected from the F1 females containing both the arp3'

and maternal Gal4. We further stained the embryos with fluorescently labelled Alexa fluor 488
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and used super-resolution STED microscopy to image the microvilli. In embryos expressing
arp3' the microvilli appeared to be extensively longer than the control both at interphase and
at metaphase (Fig.5.7. A). We also stained these embryos with an antibody against Arp3 to test
the level of its knockdown and found the cortical levels of Arp3 to be significantly reduced in
the mutants as compared to the controls (Fig.5.7. B). We also stained them with an antibody
against Diaphanous, to look at the level of the bundled actin network and found that the apical
Diaphanous levels in the embryos expressing arp3' to be more than that of the control embryos
(Fig.5.7.C).
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Fig. 5.7.: Arp3 knockdown leads to increased microvilli.

(A) STED images showing the F-actin mediated microvillar protrusions at interphase and
metaphase of nuclear cycle 12 for control and arp3' embryos. The region in the yellow box
is further zoomed in to show the microvilli.

(B) Grazing section of syncytial cells showing nucleus labelled with Hoechst (grey), Arp2/3
network labelled with Arp3 (green), cortical F-actin labelled with Alexa Fluor Phalloidin 568
(red) in control and arp3' embryos.

(C) Grazing sections of cells showing nucleus labelled with Hoechst (grey), bundled actin
network labelled with Diaphanous (green) and cortical F-actin labelled with Alexa Fluor 568

(red) in control and arp3' embryos. Scale bar: 5 microns.

In order to test if the activation of the Arp 2/3 network is crucial for regulation microvilli
remodelling, we expressed rac1®N in oogenesis and embryogenesis by crossing it to maternal
Gal4 lines (see materials and methods). Embryos from F1 females containing Gal4 and rac1PN
(Dominant negative version of Racl) were collected and stained for cortical F-actin with
fluorescently labelled phalloidin. Phalloidin marked the apical actin cap and the microvilli
which were observed using Stimulated Emission Depletion (STED) microscopy. In embryos
expressing rac1PNthe microvilli number and length appeared to be significantly more than the
control both at interphase and at metaphase (Fig.5.8. A-C). We also stained for Arp3 in the
rac1PN expressing embryos and found that the levels of Arp3 in was significantly reduced as

compared to controls (Fig.5.8. D).
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Fig. 5.8.: Active Racl is required to limit microvilli formation and regulate its remodelling.
(A) STED images showing the F-actin mediated microvillar protrusions at interphase and
metaphase of nuclear cycle 12 for control and rac1®N embryos. The region in the yellow box
is further zoomed in to show the microvilli.

(B-C) Graphs showing the microvilli length (B) and numbers per apical cap (C) at interphase
and metaphase, n=3 cells from 3 embryos for each genotype. Data is represented as mean +
SD, #p<0.05, **p<0.01, and **%p<0.001, two-tailed, unpaired Student’s t test.

(D) Grazing section of syncytial cells showing nucleus labelled with Hoechst (grey), Arp2/3
network labelled with Arp3 (green), cortical F-actin labelled with Alexa Fluor Phalloidin 568

(red) in control and rac1®N embryos.

Hence, it was clearly observed that perturbation of the Arp 2/3 complex and its
activation leads to an increase in microvilli both at interphase and metaphase in the syncytial
Drosophila embryos in nuclear cycle 12., which phenocopies the defects as observed in the
embryo’s mutant for DMIM. Hence, DMIM could possibly be a regulator of the Arp 2/3

complex mediated branched network though its interaction with the Rac1.
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5.3.7. Activated Rac recruits MIM for affecting villi remodelling in a spatio-temporal

manner in the syncytial division cycles

We further tested the epistatic interaction between Racl and DMIM, in order to
understand if they interact mechanistically. We expressed rac1®™ and mCherry-MIM M3
together during oogenesis and embryogenesis, by crossing them to maternal gal4 lines.
Embryos from F1 females containing Gal4, rac1PN (Dominant negative version of Racl) and
mCherry-MIM M3 were collected and stained for cortical F-actin with fluorescently labelled
phalloidin Alexa fluor 488. Phalloidin marked the apical actin cap and the microvilli which
were observed using Stimulated Emission Depletion (STED) microscopy. In embryos
expressing mCherry-MIM M3 and rac1PN together with the maternal Gal4, the microvilli
appeared to be extensively longer than the control embryos and mCherry-MIM M3 expressing
embryos, both in interphase and metaphase (Fig.5.9. A-E). However, the microvilli appeared
to be slightly shorter than the rac1PN expressing embryos, both in interphase and at metaphase
(Fig.5.9. A-E). The average microvilli number in rac1®N; mCherry-MIM M3 expressing
embryos were also significantly more than the mCherry-MIM M3 expressing embryos in

interphase and metaphase and not significantly different from that of rac1PN expressing

embryos.
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Fig. 5.9.: Active Racl regulates MIM recruitment to the plasma membrane during microvilli
remodelling.

(A-C) STED images showing the F-actin mediated microvillar protrusions at interphase and
metaphase of nuclear cycle 12 in (A) mCherry-MIM M3 embryos, (B) rac1®and (C) rac1®N
; mCherry-MIM M3 embryos. The region in the yellow box is further zoomed in to show the
microvilli.

(D-E) Graphs showing the microvilli length (D) and numbers per apical cap (E) at interphase
and metaphase, n=3 cells from 3 embryos for each genotype. Data is represented as mean +
SD, #p<0.05, **p<0.01, and ***p<0.001, two-tailed, unpaired Student’s t test.
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(F-G) Timelapse images of the grazing and sagittal sections of the syncytial epithelial cells
showing the localisation of mCherry-MIM M3 in dmim: mCherry-MIM M3 and rac1PN ;
mCherry-MIM M3 embryos from interphase to metaphase of syncytial nuclear cycle 12.
Scale bar: 5 microns.

Further we tested the localisation of mCherry-MIM M3 in embryos also expressing
rac1PN. rac1PN; mCherry-MIM M3 expressing embryos showed mislocalization of mCherry-
MIM M3 on the membrane as compared to the precise distribution of mCherry-MIM M3 on
the plasma membrane in dmim; mCherry-MIM M3 (Fig.5.9. F-G). This signifies that active
Racl might be crucial for proper localisation of MIM M3 on the plasma membrane. Such
distribution of DMIM might be vital for ensuring efficient endocytosis and microvilli
remodelling and mislocalized DMIM due to the embryos expressing rac1®N is possibly leading

to perturbed microvilli remodelling.
5.3.8. Diaphanous is necessary for inducing formation of the apical microvilli.

A Interphase Metaphase
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Fig. 5.10.: Diaphanous is necessary for inducing formation of the apical microvilli.
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Confocal images showing the F-actin mediated microvillar protrusions at interphase and
metaphase of nuclear cycle 12 for control (A), Dia overexpression (B) and dia RNAI (C). The

region in the yellow box is further zoomed in to show the microvilli. Scale bar: 5 microns.

Since, lack of Arp 2/3 network led to both increase in the Diaphanous enriched bundled
actin network and microvilli formation, we wanted to test if the presence of Diaphanous was
essential for formation of microvilli. We expressed dia' and Dia-EGFP during oogenesis and
embryogenesis, by crossing them to maternal gal4 lines. Embryos from F1 females containing
maternal Gal4 with dia' and Dia-EGFP, were collected and stained for cortical F-actin with
fluorescently labelled phalloidin. Phalloidin marked the apical actin cap and the microvillar
protrusions which were observed using confocal microscopy. The reason for this being that
only one laser for depletion in the STED system was available which was for 592 nm and the
Dia-EGFP embryos could not be labelled with phalloidin 488 and imaged using STED, as it
could lead to non-specific signal with a lot of background. In embryos from F1 females
expressing maternal Gal4 and dia' together, the microvilli appeared to be lesser or almost absent
as compared to the control embryos both at interphase and metaphase. Whereas embryos
expressing Dia-EGFP together showed excess microvilli both at interphase and at metaphase

as compared to the control embryos (Fig.5.10. A-C).

5.3.9. DMIM and Racl mediated branched actin network have a crucial role in regulating

endocytosis

We decided to analyse the endocytic machinery in dmim mutant embryos. We
performed the dye uptake assay in the syncytial blastoderm embryos using the FM 1-43FX
dye, a fixable analog of FM 1-43 membrane stain. The embryos were permeabilized with a
detergent Citrasolv, followed by incubation with the dye for 15 minutes and fixation. The
membrane probe is taken up into the cell through endosomes during the incubation with the
dye. The embryos were further fixed, hand-devitellinized, mounted on a slide and imaged using
a confocal microscope (see Materials and methods for more details). The vesicles taken up by
the cells of the embryo were positive for the FM 1-43 dye, which absorbs in the range of 490-
510 nm and initially emits at around 626-636 nm and in the 565-590 nm range upon membrane
integration. In control embryos the cells showed numerous bright vesicle-like structures,

positive for the FM 1-43 FX dye, mostly at the centre and a few at the cortex near the lateral
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furrows of the cells (as marked with yellow arrows). These vesicles were reduced from the
centre of the cells at metaphase but became enriched at the cortex of the cells. This probably
could be the result of reduced endocytosis over time, from interphase to metaphase. In dmim
mutant the fluorescence intensity of the dye in the vesicles was reduced (Fig.5.11. A) while the
embryos over-expressing mCherry-MIM M3 showed increased intensity of the FM 1-43 FX

dye as compared to the control both in interphase and metaphase (Fig.5.11. B).

A Control dmim
Interphase Interphase Metaphase

Control MIM M3 mCherry
Interphase Metaphase Interphase Metaphase

Fig. 5.11.: DMIM depletion leads to a decrease in uptake of FM1-43fx dye during the
syncytial division cycles while over-expression of DMIM leads to increased uptake of the
dye.

(A) Grazing sections of cells labelled with FM1-43fx dye at interphase and metaphase in
control and dmim embryos.

(B) Grazing sections of cells labelled with FM1-43fx dye at interphase and metaphase in
control and mCherry-MIM M3 embryos.

We checked the levels of Rab5 which marked the early endosomes with an anti-Rab5
antibody. The fluorescence intensity of Rab5 marked vesicles in the cytosol was reduced as
compared to the control embryos. We also saw accumulations of Rab5 vesicles on the plasma

membrane in dmim embryos (Fig. 5.21.A). This has been observed previously in polarity
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protein Bazooka and septin Peanut mutants that lead to perturbed endocytosis. Further we
checked the levels of Rabll which marked the recycling endosomes with an anti-Rab11l
antibody. In dmim embryos the intensity of Rab1l1l marked compartments was reduced as
compared to the control embryos (Fig. 5.12.B). Since, the supply for recycling endosomes
requires efficient endocytosis, the reduced intensity of Rab11 signified that there was lowered

endocytosis and therefore reduced supply to the recycling endosomes.

A

Control

dmim

Control

dmim

Fig. 5.12.: Rab5 and Rab11 intensity are lowered and their localisation is perturbed in DMIM
depleted embryos.

(A) Grazing section of syncytial cells showing nucleus labelled with Hoechst (grey), early
endosomes labelled with Rab5 (green), cortical F-actin labelled with Alexa Fluor Phalloidin
568 (red) in control and dmim embryos. In dmim embryos the Rab5 levels are lowered in the
cytosol but accumulate on the plasma membrane (marked with yellow arrows).

(B) Grazing section showing cell’s nucleus labelled with Hoechst (grey), recycling

endosomes labelled with Rab11 (green), cortical F-actin labelled with Alexa Fluor Phalloidin
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647 (red) in control and dmim embryos. In dmim embryos the intensity of Rab11 punctaes

are lowered in the cytosol (marked with yellow arrows).

The levels of DE-cadherin at the plasma membrane can vary depending on the rates of
endocytosis in Drosophila epithelial cells, as it is an important cargo that is dynamically
trafficked during tissue remodelling events. Dynamin-mediated endocytosis in temperature-
sensitive mutants of Dynamin, shibire, shows decreased endocytosis, perturbed furrow
extension in the syncytial blastoderm embryo and accumulation of DE-cadherin at the furrow
(Rikhy, Mavrakis, and Lippincott-Schwartz 2015).We have observed that reduced Rab5
mediated endocytosis in mutants of polarity proteins Par 3 homolog Bazooka and Septin
Peanut, leads to accumulation of DE-cadherin at the furrow. We tested if DE-cadherin levels
changed in DMIM depleted embryos. We hence imaged DE-cadherin distribution in live mim'
expressing embryos and fixed dmim embryos. DE-cadherin levels were estimated in dmim
embryos by immunostaining for DE-cadherin using an antibody and expressing ubi-DE-cad-
GFP in mim' embryos. Immunostaining with a DE-cadherin antibody showed that DE-cadherin
levels increased in the cell cortex, specifically on the plasma membrane in nuclear cycle 12 in
dmim embryos as compared to controls (Fig. 5.13.A-B). mim' embryos expressing DE-cad-
GFP showed increased accumulation of DE-cad-GFP fluorescence on the plasma membrane,
but a reduced number of DE-cad-GFP positive vesicles in the cytoplasm of the cells as
compared to controls, from interphase to metaphase of nuclear cycle 12 (Fig. 5.13.C-D). To
summarize, we observe that endocytosis was perturbed in embryos depleted of DMIM and this

led to higher levels of DE-cadherin as compared to controls on the furrow in nuclear cycle 12.
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C Interphase Metaphase

Fig. 5.13.: Endocytosis of DE-cadherin is downregulated in DMIM depleted embryos.

(A) Grazing section showing cells labelled nucleus labelled with Hoechst (grey), adhesion
molecule DE-cadherin (green), cortical F-actin labelled with Alexa Fluor Phalloidin 568
(red) in control and dmim embryos.

(B) Graph showing quantification of the membrane to cytosolic ratio of DE-cadherin. n=5
cells from 3-4 embryos for each genotype. Data is represented as mean = SD, *p<0.05,
*xp<0.01, and **xp<0.001, two-tailed, unpaired Student’s t test.

(C-D) Timelapse images of the grazing and sagittal sections of the syncytial epithelial cells
tagged with Ubi DE-cadherin-GFP in control (F) and mim RNAI (G) embryos. Scale bar: 5

microns

We tested the levels of endocytic machinery in rac1PN expressing embryos. We
performed the dye uptake assay in the syncytial blastoderm embryos using the FM 1-43FX
dye, a fixable analog of FM 1-43 membrane stain. In raclPN expressing embryos the
fluorescence intensity of the dye in the vesicles were reduced along with their numbers as
compared to the control embryos (Fig.5.14. A). As discussed previously, levels of DE-cadherin
at the plasma membrane can vary depending on the rates of endocytosis and therefore we
decided to check the levels of DE-cadherin in rac1PN embryos by immunostaining for DE-
cadherin using an antibody. Immunostaining with a DE-cadherin antibody showed that DE-
cadherin levels increased on the furrow in nuclear cycle 12 in rac1PN expressing embryos as

compared to controls (Fig.5.14. B-C).
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Fig. 5.14.: Endocytosis is downregulated in rac1®N embryos.

(A) Grazing sections of cells labelled with FM1-43fx dye at interphase and metaphase in
control and rac1®N embryos.

(B) Grazing section of syncytial cells showing nucleus labelled with Hoechst (grey),
adhesion molecule DE-cadherin (green), cortical F-actin labelled with Alexa Fluor
Phalloidin 568 (red) in control and rac1®™ embryos.

(C) Graph showing the quantification of the membrane to cytosolic ratio of DE-cadherin
levels. n=5 cells from 3-4 embryos for each genotype. Data is represented as mean + SD,
*p<0.05, **p<0.01, and **xp<0.001, two-tailed, unpaired Student’s t test. Scale Bar: 5

microns

The small GTPase molecule Racl in its active form is a promoter of the Wave Regulatory
Complex (WRC), and together with DMIM, active Racl and WRC, the Arp 2/3 network gets
activated and enriched on the plasma membrane. To understand if there is a hierarchy
between the racl- dependent Arp 2/3 network mediated actin polymerization and DMIM, we
tested the endocytosis and the localization of DMIM in Arp and racl mutant embryos. We
have expressed the MIM M3 mCherry together with the arp3 ' (Fig. 3) and rac1®N (Fig. 5.9.,

in thesis). Simultaneously, we have also immunostained the arp3 'and rac1PN expressing
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embryos with the antibody against DMIM (Fig. 4). We have observed that MIM, both the
tagged line as well as the antibody marking the endogenous DMIM gets mislocalised and its
enrichment on the plasma membrane is lost. We had earlier observed that in embryos mutant
for MIM, there is a loss of Arp 3 from the plasma membrane (Fig. 5.5., in thesis). However,
endocytosis was reduced in both arp3 ' (Fig. 2) and rac1PN (Fig. 5.14., in thesis) embryos,
similar to embryos mutant for MIM.

A B

Control

arp3

Fig. 5.15.: Endocytosis is downregulated in rac1®N and arp3' embryos. (A) Grazing
sections of cells labelled with FM1-43fx dye at interphase and metaphase in control and
arp3 ' embryos. (B-C) Grazing section of syncytial cells showing nucleus labelled with

Hoechst (grey), Rab5 (green) and F-actin (red) in control, arp3'and rac1®N embryos. Scale
Bar: 5 microns
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Fig. 5.16.: MIM M3 mCherry is mislocalised in arp3' embryos. Timelapse images of the
grazing and sagittal sections of the syncytial epithelial cells tagged with MIM M3 mCherry
in +; MIM M3 mCherry and arp3 '; MIM M3 mCherry embryos. Scale bar: 5 microns
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Fig. 5.17.: DMIM localises to furrows at interphase in control embryos and is mislocalised
in arp3' and rac1PN embryos. Grazing section of syncytial cells showing nucleus labelled
with Hoechst (grey), DMIM (raised in Rabbit, 1:500, green) and Dlg (red) in control, arp3
'and rac1PN embryos. Scale Bar: 5 microns

This signifies that racl dependent activation of WRC might be crucial for the localisation and
activity of DMIM and vice versa. Together they form a combined unit crucial for activation
of the branched actin network and that regulates endocytosis and apical microvilli

remodelling.

5.3.10. Loss of DMIM leads to lack of hexagon dominance in the polygonal array

Since, a defect in endocytosis and trafficking was observed and specifically the
recycling of DE-cadherin was observed, we tested the distribution of polygons and the cell
shape index values of the cells in the syncytial tissue at metaphase of nuclear cycle 12 and 13,
in DMIM-depleted embryos. In order to knockdown DMIM, we used the RNAI lines (refer to

Materials and methods).
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Fig 5.18.: DMIM depleted embryos show a loss of hexagon dominance in the polygon
distribution of cells.

(A-B) Images showing grazing sections of control and mim' in metaphase 12-13, tagged with
tGPH, along with the respective colour-coded polygon renderings.

(C) Graph showing polygonal distribution in control and mim' embryos in nuclear cycle 12-
13, (n= 60-80 syncytial cells, 20-30 cells/embryo; 4-5 embryos). Pentagons and hexagons
are compared in each cycle using the two tailed, unpaired, Student’s t test. Data is represented
as mean + SEM, *p<0.05, **p<0.01, and ***p<0.001.

(D) Graph showing average shape index of all the cells in the field in control and mim'
embryos in metaphase 12-13 (n=approx. 60-80 syncytial cells, 20-30 cells/embryo; 4-5
embryos). Data is represented as mean + SEM, *p<0.05, **p<0.01, and ***p<0.001, two-

tailed, unpaired Student’s t test. Scale bar: 5 um.

For mim' expressing embryos, we used the tGPH tag for marking the plasma membrane
(Fig.5.15. A)., which showed a lack of hexagon dominance completely both at metaphase 12
and metaphase 13, as compared to control embryos where the hexagon dominance is achieved
by the at metaphase 12 itself (Fig.5.15. A-B). The cell shape index values in mim' expressing
embryos were also increased as compared to that of the control embryos, both at metaphase 12
and 13 (Fig 5.15.C). This finding therefore indicates that disrupting the DMIM levels perturbs
the hexagon dominated polygonal distribution and leads to formation of anisotropic cells and

a more fluid-like unjammed network of cells.
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5.4. Discussion and conclusion

We found DMIM, an I-BAR domain containing protein, to be crucial for maintenance
of the microvilli-like membrane protrusions in the apical region of the cells, in the syncytial
Drosophila embryos. In absence of DMIM there is a significant increase in the length and
number of the microvilli present apically. This is associated with the loss of Arp2/3 complex
activation and enrichment on the plasma membrane. A lack of the Arp2/3 mediated branched
actin network can possibly lead to a dominance of the bundled actin network as observed in
this case also, where we see an increase in the apical levels of the formin Diaphanous, which
also are enriched in the excess microvilli structures formed. The cell boundary also appears to
be loose and mis-shapen as the microvilli are increased apically and remain stuck at the apical
region. A transition of the actin network is essential for such remodelling where the Arp2/3
network mediated actin structures are known to push the Diaphanous enriched bundles to the
furrows and an absence of which perturbs the furrow formation also. A lack of transition of the
network from apical to the lateral region through Arp2/3 driven remodelling also leads to a
similar defect leading to an increase in the number of the Diaphanous bundles (Jiang and Harris
2019). Here, in our case also we observe the shorter furrows or the lack of it in some occasions.

Another reason for lack of furrow progression could be lack of cellular trafficking (Fig.5.16.).

Control | MIM7-
Interphase Metaphase Interphase Metaphase
rofe ‘ob\ s o

Y wb’"‘\ /\‘{\- +
‘\:v - ‘}"f N _F

28000 ,..-.‘?.-_‘r

T RT3
’ AR A

MIM
(@) Endocytic vesicles

Fig. 5.19.: Schematic showing the defects in cell shape remodelling and microvilli structures

in absence of DMIM as compared to control in syncytial cycles of Drosophila embryos.
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For the process of endocytosis, positive curvatures like endocytic pits need to be formed
on the plasma membrane. Although MIM is a negative curvature-inducing molecule and
therefore could inhibit endocytosis (Quinones, Jin, and Oro 2010), as discussed in the
introduction, even the structures of endocytic pits consist of certain patches of negative
curvatures like the neck regions, where the I-BAR domain containing proteins can possibly
bind. There are also studies that show the role of MIM in being a positive regulator of
endocytosis ( Dan Yu et al. 2011; Li et al. 2017, 2019; P. Zhao et al. 2016, 2019; Sathe et al.
2018). Certain BAR domain containing proteins are known to be positive regulators of
endocytosis through interaction with the actin cytoskeleton during the metazoan development
( Leibfried et al. 2008; Sherlekar and Rikhy 2016; Sathe et al. 2018; P. Zhao et al. 2019). We
observed a lack of endocytosis in DMIM-depleted embryos. DMIM localises on the plasma
membrane only till prometaphase, possibly till the time-point, remodelling of microvilli occurs
through tubular endocytosis as is observed in the cellularization stage also (Fabrowski et al.
2013). We have also observed from findings in our lab that, Rab5 levels also decrease from
interphase to metaphase (unpublished data) and a similar trend is observed with the localisation
of dynamin and clathrin on the plasma membrane during the syncytial cycles (Rikhy, Mavrakis,
and Lippincott-Schwartz 2015). Here, in case of MIM dependent endocytosis, we also observe
less punctae of FM1-43fx dye at the metaphase stage of syncytial embryos as compared to the
interphase stage and also a lower intensity of Rab5 and Rab11 vesicles in the cytosol. We also
observed a lack of junctional remodelling possibly due to inhibited recycling of DE-cadherin
and hence loss of hexagon dominance in the polygonal array of cells at metaphase. All of this
data together signifies that there is a dynamic regulation of endocytosis at the plasma
membrane in the syncytial cycles. We also see that in the embryos where the Arp2/3 network
is inactivated by making the Racl dominant negative, endocytosis is reduced along with
increased prevalence of microvilli and reduced remodelling of the same. We analysed if the
recruitment of DMIM on the plasma membrane is dependent on the activity of Racl, as it is
known that MIM acts as a scaffold protein for Racl required for further interaction with its
effectors (Bompard et al. 2005). The recruitment of DMIM on the plasma membrane was
perturbed in the embryos where Racl was present in dominant negative form. The microvilli
also became increased apically and failed to remodel in the embryos having a combination of
dominant negative version of Racl and mCherry-MIM M3, as opposed to the embryos only

overexpressing mCherry-MIM M3 where the microvilli were much smaller in length and fewer
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in number. This suggested that the function of DMIM in activating the Arp2/3 network was
mediated through the activity of Racl.

The apical microvilli formed in the interphase of the syncytial nuclear cycles emerge
from the periphery of the actin caps and are bundled actin structures that are primarily enriched
with the formin Diaphanous. The Arp 2/3 complex form punctae-like structures at the centre
of the actin caps and mostly at the base of the microvilli. The Diaphanous enriched apical
microvilli reduce over time and gets relocated to the furrows as the peripheral actin bundles
are pushed by the Arp 2/3 complex mediated structures to the periphery and further bundling
leads to furrow stabilisation. A failure of branching activity due to loss of Arp 2/3 complex
also leads to increased formation of apical microvilli, as the Diaphanous mediated bundles fail
to remodel. At this specific transition, DMIM acts as a crucial scaffold protein that interacts
with the small GTPase Racl and allows for its interaction with the subsequent effectors like
the WAVE Regulatory Complex (WRC) and Cortactin. The WRC and WASP are already
known to preferentially bind to the negative curvature that is the neck of the endocytic pit
(Pipathsouk et al. 2021; Brunetti et al. 2022). Endocytosis at the base of the microvilli-like
protrusions remodel is required for the remodelling of the apical microvilli, as observed during
the cellularisation stage of development (Fabrowski et al. 2013) . Thus, the activation of the
Arp 2/3 mediated branched actin network, through the combined activity of DMIM and WRC,
generates enough force leading to excision of endocytic vesicles at the base of the microvilli
like structures on the plasma membrane leading to the remodelling of the protrusions from
interphase to metaphase in the syncytial nuclear cycles.

Hence, this study not only revealed the function of DMIM in regulating the branched
actin network and its activation which facilitates the remodelling of the cortex through physical
pushing of the bundled actin to the periphery as well as regulating the endocytosis for the

remodelling of microvilli length and number across the syncytial nuclear cycles.
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Chapter 6: Thesis Summary and Future perspectives

In this thesis, the epithelial cell shape changes occurring during the development of a
syncytial Drosophila embryo require dynamic plasma membrane remodelling and are
regulated by a host of molecular factors. These molecular regulators belong to different classes
of proteins, namely, the polarity determining proteins, adhesion junction proteins, actin
cytoskeleton and its nucleators and BAR domain containing proteins. These molecules either
singly or in combination regulate cellular trafficking, the common mechanism core to the
regulation of morphogenetic changes during the early Drosophila embryogenesis. This
common mechanism is regulated spatiotemporally to facilitate the dynamic plasma membrane
remodelling events and hence also the progression of the embryo development. Here we have
elucidated two mechanisms of regulating the different steps of cell shape changes in the
syncytial Drosophila embryogenesis- Firstly, polarity proteins mediated endocytosis of
adhesion junction proteins and secondly, BAR domain protein Missing-in-metastasis and

branched actin mediated apical endocytosis.

6.1. Polarity protein mediated cellular trafficking have a major role in regulating the

hexagon dominated polygonal array

In this study, it was observed that the formation of hexagon dominated plasma
membrane organisation, which is a common trait of a stabilised epithelial array of cells in the
tissue. In the syncytial Drosophila embryos, a combination of adhesion and polarity proteins
regulates the establishment of hexagon dependent polygonal array in the syncytial Drosophila
blastoderm embryo during the metaphase stage of nuclear cycle 12, which is a relatively stable
array of epithelial-like cells. We have also observed previously in the lab that the edges of the
cells in nuclear cyclel2 are enriched with Baz and vertices show accumulation of Pnut. The
presence of Bazooka on the pseudo cleavage furrow membrane is important for the distribution
of Peanut while the presence of DE-cadherin is important for both Bazooka and Peanut
recruitment on the plasma membrane. DE-cadherin loss led to loss of hexagon dominance and
shorter furrow length. However, there could be other cadherin-like adhesion molecules that
possibly have a role to play as well during this stage of development like Echinoid (Wei et al.
2005) as the defects in DE-cadherin depleted embryos do not show absence of furrows but just

furrows shorter in length.
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DE-cadherin levels on the membrane also determine the furrow stabilisation (Dey et al.
2023). A stability in the furrows brings about the establishment of hexagon dominated
polygonal arrangement in the tissue (Dey and Rikhy 2020). DE-cadherin levels on the plasma
membrane increase from interphase to metaphase (Dey and Rikhy 2020) and the polygonal
arrangement of the cells becomes more isotropic as the cell shape index also decreases from
the earlier to the later syncytial cycles. In the Bazooka and Peanut mutants, we observe the
hexagon dominance to be lost at metaphase of nuclear cycle 12 and more cells with pentagons
are seen, that is cells with lesser number of cell edges and also a higher value of cell shape
index is observed. A decreased number of edges in a polygonal array favours cell neighbour
exchanges which gives rise to a soft and unstable network (Farhadifar et al. 2007b). In the
Bazooka and Peanut depleted embryos, a similar transition to a soft network occurs possibly
due to a decreased stabilisation of the furrow. It is interesting that it occurs even when DE-
cadherin is present along the furrow length. An increase in DE-cadherin on the furrow in
metaphase 13 in embryos depleted for Bazooka and Peanut, is possibly allowing for the
conversion back to a hexagon-dominated polygonal array through stabilising and forming the
additional junction. This also shows that Bazooka and Peanut depleted embryos can show
hexagon dominance of the polygonal array at higher levels of DE-cadherin than controls. Since
DE-cadherin depletion shows loss of hexagon dominance, this compensatory increase in DE-
cadherin is likely to be responsible for the rescue of hexagon dominance in metaphase 13 in
Bazooka- and Peanut-depleted embryos.

The interaction between Bazooka and DE-cadherin has long been known to initiate the
polarity program in different tissues. While Bazooka actively initiates adherens junction
polarity during Drosophila cellularization and gastrulation (Miller and Wieschaus 1996;
Harris and Peifer 2004; Pilot et al. 2006), in follicle epithelial cells it is dispensable (Shahab et
al. 2015). During mesoderm invagination, apical relocation of Bazooka occurs after the
movement of DE-cadherin and thus, the asymmetry in DE-cadherin distribution is independent
of Bazooka (Weng and Wieschaus 2017). Similarly in mammalian cells Bazooka recruitment
to the contact points precedes E-cadherin (Coopman and Djiane 2016). This suggests that the
interaction between Bazooka and DE-cadherin depends on the tissue type or developmental
stage. Here in our study, DE-cadherin appears to be important for the distribution of both
Bazooka and Peanut to the furrow. As a conclusion, it appears that DE-cadherin assumes the
most significant role in furrow formation and stabilisation song with recruitment of the polarity

proteins in the Drosophila syncytial blastoderm embryo.
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6.2. The formation and remodelling of cellular protrusions is majorly regulated by the

BAR domain containing protein Missing-in metastasis

Missing-In-Metastasis, an I-BAR domain containing protein, is required for
maintenance of the microvilli-like membrane protrusions in the apical region of the cells, in
the syncytial Drosophila embryos. In absence of DMIM there is a significant increase in the
length and number of the microvilli present apically. This is associated with the loss of Arp2/3
complex activation and enrichment on the plasma membrane. This is coincident with
Diaphanous getting enriched apically. DMIM probably acts as a scaffold protein. It localises
closely with the Arp2/3 complex and Diaphanous. DMIM could possibly negatively regulate
Diaphanous similar to Cip4 (Yan et al. 2013) as its loss shows an increase in apical Diaphanous
levels. In embryos overexpressing DMIM, Diaphanous levels are reduced significantly while
Arp3 levels increase. This insists that Diaphanous might have an antagonistic interaction with
mim or it might be because of the antagonism between the small GTPases, Rho and Rac, which
has been observed to occur across several studies (Salloum, Jaafar, and El-Sibai 2020).

As observed, microvilli in the mim mutants are not only bigger to start with, they also
fail to remodel as observed in control and reduce over time from interphase to metaphase. In
absence of DMIM we observe lowered endocytosis. This is consistent with the findings in
cellularization where lowered tubular endocytosis from the base of the microvilli like
structures, led to shorter furrows and lack of villi remodelling (Fabrowski et al. 2013). DMIM
possibly induces the branched actin and associated nucleation factors to generate force
facilitating the excision of the vesicles. The lack of endocytosis also leads to DE-cadherin
remaining stuck on the membrane, similar to what was observed in the Bazooka and Peanut
depleted embryos. An associated expanded cap area and loose cell membrane is also observed
in the DMIM mutants which could be a result of loss of tension as DE-cadherin might be non-
functional and stuck in the excess protrusions. This is also consistent with the loss of furrow
progression and a loss of hexagon dominance of the polygonal array of cells, as a lack of DE-
cadherin leads to shorter furrow and perturbed polygonal distribution of cells, as observed
previously in our lab (Dey et al. 2023).

Interestingly, MIM localises on the plasma membrane only till prometaphase, possibly
till the time-point endocytosis takes place. We have also observed from findings in our lab that,
Rab5 levels also decrease from interphase to metaphase (unpublished data) and a similar trend
is observed with the localisation of dynamin and clathrin on the plasma membrane during the
syncytial cycles (Rikhy, Mavrakis, and Lippincott-Schwartz 2015). Here, in case of MIM
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dependent endocytosis, we also observe less punctae of FM1-43fx dye at the metaphase stage
of syncytial embryos as compared to the interphase stage. All of this data together signifies that
there is a dynamic regulation of endocytosis at the plasma membrane in the syncytial cycles.
Since the localization of MIM also follows the other endocytic regulators and markers closely,
it might be a crucial regulator of endocytosis mediated cellular remodelling. This study
therefore gives us an idea regarding how the different kinds of plasma membrane deformations
require the activity of different kinds of actin nucleator and BAR domain containing proteins
are the perfect candidates that can function as an intermediary to regulate these structures in a

spatiotemporal manner.

6.3. Future Perspectives

The above studies clearly shed light on the two interconnected yet spatiotemporally
distinct mechanisms of cell shape re-modelling events during Drosophila embryogenesis. In
both the cases we find that cellular trafficking is a core regulatory mechanism driving the cell
shape remodelling events. The cellular tension is a crucial factor that also gets remodelled along
with the shape in these stages of syncytial Drosophila embryos. Although we get some hints
of the cell being anisotropic with expanded cell area, a future analysis of change in tension in
the various genetic backgrounds will tell us how the cellular tension and endocytosis are
related. This along with mathematical modelling, will reveal the mechanisms that drive shape
morphogenesis in Drosophila syncytial blastoderm embryos. A further analysis of how non
muscle myosin-I1, a crucial regulator of contractility and tension in these stages, could possibly
regulate cellular trafficking, specifically endocytosis, will also elaborate more on the
interrelation between tension and endocytosis. An interaction between MIM and lipids on the
plasma membrane has also been observed where MIM binds to PI(4,5)P2 rich plasma
membrane and induces bending (Mattila et al. 2007). In the Drosophila cellularization stage
the balance of the phosphoinositides that is the ratio of P1(4,5)P2/PI1(3,4,5)P3 is responsible for
regulation of epithelial cell shape (Reversi et al. 2014). However, in the syncytial Drosophila
embryos, a clear analysis regarding the interaction between the lipids on the plasma membrane
and the specific interaction with BAR domain containing proteins, is yet to be assessed. We
observed in the DMIM depleted embryos there was an increase in the levels of PI(3,4,5)P3 on
the plasma membrane. An analysis of the pathways through which BAR domain proteins and
the lipids on the plasma membrane interact could be an interesting future perspective to be

pursued.
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APPENDIX

Al. Analysis of apical cap area and non-muscle myosin 11 distribution in Drosophila

embryos depleted of Bazooka and Peanut

Al.l. Analysis of cap area dynamics in Drosophila embryos depleted of Bazooka and

Peanut.

We performed live imaging of control, baz' and pnut' embryos also expressing tGPH.
The average area of the apical caps in the tGPH/+ embryos increases from interphase to
metaphase. In tGPH /baz' and tGPH /pnut' ®P"essi"d empryos, the average apical cell area was
found to be significantly larger at the beginning of the nuclear cycle 12 that is at interphase
than the control but remained slightly greater in area as compared to the control by the time the
embryos reach metaphase.
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Fig. Al.1: Bazooka and peanut depletion leads to expanded cap area in syncytial nuclear
cycle 12

(A) Timelapse images of the grazing and sagittal sections of the syncytial epithelial cells
tagged with tGPH labelling the plasma membrane of control, baz' and pnut' embryos.

(B) Graphs showing the quantification of continuous apical cell area changes n=3 cells from
3 embryos for each genotype.

Al.1. Analysis of myosin Il levels in Drosophila embryos depleted of Bazooka and Peanut.

We tested the levels of non-muscle myosin 11 in nuclear cycle 12 of Bazooka and Peanut
depleted syncytial blastoderm embryos. We imaged the levels of myosin Il distribution in live
embryos of Bazooka and Peanut depleted embryos using the regulatory light chain of non-
muscle myosin tagged to mCherry (Sqgh-mCherry) (Fig.A1.2. A). We quantified the membrane
to cytosolic ratios of Sqgh-mCherry intensity in control, baz' and pnut' embryos at interphase
and plotted it (Fig.A1.2. B). The membrane to cytosolic ratio of Sgh-mCherry intensity in the

baz' and pnut' embryos did not show any significant change as compared to the control
(Fig.A1.2. B).
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Fig. A1.2.: Analysis of myosin Il in control, Bazooka and Peanut depleted embryos.
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(A) Grazing sections of cells showing sgh-sqgh mCherry in interphase at nuclear cycle 12 and
13 in control, baz' and pnut' embryos.

(B) Graph showing the quantification of membrane to cytosolic ratio of sqh-sqgh mCherry in
control, baz' and pnut' embryos., n=5 cells from 3-4 embryos for each genotype. Data is
represented as mean + SD, #p<0.05, *xp<0.01, and **xp<0.001, two-tailed, unpaired

Student’s t test.

A2. Analysis of non-muscle myosin Il distribution in Drosophila embryos depleted of
Missing-1n-Metastasis (MIM)

We tested the levels of non-muscle myosin 1l in nuclear cycle 12 of DMIM depleted
syncytial blastoderm embryos. We imaged the levels of myosin 11 distribution in fixed dmim
embryos using antibody against the regulatory light chain of non-muscle myosin which is
encoded by spaghetti-squash (Fig.A2.). We did not observe any significant change in the

intensity of myosin Il in dmim embryos compared to the control (Fig.A1.2. B).

Interphase Metaphase

Sqh
> N
S £
; .

F-Actin Merge
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Fig. A2.: Analysis of myosin Il in control and DMIM depleted embryos. Grazing sections of

cells showing nucleus labelled with Hoechst (grey), myosin Il labelled with Sgh (green) and
cortical F-actin labelled with Alexa Fluor 568 (red) in interphase and metaphase in control

and dmim embryos. Scale bar: 5 microns
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The syncytial Drosophila blastoderm embryo contains apical microvilli with filamentous actin that
are remodeled during nuclear division cycles 10-13. Here, we describe a protocol for preparing
whole embryo samples and capturing images of microvilli using confocal and super-resolution OWEm e
STED microscopy. This protocol enables visualization and quantification of lengths and numbers microvilli lengths and
numbers from
confocal and STED

images

of microvilli oriented along the imaging plane. We provide information on identifying different
nuclear division cycles and examples of quantification from the interphase and metaphase of
cycle 12.
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SUMMARY

The syncytial Drosophila blastoderm embryo contains apical microvilli with fila-
mentous actin that are remodeled during nuclear division cycles 10-13. Here,
we describe a protocol for preparing whole embryo samples and capturing
images of microvilli using confocal and super-resolution STED microscopy. This
protocol enables visualization and quantification of lengths and numbers of
microvilli oriented along the imaging plane. We provide information on identi-
fying different nuclear division cycles and examples of quantification from the
interphase and metaphase of cycle 12.

For complete details on the use and execution of this protocol, please refer to
Sherlekar et al. (2020).

BEFORE YOU BEGIN

Drosophila embryo development begins as a syncytium wherein nuclei divide deep in the interior of
the embryo until nuclear cycle 9. Nuclei then migrate to the periphery and nuclear cycle 10-13 occur
at the cortex (Foe and Alberts, 1983). Each cortical nucleus is encompassed partially by the plasma
membrane and an actin-rich cap is present between each nucleus and the plasma membrane during
interphase of the syncytial division cycle. This actin cap bears filamentous actin protrusions termed
apical microvilli (Turner and Mahowald, 1976; Warn et al., 1980; Foe and Alberts, 1983; Warn et al.,
1984; Karr and Alberts, 1986; Mavrakis et al., 2009). The caps expand in area from interphase to
metaphase of each nuclear division cycle (NC) and their microvilli are remodeled simultaneously, un-
dergoing a concomitant reduction in lengths and numbers (Sherlekar et al., 2020). The apical cap
remodeling is accompanied by extension of the plasma membrane in the form of furrows in between
the nuclei and spindles. In this protocol, we use confocal and super-resolution STED microscopy to
visualize apical microvilli present on the surface of embryos derived from the Canton-S wild-type
strain of Drosophila melanogaster. We further show downstream image processing methods to
resolve these structures using deconvolution. Finally, we demonstrate image analyses to elucidate
the changes in microvilli architecture from interphase to metaphase in NC12.

Institutional permissions (if applicable)
Obtain appropriate institute biosafety permissions for import, maintenance and disposal of
Drosophila melanogaster stocks and crosses.

Preparation of fly media and embryo collection cages

® Timing: 45 min
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1. Maintain the desired Drosophila stocks at 25°C in bottles containing fly media (see materials and
equipment for the standard cornmeal agar recipe for fly media).

2. Prepare sucrose-agar plates for the embryo collection cages (see materials and equipment for the
recipe).

3. Set up the embryo collection cages with at least 100 Canton-S flies per cage, as in shown in
Figure TA.
a. Smear a dollop of yeast paste on the surface of a sucrose-agar plate.

4. Fix the plate on the mouth of the cage and invert the cage with the plate at the bottom.

5. Leave the cage undisturbed at 25°C for at least 24 h to allow the flies to acclimatize to the cage.

Preparation of fixative, buffers, blocking agent and mounting media
O Timing: 3-4 h
Prepare the solutions listed below. See materials and equipment for recipes.

6. 10x PBS (Phosphate-buffered saline), pH 7.4.
a. Dilute the 10x stock with deionized water to make a 1x working solution.
7. 0.3% PBST (Phosphate-buffered saline containing 0.3% [v/v] Triton X-100).
8. 2% PBTA (PBS containing 0.3% [v/v] Triton X-100, 2% [w/v] bovine serum albumin (BSA), and
0.02% [w/v] sodium azide), 4°C.
9. 4% [w/v] Paraformaldehyde (PFA) solution for fixation, 4°C.
10. Mowiol-DABCO solution for mounting embryo samples, —20°C.

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE
Antibodies

Phospho-histone H3 (pH3)

Alexa Fluor Anti-Rabbit 488 nm, 568 nm
Alexa Fluor Phalloidin 488 nm, 568 nm
Hoechst 33258 405 nm

IDENTIFIER

RRID: AB_2533589

RRID: AB_2534114, AB_143157
catalog number: A12379, A12380
RRID: AB_2651133

Invitrogen, Molecular Probes
Invitrogen, Molecular Probes
Invitrogen, Molecular Probes

Invitrogen, Molecular Probes

Chemicals, peptides, and recombinant proteins

Agar local purchase non-molecular biology grade
Yeast local purchase non-molecular biology grade
Malt local purchase non-molecular biology grade
Cornflour local purchase non-molecular biology grade
Sucrose local purchase non-molecular biology grade

Propionic acid local purchase non-molecular biology grade

Orthophosphoric acid local purchase non-molecular biology grade

5% methyl-para-hydroxybenzoate Loba Chemie catalog number: 04660
Ethanol Jiangsu catalog number: 1170
NaCl Qualigens catalog number: Q15918
KClI Qualigens catalog number: Q13305
Na,HPO,4 HiMedia catalog number: MB024
KoHPO4 HiMedia catalog number: MB044
Triton X-100 Sigma catalog number: 78787
Sodium Azide Sigma catalog number: $2002-25G
Paraformaldehyde HiMedia catalog number:GRM3660
BSA HiMedia catalog number: MB083
Mowiol Sigma-Aldrich Product number: 81381
DABCO Sigma-Aldrich catalog number: 290734
HCI Fisher Scientific catalog number: 29505

2 STAR Protocols 3, 101736, December 16, 2022
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

NaOH pellets Qualigens catalog number: Q15895

4% Sodium Hypochlorite (bleach) Sigma catalog number: 1056142500
Glycerol HiMedia, India catalog number: MB060
n-Heptane Merck catalog number: 1.04365.2521

Experimental models: Organisms/strains

Canton-S strain of Drosophila melanogaster

L. S. Shashidhara, IISER Pune, India

RRID: DGGR_105666

Software and algorithms

ImageJ/Fiji - Bio-Formats plugin
Microsoft Excel

GraphPad Prism

Leica LAS X software (version 3.5.3)
Huygens Professional (version 17.04)
MATLAB R2021b

MATLAB code for calculating the
Full-Width at Half-Maxima

(Schindelin et al., 2012); (Rueden et al., 2017)
https://www.microsoft.com/en-in/microsoft-365/excel
https://www.graphpad.com/scientific-software/prism/
Leica Microsystems
https://svi.nl/Huygens-Microscopy-Analysis-Software
https://www.mathworks.com

Patrick Egan (2006). MATLAB Central
File Exchange. Retrieved April 17, 2022

RRID: SCR_002285
RRID: SCR_016137
RRID: SCR_002798
RRID: SCR_013673
RRID: SCR_014237
RRID: SCR_001622

https://www.mathworks.com/matlabcentral/
fileexchange/10590-fwhm

Other

Incubator at 25°C for Drosophila
stocks and crosses

Stereomicroscope

STED microscope

Embryo collection cages

Cell strainer

Scintillation vials 6 mL or 20 mL
Drosophila culture vials and bottles
BD Ultra fine 40 1U/31G Syringe
Paintbrush

Petri plates

Soft tissue

Coverslips

Glass slides

Micropipettes and tips

Conical tubes

Microcentrifuge tubes

Panasonic

Olympus

Leica Microsystems, Mannheim, Germany
Flystuff.com

Corning

Sigma

Laxbro, India

Becton Dickinson (I) Pvt. Ltd.
Camlin, India

Tarsons, India

Local purchase

VWR

VWR

Tarsons

Falcon

Eppendorf

MIR-554-PE

SZX10

Inverted TCS SP8 3x

Small (Cat # 59-100): 5.6 cm (D) X 7.6 cm (H)
catalog number: CLS431751

catalog number: M1152 and V7130
catalog number: BT-30PSBK and FLBT-20
Ref: 324902

00 number

60 mm

non-molecular biology grade

22 mm X 22 mm, 22 mm X 40 mm #1.5
Slide Vista 25 x 75 mm

P1000, P200, P2

50 mL, 15 mL

1.5mL, 0.6 mL

MATERIALS AND EQUIPMENT

Fly Media (1 L)

Reagent Amount for 3% /1L Amount for 6% /1L
Agar 109 109

Yeast 159 24 g

Malt 30g 60g

Cornflour 759 759

Sugar 80 g 80 g

Deionized water 900 mL 900 mL

Propionic acid 5mL 5mL
Orthophosphoric acid TmL TmL

Ethanol SmL 5SmL

5% Methyl-para-hydroxybenzoate

0.7 g in ethanol

1.7 g in ethanol

Weigh the required amounts of agar, yeast, malt, cornflour and sugar. Add them to deionized water
and mix well by stirring. Autoclave the mixture of at 121°C and 15 psi for 15-20 min. Mix propionic
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Drosophila cage

A B
Sucrose agar plate 24 h Vitelline —).? Sleve
with yeast paste ,/

Embryo

D /I E /I F Fixation

Day 1 Blach i ( g Q
=__ == i )

Scintillation vial

1-1:30 min 25-30 min 45min-1h

Vitelline

e 4
Removing Wash PBST Block Primary
vitelline membrane 3 H I antibody
g 7 = =

5minx3 1h 16-18h @ 4°C

Labelled
Wash PBST Wash PBST Mount

K L Phalloidin M / Mowiol- D% o

= LT £TET

Day 2

¢

5minx3 45min-1h 5minx3

Green Excitation laser Red Depletion laser
STED

Figure 1. Schematics depicting the protocols for setting up cages, collecting embryos, hand-devitellinization,
immunostaining and super-resolution imaging

(A) Carry out embryo collection in a sucrose agar plate containing yeast paste attached to a fly cage.

(B and C) Wash the embryos with water to remove residual yeast (B) and transfer the embryos into a sieve (C).

(D and E) Add bleach to dechorionate the embryos (D) and wash them in water (E).

(F) Transfer the embryos to a scintillation vial containing n-heptane. Add a 1:1 mixture of 4% PFA in PBS and
n-heptane, cap the scintillation vial and shake it. The embryos settle at the interface of the two layers in the middle of
the scintillation vial.

(G) Remove the PFA solution at the bottom. Transfer the embryos to a Whatman filter paper and overturn the filter
paper on a double-sided sticky tape in a Petri plate and add PBS.

(H and 1) Devitellinize the embryos (Methods video S1) using an insulin needle. Add the embryos in PBST in an
Eppendorf tube, wash them 3 times (H) and add the blocking solution for 1 h (I).

(J) Add the anti-phospho histone antibody for 16-18 h at 4°C.

(K and L) Wash the embryos with PBST 3 times (K) and add fluorescently coupled phalloidin for 45 min to 1 h at room
temperature (L).

(M and N) Finally wash with PBST 3 times (M) and mount in Mowiol-DABCO (N).

(O) Mount the slide on the 100X objective of the STED microscope. The time required for steps is mentioned below
each schematic.
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acid and orthophosphoric acid in a 15 mL conical tube and keep aside. Mix ethanol and methyl p-hy-
droxybenzoate in a 15 mL conical tube (to make a 5% solution) and keep aside. Mix the autoclaved
media continuously for a few minutes, preferably with a motor-driven stirrer. Add the propionic acid
and orthophosphoric acid mixture to the autoclaved media. Add the ethanol and methyl p-hydrox-
ybenzoate mixture. Mix well and start pouring in vials/bottles. Cover the mouths of the vials/bottles
with a thin clean cotton cloth and allow them to dry overnight.

Plug the mouths of the vials/bottles with tight cotton plugs and store at 4°C until further use.

Sucrose-Agar Plates (450 mL)

Reagent Final concentration Amount
Sucrose 3% [w/V] 13.50¢g
Agar 2.5% [w/v] 11.25¢g
Deionized water N/A Make up to 450 mL

Weigh the required amounts of sucrose and agar and dissolve them in deionized water. Make the
volume up to 300 mL. Heat the solution in a microwave oven for 5-6 min. Add deionized water to
the solution to make the volume up to 450 mL. Pour approximately 5 mL of the solution per
60 mm Petri plate. This will make approximately 90 plates. Let the sucrose-agar solution set in the
plates at room temperature until it solidifies. Store the plates at 4°C for up to 3-4 days.

10x PBS, pH 7.4 (1L)

Reagent Final concentration Amount

NaCl 1.37 M 80g

KCI 27 mM 29

Na,HPO, 100 mM 1444

KH,PO4 18 mM 249

Deionized water N/A Make up to 1 L

NaOH N/A As needed for pH adjustment to 7.4
HCI N/A As needed for pH adjustment to 7.4

Autoclave the solution and store it at room temperature for up to 3-4 months.

0.3% PBST (Phosphate-buffered saline containing 0.3% [v/v] Triton X-100) (200 mL)

Reagent Final concentration Amount

10x PBS 1x 20 mL

Triton X-100 0.3% [v/V] 600 pL

Deionized water N/A Make up to 200 mL

Add a magnetic bead to the solution and place it on a magnetic stirrer to ensure that the Triton X-100
dissolves completely. Store the solution at room temperature for up to 3-4 weeks.

2% PBTA (PBS containing 0.3% [v/v] Triton X-100, 2% [w/v] bovine serum albumin (BSA), and 0.02% sodium azide)
(10 mL)

Reagent Final concentration Amount

0.3% PBST 0.3% 10 mL

Bovine serum albumin (BSA) powder 2% [w/v] 02g

10 mg/mL Sodium Azide solution 1.2 [w/iv] #202122;
200 pL

¢? CellPress

OPEN ACCESS
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Weigh the required amount of BSA powder and dissolve itin 0.3% PBST with sodium azide ina 15 mL
conical tube. Place the tube on a rocker at 4°C to ensure that the BSA dissolves completely. Store the
solution at 4°C for up to 1 week.

4% PFA (50 mL)

Reagent Final concentration Amount
Paraformaldehyde 4% [w/v] 29
1x PBS 1x to 50 mL

Weigh the required amount of PFA powder and dissolve it in 1X PBS in a glass beaker. Make the
volume up to 50 mL. Cover sides and top of the beaker with aluminum foil. Add a magnetic bead
to the solution and place the beaker on a hot plate magnetic stirrer set to 60°C and 100 rpm till
the PFA powder dissolves completely. Allow the solution to cool to room temperature. Store the so-
lution at —20°C in 1 mL aliquots.

A CRITICAL: Paraformaldehyde is a potential carcinogen and a strong respiratory and skin
irritant. Ensure you wear a lab coat, safety goggles, mask and gloves while handling PFA.

PFAis light-sensitive. Ensure that the PFA powder and the solution formed after dissolving it in PBS is
protected from light exposure. Cover the glass beaker with aluminum foil from all sides.

Mowiol-DABCO (20 mL)

Reagent Final concentration Amount
Mowiol 2.5% [w/v] 249
Glycerol 30% [w/v] 6g
Tris-HCI (pH 8.5) N/A 12 mL
DABCO 2.5% [w/v] 059
Deionized water N/A 6 mL

Measure the required amounts of Mowiol powder and glycerol. Dissolve them in 6 mL of deionized
water mixed with 12 mL of 0.2 M Tris-Cl (pH 8.5) in a 50 mL conical tube. Place the tube in a water
bath set to 50°C for several hours. Centrifuge the solution at 5,000 g for 15 min and transfer the
supernatant to a fresh 50 mL conical tube. Add DABCO to the supernatant to achieve a final
concentration of 2.5% [w/v] of DABCO. Store the resultant solution at —30°C in 1 mL aliquots for
up to 5-6 months.

STEP-BY-STEP METHOD DETAILS

Collection, fixation, and de-vitellinization of syncytial Drosophila embryos
® Timing: 3-4 h

1. Place a fresh sucrose-agar plate smeared with fresh yeast paste on the mouth of a cage containing
Canton-S flies.

2. Replace the cage at 25°C and collect the sucrose-agar plate after 2.5 h.

Note: The plate now contains embryos, the majority of which are in the syncytial blastoderm
stages.

3. Pourdeionized water into the plate and carefully with the help of a paintbrush, dissolve the yeast,
taking care not to break the sucrose-agar layer (as shown in Figure 1B).

6 STAR Protocols 3, 101736, December 16, 2022
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Note: This dislodges embryos and suspends them in the water-yeast solution.
4. Carefully pour the contents of the plate into a cell strainer (as shown in Figure 1C).

Note: The water-yeast mixture passes through the strainer and the embryos remain in the
strainer.

5. Wash the embryos multiple times with deionized water to get rid of any debris.
6. Pour 5-6 mL of 4% bleach into an empty 60 mm Petri plate. Immerse the cell strainer in bleach for
1-1.5 min such that the embryos are submerged, to remove the chorion, as shown in Figure 1D.

Note: Fly embryos are encased in two semi-transparent membranes - an outer chorion and an
inner vitelline envelope, as shown in Figure 1B. These membranes need to be removed for this
protocol.

A CRITICAL: Avoid increased exposure to bleach as this may damage the embryos. Ensure
that the bleach is fresh and unexposed to air and sunlight. Bleach loses its efficiency with
time and exposure to air.

To ensure the chorion has been removed, observe the embryos under a stereomicroscope, once
before adding bleach and once after the embryos have been soaked in bleach for 1 min. Each em-
bryo possesses a pair of protrusions on the anterior end called the dorsal appendages which are part
of the chorion. Before bleaching, the dorsal appendages are intact, whereas after bleaching, they
are shed off along with the chorion.

. Wash the embryos thrice with deionized water (Figure 1E).

. Dry them by placing the cell strainer on a piece of soft tissue.

. Add 1 mL of n-heptane to a scintillation vial.

. Carefully, using a fine paint brush, swipe the embryos up from the walls of the strainer.

—_
- O 0V 00

. Transfer them into the scintillation vial containing n-heptane.
Note: The embryos sink to the bottom of the scintillation vial.

12. Add a 1: 1 mixture of 4% PFA and n-heptane (1 mL each) to the scintillation vial. 4% PFA and
n-heptane are immiscible and separate into two phases - 4% PFA below and n-heptane above.

A CRITICAL: The 4% PFA solution should be brought to room temperature before it is added
to the scintillation vial to ensure efficient fixation.

13. The embryos come to rest at the interface of the two liquids, as shown in Figure 1F.

14. Place the scintillation vial on a rocker at room temperature for 25 min.

15. Carefully remove and discard the 4% PFA (bottom) layer of the solution in the scintillation vial.

16. Remove the n-heptane.

17. Add fresh n-heptane and incubate the embryos at 4°C for a minimum of 40 min.

18. Cut rectangular pieces of double-sided tape (~ 6 cm long) and Whatman filter paper (~ 6 cm
long, and as wide as the double-sided tape).

19. Remove the plastic covering from one side of the tape and stick the tape to a 60 mm Petri plate
along its diameter, as shown in Figure 1G.

20. Transfer the embryos and the n-heptane using a 200 pL pipette onto the filter paper rectangle.

21. Allow the n-heptane to evaporate, leaving the embryos on the filter paper.

22. Remove the plastic covering on the exposed surface of the tape.

23. Invert the filter paper rectangle such that the embryos face downwards, and touch it lightly on
the sticky surface of the tape. The embryos will get immobilized on the tape.

STAR Protocols 3, 101736, December 16, 2022 7 159
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24. Pour enough 1x PBS into the Petri plate containing the immobilized embryos so as to submerge
the embryos.

25. Place the Petri plate under a stereomicroscope.

26. Using a 1 mLinsulin syringe needle, poke each embryo at one end of its long axis to rupture its
vitelline envelope (Figure 1G).

27. Give a slight push to each embryo with the needle to release it from its vitelline envelope as
shown in the Methods video S1.

Note: The vitelline envelope remains stuck to the tape and the embryo floats in the 1x PBS.
Embryos still encased in the vitelline envelope glisten under the light of the stereomicroscope,
and are easily distinguished from de-vitellinized embryos. In Figure 1G, in the insetimage, an
asterisk marks the embryo that has been de-vitellinized whereas the others are not. If the em-
bryos are soft and disintegrate when touched with the needle, please see troubleshooting
step 2.

28. Transfer the de-vitellinized embryos in 1x PBS solution into a 0.6 mL microcentrifuge tube. Let
the embryos settle at the bottom of the tube.

29. Without disturbing the embryos, remove the 1x PBS and add 300 pL 0.3% PBST to the tube.

30. The de-vitellinized embryos can be stored in 0.3% PBST solution for upto 24 h at 4°C.

Staining of microvilli and nuclei in syncytial Drosophila embryos
® Timing: 18-20 h

31. Remove the 0.3% PBST from the microcentrifuge tube containing de-vitellinized embryos.

32. Add 300 pL of fresh 0.3% PBST.

33. Wash the embryos in 0.3% PBST for 5 min by placing the tube on a rocker at room temperature.

34. Allow the tube to stand so that the embryos settle at the bottom. Using a 200 pL pipette, remove
the 0.3% PBST carefully without disturbing the embryos.

35. Add 300 pL of fresh 0.3% PBST and repeat the wash step twice more for a total of 3 washes.

36. Remove the 0.3% PBST after the last wash.

37. Add 300 pL of 2% PBTA to the tube.

38. Incubate the tube on a rocker at room temperature for 1 h for the blocking process.

39. Allow the tube to stand so that the embryos settle at the bottom. Using a 200 ul pipette, remove
the 2% PBTA carefully without disturbing the embryos.

40. For the primary antibody staining, dilute the primary antibody in fresh 2% PBTA (1:200 for
Phospho-Histone H3 in rabbit).

41. Remove the 2% PBTA used for the blocking step and add the diluted primary antibody solution
to the tube containing the embryos.

42. Incubate on a rocker at 4°C for a minimum of 16 h.

43. Allow the tube to stand so that the embryos settle at the bottom. Using a 200 pL pipette, remove
the primary antibody solution carefully without disturbing the embryos.

44. Add 300 pL of fresh 0.3% PBST to the tube.

45. Place the tube on arocker at room temperature for 5 min. Repeat the wash step twice more for a
total of 3 washes.

46. Dilute Alexa 488 phalloidin (1:100) and Alexa 568-coupled anti-rabbit secondary antibody
(1:1,000) in 300 pL of 0.3% PBST.

47. Allow the tube to stand so that the embryos settle at the bottom. Using a 200 L pipette, remove
the 0.3% PBST carefully without disturbing the embryos.

48. Add the secondary antibody/dye solution to the tube.

49. Wrap the microcentrifuge tube in aluminum foil to protect the fluorophores (conjugated to the
antibody/dye) from photobleaching.

50. Incubate the tube on a rocker at room temperature for 1 h.
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51. During the incubation step, thaw an aliquot of Mowiol-DABCO on ice.

52. Allow the tube containing the embryos to stand so that the embryos settle at the bottom. Using
a 200 pulL pipette, remove the secondary antibody/dye solution carefully without disturbing the
embryos.

53. Add 300 pL of fresh 0.3% PBST to the tube and place it on a rocker at room temperature for
5 min.

54. Allow the tube to stand so that the embryos settle at the bottom. Using a 200 ul pipette, remove
the 0.3% PBST carefully without disturbing the embryos.

55. Repeat this wash step twice more for a total of 3 washes.

56. After removing the 0.3% PBST from the final wash, add 100 pL of fresh 0.3% PBST to the tube.

57. Transfer the solution with embryos onto a glass slide.

58. Drain the excess 0.3% PBST by standing the slide on its side.

59. Space the embryos on the slide by gently pushing them apart from each other using a fine
brush.

60. Excess liquid can be drained out using a thin piece of Whatman filter paper by dabbing the
paper lightly at the edges of each of the embryo(s).

61. Using a cut 1 mL pipette tip, add 2 drops of Mowiol-DABCO solution to the slide.

62. Carefully place a 22 x 40 mm, #1.5 coverslip on the slide, while avoiding formation of air
bubbles and ensuring that the Mowiol-DABCO solution covers the embryos.

63. Seal the edges of the coverslip with transparent nail polish.

64. Protect the slide from light by covering it with aluminum foil and allow the nail polish to set for
15 min at room temperature.

65. Store the slide in an opaque box at 4°C and image them within 1-2 days of preparation to mini-
mize the degradation of fluorophore signal.

Confocal and super-resolution STED imaging to obtain high-resolution images of microvilli
® Timing: 3-4 h

66. Mount the slide on the stage of an inverted TCS SP8 3x microscope containing the super-res-
olution STED module (Leica Microsystems, Mannheim, Germany) operated by the Leica LAS X
software (version 3.5.3).

67. Load the 100%/1.4 NA oil immersion (refractive index 1.518) objective (Leica HC PL APO CS2-
STED WHITE).

68. Switch to fluorescence mode and toggle to the rhodamine/RHOD (red) filter while looking
through the eyepiece.

69. Move the stage until an embryo becomes visible as an orange glow.

70. Use the coarse and fine focus knobs to bring the surface of the embryo in focus.

71. Identify the mitotic stage of the syncytial division cycle based on the phospho-histone H3 label
as shown in Figure 2B.

A CRITICAL: Hoechst 33258 cannot be used for labeling samples for super-resolution STED
imaging as it might have a negative influence on image quality (background), especially
with the 592 nm STED laser. Thus, for super-resolution STED imaging we have used phos-
pho-histone H3 (green) only. We have shown nuclei co-labeled with phospho-histone H3
(green) and Hoechst 33258 (blue) using confocal microscopy in Figure 2B, for each of
the mitotic stages (interphase, prophase and metaphase). Interphase nuclei appear as
rounded and smooth with non-punctate chromatin in Hoechst, however phospho-histone
H3 does not label interphase nuclei at all. Prophase nuclei in both appear as round struc-
tures with partially condensed chromatin resembling puncta. Metaphase nuclei in both
cease to be rounded and have fully condensed chromatin that appears as thick coiled
strands.
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Figure 2. Setup for imaging and identification of the cell cycle stage in the syncytial blastoderm embryo
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(A) Syncytial Drosophila embryos imaged using an inverted confocal and STED microscope (left). The schematic of the
syncytial nuclear cycle (right, magnified inset), showing an apical view and a sagittal view (rotated by 180° to show the

apical side on top) at interphase and metaphase. Interphase embryos possess short furrows between cortical nuclei

(blue) and long apical microvilli (black) whereas metaphase embryos have long furrows and fewer and shorter

microvilli. The dashed line indicates the plane of the membrane shown in the top panel.
(B) Grazing sections of confocal images showing the nuclei, labeled using both phospho-histone H3 (green) and

Hoechst 33258 (blue), for each of the mitotic stages (interphase, prophase and metaphase). Cortical F-actin (red) is
labeled using Alexa 568 phalloidin at different mitotic stages of a single nuclear division cycle 12. Scale bar: 5 um.

Use the laser settings shown in Table 1 for exciting fluorophores and detecting emitted light for

confocal imaging to identify the nuclear staining at different cell cycle stages.

72.

73.

10

14 is identified by small caps with area less than 40 um?.

STAR Protocols 3, 101736, December 16, 2022

Identify the nuclear division cycle number (10-13) based on the area of the apical caps as shown

Apical caps are larger than 240 pm? during syncytial cycle 10, 120-240 um? during syncytial
cycle 11, 80-120 um? during syncytial cycle 12 and 40-80 um? during syncytial cycle 13. Cycle
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Table 1. Laser settings for confocal microscopy

Excitation Spectral window

Fluorophore Labels wavelength Excitation laser intensity Detector for detection Gain Line averaging
Hoechst 33258 Dividing nuclei 405 nm 70% (90 MHz pulsed Photomultiplier 443-466 nm 800-1,000 2

white light laser) tube (PMT)
Phospho-Histone H3  Dividing nuclei 488 nm 70% (90 MHz pulsed Hybrid detector (HyD) 506-539 nm 100-200 2

white light laser)
Alexa 568 Phalloidin  Microvilli 561 nm 70% (90 MHz pulsed Hybrid detector (HyD) 585-623 nm 100-150 2

(F-actin) white light laser)

74. Move through a few z-planes near the surface of the embryo and find an optical plane which has
the greatest number of microvilli in focus.

75. Set the pinhole size to 1.00 AU and capture a standard confocal image at the optical plane
determined above. Use the standard mode with a zoom of 3.5% and scan speed 200 Hz.

76. To obtain STED images of the microvilli (labeled with Alexa 488 phalloidin), use the 592 nm
pulsed depletion laser (Leica Microsystems) at 90% laser power in 2D STED mode.

77. Keep the gain at 100 and line averaging at 4.

78. Use the laser settings in Table 2 for exciting fluorophores and detecting emitted light for super-
resolution STED imaging.

79. Exportthe images as 8 bit, 1024 x 1024 TIFF format images with a pixel size of about 30-40 nm.

>

NC10 NC 11 NC 12 NC13

Interphase

Metaphase

F-actin
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Apical Cap area (pn‘?)
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D
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L N

NC 10 NC 11 NC 12 NC 13

Figure 3. Apical villi images in the syncytial Drosophila blastoderm in interphase and metaphase of nuclear cycles
10-13

(A) Super-resolution STED images of apical actin caps at interphase and metaphase of nuclear cycles 10-13 in the
syncytial Drosophila embryo. Scale bar: 5 um.

(B) Image showing an ROl drawn (yellow) along the boundaries of the apical cap to measure its area using ImageJ.
Scale bar: 5 um.

(C) Quantification of apical cap areas at interphase and metaphase in nuclear division cycles 10-13 in the syncytial
Drosophila embryo. Each circle represents the area obtained from individual caps from at least 3 embryos. NC 10,
n = 6,3 capsfrom2embryos each, NC 11, n = 9,3 caps from 3 embryos each; NC 12, n = 12,3 caps from 4 embryos each,
NC 13, n = 6,3 caps from 2 embryos each. Data are represented as mean + SD, *p<0.05, **p<0.01, and ***p<0.001,
two-tailed, unpaired Student'’s t test.
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Table 2. Laser settings for STED super resolution microscopy

Excitation Spectral window
Fluorophore  Labels wavelength  Excitation laser intensity Detector Time gate  for detection Gain Line averaging
Alexa 488 Microvilli 488 nm 70% (90 MHz pulsed white  Hybrid 0.3-6 ns 507-542 nm 100-120 2
Phalloidin (F-actin) light laser) detector (HyD)
Phospho- Dividing 561 nm 70% (90 MHz pulsed white  Hybrid 0.3-6ns 584-633 nm 50-60 2
Histone H3 nuclei light laser) detector (HyD)

Deconvolution of images obtained from STED microscopy
® Timing: 1-2 h

80. Deconvolve the images using the STED module on Huygens Professional version 17.04 (Scien-
tific Volume Imaging, Netherlands).

81. Estimate the average background using the In/near object module by controlling the radius
parameter.

82. Use the Classical Maximum Likelihood Estimation (CMLE) algorithm and set the maximum iter-
ations at 40. Set the Signal to Noise Ratio at 7 and Quality Threshold at 0.1 in the ‘fast’ iteration
mode with possible bleaching correction.

83. Save the deconvolved images as high-quality TIFF images.

EXPECTED OUTCOMES

This protocol describes the steps for staining and imaging microvilli composed of F-actin present on
the apical caps of the syncytial Drosophila blastoderm embryo. A greater density of microvilli are
visible at the periphery of each apical cap as compared to the center (Sherlekar et al., 2020). Micro-
villi are visible with both confocal and super-resolution STED microscopy. This protocol enables the
documentation of density and length of microvilli in each actin cap, and recommends an analysis of
microvilli remodeling in syncytial cycles 11 and 12. Since the remodeling process takes place from
interphase to metaphase of each syncytial cycle, a comparison of density and length of microvilli
in control and mutant animals at interphase and metaphase of syncytial cycles 11 and 12 provides
an estimate of the extent of microvilli remodeling.

QUANTIFICATION AND STATISTICAL ANALYSIS

Identification of the nuclear division cycle number in fixed and stained embryos.

1. Draw a region of interest (ROI) as shown in Figure 3B, along the boundaries of the apical caps to
form a closed area shown in yellow using the “Polygon Selection” tool in ImageJ.

2. Save the ROl and measure the area covered by the ROl using ROl Manager.

Measure at least 3-5 caps for each embryo and a minimum of 3 embryos at each stage.

3. Use the cap area information in Table 3 for estimating the apical cap areas in each nuclear cycle to
determine the nuclear division cycle number for each embryo.

Note: Since the actin cap is a dome-shaped structure, the cap area will vary based on the op-
tical plane of imaging.

Table 3. Apical cap area range in syncytial nuclear cycles 10-13

Nuclear cycle 10 1" 12

13

Cap area range” >240 pm? 120-240 pm? 80-120 pm?

40-80 pm?

®Area ranges identified are approximate.
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Figure 4. Comparison of confocal and STED super resolution images of apical caps

(A) Comparison of confocal and non-deconvolved super-resolution images of apical actin caps in nuclear cycle 12 of
the syncytial Drosophila embryo, Scale bar: 5 um. A section is zoomed in to show the apical microvilli. Scale bar: 5 um.
An ROl is drawn across a single microvillus and used to plot its intensity profile.

(B) Intensity profile of one microvillus at interphase obtained from confocal (red) and STED (black) imaging. Full-width
at half-maximum (FWHM) values are calculated for both.

(C) Intensity profile of a microvillus at metaphase obtained from confocal (red) and STED (black) imaging. Full-width at
half-maximum (FWHM) values are calculated for both.

Quantification of Full-Width at half maximum (FWHM)

4. Draw an ROl across a single microvillus (yellow line in Figures 4A and 5A) using the “Segmented
Line” tool in ImageJ.

5. Select the “Plot Profile” option under the “Analyze” tab which plots the intensity of the pixels
along the length of the ROI. Save the data of coordinates (x) and intensities (y).

6. Plot the data in GraphPad Prism as a scatter and fit a Gaussian distribution to the scatterplot
(Figures 4B and 5B).

7. Input the data into MATLAB R2021b and run the code available publicly at https://www.
mathworks.com/matlabcentral/fileexchange/10590-fwhm.

The output is the Full-Width at Half-Maximum (FWHM) of the Gaussian distribution waveform y(x)
and its polarity.

Quantification of microvilli length and number

8. Draw an ROl along the length of the microvilli (yellow lines in Figure 6A) using the “Segmented
Line ” tool in ImagedJ.
9. Count as many microvilli as can be observed in sharp focus emanating from one apical cap.
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Figure 5. Analysis of STED super resolution images with deconvolution

(A) Comparison of acquired and deconvolved super-resolution images of apical actin caps in nuclear cycle 12 of the
syncytial Drosophila embryo, Scale bar: 5 um. A section is zoomed in to show the apical microvilli. Scale bar: 5 um. An
ROl is drawn across a single microvillus and is used to plot its intensity profile.

(B) Intensity profile of a microvillus at interphase obtained from STED imaging (red) and the STED image with
deconvolution (black). Full-width at half-maximum (FWHM) values are calculated for both.

(C) Intensity profile of a microvillus at metaphase obtained from STED imaging (red) and the STED image with
deconvolution (black). Full-width at half-maximum (FWHM) values are calculated for both.

Note: This quantification is possible from the deconvolved STED images and confocal images.

10. Repeat this for each apical cap that is fully visible in the image from the deconvolved super-res-
olution images and confocal images (Figure 6).

11. Save the ROIs and measure the length of each ROI. These are the length measurements for each
microvillus.

12. Note also the number of ROIs per cap. These are the number of microvilli for each cap.
13. Save the measurements and plot the microvilli lengths and microvilli numbers per cap at inter-
phase and metaphase in GraphPad Prism (Figures 6B—6E).

LIMITATIONS

The limitation of this method is the ability to only capture apical microvilli in a single focal plane of
the apical cap which is a three-dimensional dome-shaped structure. The dimensions of the microvilli
are dependent upon the orientation of the microvilli and the optical plane of imaging.

TROUBLESHOOTING
Problem 1

Very few embryos are obtained from embryo collections (step 1 of step-by-step method details:
collection, fixation, and de-vitellinization of syncytial Drosophila embryos).
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Figure 6. Quantification of microvilli lengths and number from deconvolved STED and confocal images

(A) Quantification of microvilli lengths and numbers using de-convolved super-resolution images of apical actin caps in
nuclear cycle 12 of the syncytial Drosophila embryo. ROls are drawn as shown in yellow along the length of each microvillus.
(B and C) The lengths of microvilli (B) and numbers of microvilli per cap (C) are measured and plotted for interphase
and metaphase in the deconvolved STED images. n= 2-4 cells each from 3 embryos. The range of microvilli length at
interphase and metaphase as quantified from the de-convolved super-resolution images are 1.69 + 0.342 pm and
1.04 + 0.341 um, respectively (B). The range of microvillinumbers at interphase and metaphase as quantified from the
de-convolved super-resolution STED images are 21.17 + 3.710 and 16.50 + 6.758 respectively (C). Data are
represented as mean + SD, *p<0.05, **p<0.01, and ***p<0.001, two-tailed, unpaired Student’s t test. Scale bar: 5 um.
(D and E) Quantification of microvilli lengths and numbers using confocal images of apical actin caps in nuclear cycle
12 of the syncytial Drosophila embryo. The lengths of microvilli (D) and numbers of microvilli per cap (E) are measured
and plotted for interphase and metaphase. n= 2-3 cells each from 3 embryos. The range of microvilli length at
interphase and metaphase as quantified from the confocal images are 1.45 + 0.331 um and 1.12 + 0.312 um (D). The
range of microvilli numbers at interphase and metaphase as quantified from the confocal images are 14.00 + 2.757
and 9.75 + 2.062 respectively (E). Data are represented as mean + SD, *p<0.05, **p<0.01, and ***p<0.001, two-
tailed, unpaired Student’s t test. Note that the numbers of villi and their lengths are reduced in the confocal images in

interphase as compared to deconvolved STED images with a significance of p<0.001 possibly due to the reduced
resolution.
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Potential solution

Add more flies to the cage. The numbers of female flies may be increased to twice as many as the
males in the cage for increasing the numbers of eggs in the collection. Also, transfer the flies into
a fresh cage 67 days after the cage is set up. Post-transfer, allow the flies to get acclimatized to
the cage for about 2-3 h before resuming egg collections.

Problem 2

Fixed embryos are too soft and disintegrate when touched by the syringe needle during de-vitelli-
nization (step 18 of step-by-step method details: collection, fixation, and de-vitellinization of syncy-
tial Drosophila embryos).

Potential solution

Allow the PFA solution to reach room temperature before using it to fix the embryos. Warmer tem-
peratures are more likely to speed up the fixation process as the formaldehyde-methylene glycol
equilibrium shifts towards formaldehyde. Formaldehyde is the active molecule that effectively facil-
itates tissue fixation (Winkelman et al., 2002). Fixing the embryos using a concentration of PFA that is
greater than 4%, such as 8% PFA, can also be attempted. If the problem still persists, then prepare
and use a fresh solution of 4% or 8% PFA.

Problem 3
The STED image has too much background noise (step 13 of step-by-step method details: confocal
and super-resolution STED imaging to obtain high-resolution images of microvilli).

Potential solution
Increase the line averaging.

Problem 4
The STED image has been photobleached (step 13 of step-by-step method details: confocal and su-
per-resolution STED imaging to obtain high-resolution images of microvilli).

Potential solution
Lower the power of the STED depletion laser by reducing its percentage.

Problem 5
The lateral resolution of microvilli in the STED images is not sufficient (step 13 of step-by-step
method details: confocal and super-resolution STED imaging to obtain high-resolution images of
microvilli).

Potential solution

This can be done by either increasing the line averaging up to 16 and power of STED depletion laser.
Tweaking the STED beam like generating an azimuthally polarized light could also help achieve
higher lateral resolution (Yang et al., 2016).

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be ful-
filled by the lead contact, Richa Rikhy, richa@iiserpune.ac.in.

Materials availability
The materials used in the protocol are listed along with their source of procurement.

Data and code availability
The protocol includes all datasets generated or analyzed during this study.
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SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/j.xpro.2022.101736.
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Pseudocleavage furrows restrict plasma membrane-
associated PH domain in syncytial Drosophila
embryos
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ABSTRACT Syncytial cells contain multiple nuclei and have local distribution and function of cellular components despite be-
ing synthesized in a common cytoplasm. The syncytial Drosophila blastoderm embryo shows reduced spread of organelle and
plasma membrane-associated proteins between adjacent nucleo-cytoplasmic domains. Anchoring to the cytoarchitecture within
a nucleo-cytoplasmic domain is likely to decrease the spread of molecules; however, its role in restricting this spread has not
been assessed. In order to analyze the cellular mechanisms that regulate the rate of spread of plasma membrane-associated
molecules in the syncytial Drosophila embryos, we express a pleckstrin homology (PH) domain in a localized manner at the ante-
rior of the embryo by tagging it with the bicoid mRNA localization signal. Anteriorly expressed PH domain forms an exponential
gradient in the anteroposterior axis with a longer length scale compared with Bicoid. Using a combination of experiments and
theoretical modeling, we find that the characteristic distribution and length scale emerge due to plasma membrane sequestration
and restriction within an energid. Loss of plasma membrane remodeling to form pseudocleavage furrows shows an enhanced
spread of PH domain but not Bicoid. Modeling analysis suggests that the enhanced spread of the PH domain occurs due to the
increased spread of the cytoplasmic population of the PH domain in pseudocleavage furrow mutants. Our analysis of cytoarch-
itecture interaction in regulating plasma membrane protein distribution and constraining its spread has implications on the mech-
anisms of spread of various molecules, such as morphogens in syncytial cells.

SIGNIFICANCE Syncytial cells are large cells containing multiple nuclei formed by cell fusion or incomplete cytokinesis.
Syncytial cells of the Drosophila embryo do not have complete plasma membrane boundaries around each nucleus and
show a restricted spread of molecules around each nucleo-cytoplasmic domain. In this study, we express the plasma
membrane-associated PH domain in a localized manner in the anterior of syncytial Drosophila embryos. The plasma
membrane association produces an anteroposterior gradient of the PH domain, and this distribution is disrupted in
pseudocleavage furrow remodeling mutants. Our experimental and theoretical results show that loss of restriction of
diffusion of the cytoplasmic pool of the PH domain in these mutants leads to an increase in its spread across the embryo.

INTRODUCTION Muscle cells show myo-nuclear domains of restricted diffu-
sion, where proteins and mRNA produced by one nucleus
are constrained near its vicinity (1,2). In fungi, sister nuclei
in syncytial cells formed after a division maintain synchrony
despite losing proximity and being present in a common
cytoplasm (3,4). Nuclei and organelles are inherited
from mother to daughter nucleo-cytoplasmic domains in a
lineage-specific manner in syncytial Drosophila embryos
(5-7). Thus, key molecules such as activated receptors, tran-

Syncytial cells in plant and animal tissue are large cells con-
taining multiple nuclei formed by incomplete cell division
or cell fusion. Even though plasma membrane boundaries
do not separate the syncytial nuclei, each nucleus has a nu-
cleo-cytoplasmic region of influence with discrete function.
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scription factors, cell cycle molecules, and mRNA are
locally produced and inhomogeneously maintained in
syncytia.
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Various cellular mechanisms are likely to restrict molec-
ular spread between adjacent nucleo-cytoplasmic domains,
also called energids, in syncytial cells. In syncytial fungal
hyphae, nuclear asynchrony is regulated by the inhomoge-
neous distribution of unstructured aggregation-prone pro-
teins and cyclin transcripts (8). Molecules within lumens
of subcellular organelles such as endoplasmic reticulum
(ER) and associated with the plasma membrane above
each nucleus mix freely within each energid of syncytial
Drosophila embryos and show decreased diffusion across
neighboring domains (5,6,9). Disruption of the microtubule
and actin cytoskeleton leads to loss of restriction of ER
lumenal molecules and plasma membrane-associated mole-
cules respectively (5,9). However, it remains to be tested
whether this increase in spread occurs due to an increase
in the diffusion of free or bound populations of the
molecule.

The apical and lateral plasma membrane domains
belonging to each nucleo-cytoplasmic domain of the syncy-
tial Drosophila blastoderm embryo show distinct
morphology and localization of molecules (9). Moreover,
photobleaching and photoactivation experiments show a
restricted diffusion of plasma membrane-associated mole-
cules across adjacent nucleo-cytoplasmic domains. Associ-
ation with the plasma membrane and restriction of diffusion
due to the presence of lateral furrows is likely to constrain
the spread of plasma membrane-associated molecules and
has not yet been analyzed. Metaphase furrows are likely
to be important for constraining the spread of morphogens
such as Dorsal, which is in the nucleus in interphase and
cytoplasm in metaphase of the syncytial cycles (10). In
this study, we use the syncytial Drosophila embryo to assess
the rate of spread of plasma membrane-associated mole-
cules by a new method by expressing them from a localized
anterior source in the anteroposterior (AP) axis. We
analyzed the role of lateral furrows in constraining its
spread.

The Bicoid (Bed) gradient is produced in the AP axis
from the anteriorly localized bcd mRNA with the bcd-3’
UTR sequence in oogenesis and embryogenesis (11,12).
Adding the bcd-3' UTR to another transcription factor,
Smaug, results in an AP gradient of Smaug (13). Contrarily,
adding the bcd-3' UTR to cytoplasmic GFP and mCherry
leads to the uniform spread of GFP and mCherry and fails
to form a gradient (14,15). Therefore, anchoring genes
with the bcd-3' UTR can be used to create an anteriorly
localized protein source and study its kinetics and mecha-
nisms of spread in the AP axis during syncytial cycles.
Here, we analyze the AP spread of fluorescently tagged
plasma membrane-associated pleckstrin homology (PH)
domain produced from mRNA localized anteriorly using
the bed-3' UTR sequence. We find that the anteriorly ex-
pressed PH domain associated with the plasma membrane
forms an exponential gradient with a longer length scale
than Bicoid. Using a combination of experiments and the-
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ory, we find that restriction of plasma membrane-bound
and cytoplasmic pools of PH domain to an energid
contribute to an effective diffusion, leading to the observed
gradient. Disruption of pseudocleavage furrows in mutants
leads to increased spread of the PH domain in the AP
axis. Computational modeling shows that the flattening of
the anteriorly expressed PH-domain gradient on the loss
of furrows occurs due to the loss of cytoplasmic restriction.

MATERIALS AND METHODS
Drosophila stocks

Fly stocks were maintained at 25°C on standard cornmeal agar. All crosses
were at 25°C except with ralA RNAi (29°C). mat-gal4-vp16; mat-gal4-
vpl6 (made using w[*]; P{w[+mC] = matalpha4-GAL-VP16}V2H,
Bloomington stock number #7062) and nanos-Gal4 (wl118; P
{GAL4:VP16-n0s.UTR }CG6325MVP! | #4937) were used for ralA RNAi
and RhoGEF2 overexpression studies. ralA RNAi (y[1] sc[*] v[1] sev
[21]; P{y[+t7.7] v[+t1.8] = TRiP.HMSO01365 }attP2/TM3, Sb[1] #34375)
and RhoGEF2-OE (y[1] w[*]; P{w[+mC] = UASp-T7.RhoGEF2}5,
#9386) were obtained from consultation with Flybase (16) and Blooming-
ton stock center, Indiana, USA (17). Bicoid-Venus was provided by Eric
Wieschaus and Thomas Gregor (Princeton, PA, USA). Transgenic flies con-
taining the construct UASp-PH-PLC-CFP-bcd-3' UTR were created as
described below.

Transgenic flies

PH-PLC-CFP was cloned in pUASp previously using the primers
CGGGGTACCATGGACTCGGGCCGGGACTTCC and ATAAGAATGC
GGCCGCTTTACTTGTACAGCTCGTCCATGC (9) and cut using Kpnl
and Notl and inserted into UASp.

mRFP (RFP) was inserted into the UASp construct at the Kpn1 and Notl
restriction site using primers GGGGTACCATGGCCTCCTCCGAGGAC
and ATTTGCGGCCGCTTAGGCGCCGGTGGAGTG.

The bced gene-containing plasmid with the 3’ UTR was a kind gift from
Elizabeth Gavis (Princeton, PA, USA). The bcd-3' UTR was PCR amplified
using primers CATGGCGGCCGCTGGACGAGAGGCGTGTT or CATG
TCTAGATGGACGAGAGGCGTGTT and CACTTCTAGAGGACGGAA
ATATGGGCTA and cut using Notl and/or Xbal and inserted in the
UASp constructs containing mRFP/PH-PLC-CFP obtained as described
above. All constructs were confirmed by sequencing. Injection of UASp
plasmids into Drosophila embryos and selection of transgenic animals
was done by the NCBS transgenic injection facility, Bangalore, India.

Imaging

The 1.5-h-old embryos were collected on sucrose agar plates, washed, de-
chorionated using 100% bleach, mounted on coverglass chambers (LabTek,
Germany) in PBS, and imaged on Plan-Apochromat 25 x/0.8 oil immersion
to obtain whole-embryo images or Plan-Neofluar 40x/1.30 oil objective to
obtain zoomed-in images from embryos and fluorescence recovery after
photobleachings (FRAPs) on Zeiss LSM780 or LSM710 systems. CFP
and Venus tags were excited using 458- and 514-nm laser lines respectively.
Scan speed was maintained at 0.7 to 2 s per frame. Mid-sagittal sections
were imaged for both live and fixed embryos. The laser power was main-
tained in a similar range between controls and mutants. Eight-bit images
were acquired with a line averaging of two, with a minimum interval be-
tween images until cellularization was completed for each embryo. Gain
and laser power were adjusted to cover the dynamic range of each fluores-
cent tag. The pinhole was kept open at 170 um with an optical thickness of
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33.2 pm for Venus based tags, or 90 um with an optical thickness of
17.6 pm for fixed imaging.

For each of the gradients (Bicoid-Venus and PH-PLC-CFP), we imaged
multiple embryos sequentially using the multiple position imaging. The
imaged embryos were then screened visually for the presence of the
gradient and the gradient was quantified as illustrated (Fig. S1). In the
case of PH-PLC-CFP gradients, we selected embryos that showed a consis-
tent length scale along both the dorsal and ventral sides of the embryo, and
whose corresponding Bicoid profiles yielded length scales comparable
with previous estimates in the literature. There was a sub-population that
yielded extremely large length scales in one direction for both Bicoid
and PH-PLC-CFP, which were excluded from our analysis. Briefly, line
profiles (10 or 20 pixels/1 or 2 um wide) were drawn across the cortex
in the AP axis in the dorsal and ventral sides. The two profiles were fitted
independently to extract length scales. Embryos with the two length scales
within 20% of each other were selected to be included for analysis.

For analysis of gradients (PH-PLC-CFP and Bicoid-Venus) with mutant
backgrounds, we imaged multiple embryos using multiple position imag-
ing. Imaged embryos were screened visually for the presence of a gradient.
Mutant embryos with loss of pseudocleavage furrows showed embryo-wide
contractions and gradients were quantified after selection of live mutant em-
bryos containing this phenotype. The length scale for all gradients was
observed to evolve across syncytial cycles.

Immunohistochemistry

F1 flies were selected from Gal4 and fluorescent construct/mutant crosses
and transferred to embryo collection cages (Genesee Scientific, CA, USA)
with 2.5% sucrose agar supplemented with yeast paste. Embryos were
washed, dechorionated using 100% bleach for 1 min, washed, and fixed
in heptane: 4% paraformaldehyde (PFA) (1:1) in PBS (137 mM NaCl,
2.7 mM KCI, 10 mM Na,HPO,, 1.8 mM KH,PO,) for 20 min at room
temperature. Ovaries were dissected in Schnieders medium and fixed
with 4% PFA in PBS for 20 min. Embryos were devitellinized by vigor-
ously shaking in heptane:methanol (1:1) for anti-Bicoid immunostaining
or hand devitellinized for actin staining with fluorescently tagged phalloi-
din. Blocking for embryos and ovaries was done using 2% bovine serum
albumin (BSA) in PBS with 0.3% Triton X-100 (PBST). The following
primary antibodies were diluted in the block solution: anti-Bicoid (rabbit,
SantaCruz, 1:500), anti-GFP (chicken, Life Technologies, 1:1,000). Fluo-
rescently coupled secondary antibodies (Alexa Fluor 488, 568, 647
coupled anti-rabbit and anti-chicken, Molecular Probes, Bangalore, India)
were used at 1:1,000 dilution in PBST. Fluorescently tagged phalloidin
(1:100, Molecular Probes, Bangalore, India) was added with secondary
antibodies. DNA was labeled using Hoechst 33342 (1:1,000, Molecular
Probes, Bangalore, India). Embryos were imaged using LD LCI Plan-
Apochromat 25x/0.8 Imm Korr DIC M27 objective on the Zeiss
LSM710/780.

Quantification of furrow length, cap area, and
oocyte fluorescence

Four-dimensional videos of PH-PLC-CFP-expressing embryos were used
for quantification of furrow length and cap area. Cap area was measured us-
ing the segmented tool in ImageJ from projected views for five caps for time
point from interphase to metaphase of syncytial cycle 13 from each embryo.
Furrow length was measured from five furrows from each embryo at cap
edges from each time point from interphase to metaphase and plotted.

Anteriorly expressing PH-PLC-CFP containing oocytes between stage 7
and 9 egg chambers were stained with fluorescently coupled phalloidin and
used to quantify mean CFP and phalloidin fluorescence intensity in the
anterior and posterior membrane of each oocyte respectively. A ratio of
the anterior membrane fluorescence to the posterior membrane fluorescence
was obtained for each oocyte and plotted.

Diffusion in Drosophila embryos

Quantitation of gradient profiles

For quantification of gradient profiles, segmented lines of 10 or 20 pixels (1
or 2 um width) were drawn across the cortex from the anterior to the pos-
terior, either on the dorsal side or the ventral side of the embryo. Line profile
measurements for embryo length and intensity values were obtained using
ImageJ and Fiji (18-20). The process was multiplexed across multiple em-
bryos using ImageJ macros. A MATLAB script was used to extract the gra-
dients from the generated files. Normalized intensity (arbitrary units [a.u.])
refers to values obtained after processing raw fluorescent intensity values
using the MATLAB script. The script was written to 1) normalize the em-
bryo length on a 0 to 1 scale in the AP axis to represent multiple embryos, 2)
rescale the fluorescence intensity to the maximum value followed by
smoothening of the intensity values using a sliding window averaging
method to represent multiple embryos (Figs. | F and G, and S5 B and D).
The actual intensity is displayed in Figs. 1 E (inset) and 3 B.

Fitting and length scale estimation

The experimental intensity profiles for all gradients were analyzed after
excluding the anterior-most region that had significant fluctuations, as sug-
gested previously (21) (the method is shown in Fig. S1). Gradient profiles
for the PH-PLC-CFP were initially analyzed using a simple exponential
decay of the form Ae™¥* + B to the profile during nuclear cycle (n.c.) 13
to extract an instantaneous length scale A (Fig. 1 G).

Sampling and statistics

Terminal or multiple time points from across the syncytial cycles from at
least three (or more) embryos were imaged and quantified for each exper-
iment, as indicated in the corresponding figure legends. Two-tailed non-
parametric Mann-Whitney test was used. Graphpad Prism 5.0 was used
for statistical analysis and plotting.

Estimation of energid length and furrow length

In order to determine the energid length, we calculate the separation be-
tween adjacent furrows (denoted by local peaks in the intensity profile)
through two different methods:

e Direct identification of peaks: from an experimentally determined intensity
profile, we use the MATLAB function “findpeaks” to determine the loca-
tions of local maximum intensity. In order to identify the peaks, we set a
minimum peak separation (MinPeakDistance) at 3 um and minimum
peak prominence (MinPeakProminence) varies from 0.13 to 0.2 depending
on the nuclear cycle. The peak prominence of intensity profile is high at
n.c.11 compared with n.c.13. Therefore, we used MinPeakProminence of
0.2 for cycle 11, 0.15 for cycle 12, and 0.13 for cycle 13.

The combined peak-to-peak separation values for all furrows for both the
dorsal and ventral profiles across all embryos (n = 5) are used to calculate
the mean and standard deviation values using this method.

e Fast Fourier transform (FFT) of intensity profile: an alternate method to
identify the energid length is to compute the Fourier transform of the
experimentally measured intensity profiles. In comparison with the direct
method, this method has the advantage that no a priori assumptions
regarding minimum peak separations or peak prominences are required.
The discrete Fourier transform was calculated using the MATLAB func-
tion “fft” on the experimental intensity profiles. In order to remove the
mean value or linear trend present in the intensity profile, we performed
the moving mean on a sliding window using the MATLAB function
“movmean” and subtracted it from the experimentally determined pro-
file. The location of the peak of the FFT signal for a given intensity pro-
file along the dorsal/ventral side yields a single value for the energid
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length for each embryo. The energid lengths are then averaged across all
embryos (n = 5) to calculate the mean and standard deviation values.

Both methods yield comparable estimates of the average energid length
across cycles. Note the peak of the FFT signal corresponds to the dominant
energid length. The FFT signal also shows secondary peaks that can arise
due to the contribution from furrows below and above the focal plane.
The direct identification method performs an average over all identified en-
ergid lengths and hence leads to a slightly lower value than the FFT.

Furrow length estimation in n.c.13 was carried out from high-resolution
videos of PH-PLC-CFP taken in the x-y direction across time. The furrow
lengths were estimated across the Z axis from interphase to metaphase by
drawing a region of interest (ROI) in sagittal sections from interphase to
metaphase of n.c.13. Apical area was estimated by drawing an ROI on
each cap and estimating the area in n.c.13 from interphase to metaphase.

Numerical solution of model equations

The partial differential equations for the free and bound sub-populations (Eq.
1) were numerically solved using MATLAB in a one-dimensional domain
with a sufficiently high spatial resolution Ax = 0.005pm. For the bound spe-
cies, we use zero-flux boundary conditions at both left and right boundaries,

achound _ acbnund
Ox o x

x=0 x=1L

For the free species, the source boundary condition is considered at the
left boundary and zero flux at the right boundary of the domain,

aCfree aCfW ¢
_ DD‘
Jree gy 0x

= Qand

x=0

0

x=1L

Further, at each furrow interface, flux balance is satisfied individually for
the free and bound species.

Initial conditions for wild-type simulations

The experimental intensity profile measures the total intensity due to the
sum of the free and bound PH-PLC populations. In order to solve the
coupled equations for Cf, and Chouna, We need an estimate of the initial
concentration profile. For the wild-type (WT) simulations, since our model
does not incorporate the effects of nuclear cycles, we simulate the equations
within the single nuclear cycle, n.c.13. We start with the experimentally
determined intensity profile at the beginning of n.c.13 as the initial condi-
tion for our simulation. To obtain the initial gradient profile for both free
and bound populations from this total intensity profile (Fig. 3 C), we de-
composed it using the following method. We use the MATLAB function
“findpeaks” on the inverted intensity profile (using the same protocol as
mentioned for the direct identification of peaks) to construct the lower en-
velope, which is then assumed to be the gradient profile for the free popu-
lation. This is based on the assumption that the lower envelope roughly
approximates the free concentration profile, motivated by the argument
that the inter-conversion between free and bound species occurs over a
timescale that is much faster compared with the timescale of gradient for-
mation. Hence, to a first approximation, one can assume a quasi-equilib-
rium between the free and the bound species, which then leads to a
relation between the concentrations of the free and bound sPec1es Specif-
ically, in the apical (non-furrow) regions, we have C”‘/”’L”(’” = k’; Note that, in
the apical region, this ratio is necessarily much less than 1, or else this leads
to unphysically high peaks in the furrow regions. This implies that in the
non-furrow regions, the total concentration profile is dominated by contri-
butions from the free cytoplasmic component, and hence the free profile is
constructed using the troughs of the experimental concentration profile,
which correspond to the concentrations in the non-furrow regions.
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In order to determine the bound concentration, we first determine the up-
per envelope of the measured profile, again using the MATLAB function
findpeaks. Then the bound concentration at the furrow locations is obtained
by the difference between the upper envelope and the free concentration,
while, at the apical region, it is assumed to be zero. We note that our results
are not significantly sensitive to this decomposition to free and bound spe-
cies. The model is simulated numerically using a pdepe solver in
MATLAB 2018a.

Parameter values

Measurement of the cytoplasmic diffusion coefficient for fluorescent
dextrans of similar size diffusion is Df,, = 17.5um?s (22). Diffusion
coefficient for the membrane-bound PH-domain proteins has been
measured to be in the range of 0.8+0.2um%* (23, 24) to
3.79 +2.22um?5s (25). In our simulations, we use an approximate average
of these values at D¢, = 2.5um%s. In order to incorporate compart-
mentalization properties leading to decrease in diffusion across
adjacent energids, we use a 10-fold reduction in the diffusivities for
both cytoplasmic and membrane—bound PH-PLC across energids,
D}, = 175um’s, and D}, = 0.25um%. The total length of the
one-dimensional simulation box is taken to be the average embryo
length, L = 500um. The length of a single energid is [z = 7um as esti-
mated from the embryos expressing PH-PLC-CFP (Fig. 2), while the
width of the furrow (slow) region is Iy = lum. We assumed the degra-
dation rate to be zero. The enhanced effective binding in the furrow re-

gions is proportional to the excess lateral membrane, k, = k,‘j(l + %),

where & = 10um is the approximate furrow length estimated from ex-
periments (Fig. 2). The above equation is consistent with PH-PLC-CFP
binding to membrane area proportional to (/s +2h) when crossing a dis-
tance /s in the effective one-dimensional model.

To compare our theoretical model with the experiment, we fitted our
simulation results to the gradient profiles and the relative peak height ob-
tained from the experiments at the end of the n.c.13. The strength of the
source was chosentobe O = 1s~ ! in order to match the fluorescent inten-
sity values of the experimental profile at the end of the n.c.13. In our model,
we have three free paIameters the free and bound diffusion coefficient
across the energids (Dfue and D,,mm ) and the ratio of the binding to unbind-
ing coefficients, kj/ky. To identify the right set of parameters, we per—
formed an extensive parameter space study. For a given value of Dhoun &
which was chosen to be 10%, 25%, and 50% respectively of the Dj, ...
value, we varied kjky, € [0.001,1], and Dﬂee [Dfmmd,Dﬁw]. The lower
bound of the compartmentalized diffusion coefficient reflects the fact that
the cytoplasmic diffusion is always expected to be higher than the mem-
brane diffusion, while the upper bound is set by the compartmentalization
condition. We computed the error in the estimation of the length scale as
a1 =

At = A exp
A

. For computing the error in the estimation of relative
e

peak height, we first fitted the upper and lower envelopes of the experi-
mental intensity profile with a spline function (MATLAB function “csaps”
with smoothness parameter p = 107°). The experimental relative
peak height was obtained by taking the difference between the two spline
functions. The root-mean-square error (RMSE) was then computed as

2
Adpeak = N, 2171 (y’/’ y“”) , where the sum is over N, peaks and

yﬁh,exp represents the theoretical/experimental peak height at the location
of the i* peak The results are shown in Fig. S5, where, in the

kK — fm parameter space, we have plotted 4 using a color heatmap,
and dpeak using contours lines. Our parameter space study reveals several
important features. First, we note that the gradient length scale 4 is
mainly controlled by the cytoplasmic diffusion coefficients, while the
accumulation at the furrows (relative peak heights) is mainly controlled
by ki/kuw. Second, the bound diffusion coefficient does affect A, but has
a weak effect in the accumulation at the furrows. Finally, we note that
there exists a very narrow parameter range, where the comparison with
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the experiment is the best. This indicates that, within the current model
framework, the choice of the parameters is not arbitrary. Based on this anal-

ysis, we choose Dfmmd = 0.25um%5, Dg_ee = L.75um%s, and kiky =
0.05 — 0.08.

Mutant simulations

To analyze the effect of furrow mutants, we do not make a direct compar-
ison with experimental intensity profiles, but rather compare the relative
contributions of the different mechanisms by studying various limiting
cases in an idealized setting. In this case, we start with an initial condition
Chee(t = 0) = Cpouna(t = 0) = 0, and evolve the system of equations
for a time 7 = 3 h. Note that we neglect changes in furrow separation
due to nuclear divisions in our model.

RESULTS

Anteriorly expressed fluorescently tagged PH
domain shows an AP gradient

The Drosophila embryo begins as a syncytium with 13 nu-
clear division cycles occurring without cytokinesis. n.c.10-
13 take place at the cortex, followed by the formation of
complete cells in a process called cellularization in the inter-
phase of n.c.14 (26,27). n.c.10-13 contain short ingressions
of the plasma membrane in the form of nascent furrows be-
tween adjacent nuclei in interphase. The plasma membrane
extends further to form pseudocleavage furrows in meta-
phase (Fig. 1 A). We assessed the gradient formation of an
anteriorly expressed fluorescently tagged protein containing
a phospholipid-binding domain. The PH domain of phos-
pholipase C-d (PH-PLC-3) binds PIP2 and dynamically as-
sociates with the plasma membrane (9,28). A transgenic
construct containing PH-PLC-CFP (~48 kDa) in tandem
with the bcd-3' UTR, under the control of the UASp pro-
moter, was generated and expressed in the embryo using
mat-gal4-vpl6 (Fig. 1 B). Like Bicoid, the anteriorly ex-
pressed PH-PLC-CFP formed a gradient in the AP axis
(Fig. 1 C; Video S1). PH-PLC-CFP with the bcd 3’ UTR
localized to the plasma membrane in n.c.12-14 similar to
the PH-PLC-CFP transgene generated without any mRNA
localization sequence as reported previously (Fig. 1 D)
(9). PH-PLC-CFP marked the apical plasma membrane
and short furrows in interphase and longer pseudocleavage
furrows in metaphase (Video S1). At the same time, Bi-
coid-Venus was present in nuclei in interphase and the
cytoplasm in metaphase respectively (Fig. 1 D). Therefore
PH-PLC-CFP binding to the plasma membrane restricts its
spread and produces a gradient. This system can therefore
be used to test the dependence of its spread on cytoarchitec-
ture components.

To quantify the distribution of anteriorly expressed PH-
PLC-CFP, an ROI was drawn at the cortex of the embryo
across the AP axis to estimate the fluorescence in the syncy-
tial cycles (Fig. S1 A-D for Bicoid and Fig. SIE-H for PH-
PLC-CFP). The PH-PLC-CFP fluorescence increased in
amplitude across n.c.11-13 (Fig. 1 E). Since PH-PLC-CFP

Diffusion in Drosophila embryos

was present on ingressing furrows, the fluorescence
increased at the furrow positions in the AP axis, and the
cytoplasmic intensity was seen in between adjacent furrows
(Fig. 1 E, inset). The decrease in fluorescence was compara-
ble when measured on the top or bottom of the embryo in
AP axis (Fig. 1 F). It is interesting to note that, when GFP
or mCherry is expressed in a similar manner with the
bcd-3' UTR, it distributes uniformly across the AP axis
and does not form a gradient (14,15). Our repetition of
the experiment with mRFP transgene containing a 3'bcd
UTR sequence also showed a uniform distribution of
mRFP and no gradient was formed (Fig. | G). The Bicoid
gradient was steeper than anteriorly expressed PH-PLC-
CFP in living embryos (Fig. 1 G; Videos S1 and S2).
We calculated the gradient length scale for anteriorly ex-
pressed PH-PLC-CFP (Fig. S1). The PH-PLC-CFP and
Bicoid gradients were fitted to an exponential equation
C(x) = Ae~7* + B to obtain the instantaneous length scale
Ainn.c.13 (Fig. 1 H). This length scale of the PH-PLC-CFP
gradient was found to be significantly higher than the Bicoid
gradient (Agjcoiq = 106 =4.2um, Apyprc = 166 £ 5.2 um)
(Fig. 1 I). In summary, the anteriorly expressed plasma
membrane-associated PH-PLC-CFP produces a gradient in
the AP axis.

Analysis of furrow distribution in the AP axis in
embryos containing the anteriorly expressed
PH-PLC-CFP gradient

In order to determine the dimensions of the energid
across which the PH-PLC-CFP gradient spreads in the
AP axis, we estimated the distance between adjacent
metaphase furrows in the AP axis and the furrow length
at metaphase in energids from embryos containing PH-
PLC-CFP. The intensity profile in the AP axis shows
peaks of fluorescence intensity at the location of meta-
phase furrows indicating enrichment of PH-PLC-CFP
at these locations (Figs. 2 A and | E inset). We
observed that the number of peaks, corresponding to
the number of furrows, increased across nuclear cycles
with an average of 58 =+ 3 peaks in n.c.13 across the
AP axis in the visible plane from live embryos (Fig. 2
B). We estimated the distance between successive fur-
rows in metaphase, i.e., energid length (/g), using two
different methods: a direct estimation of the distance be-
tween adjacent peaks and an FFT of the experimentally
measured intensity profiles. Direct estimation of the dis-
tance between adjacent peaks gave the distance between
adjacent furrows as lp = 7.8+0.4um for n.c.13 (Fig. 2
C and D). The FFT method yielded [p = 9.2+0.5um
(Fig. 2 E and F). Both the methods yielded a decrease
in the energid lengths across successive nuclear cycles
(Fig. 2 D and F).

To estimate the furrow length across the syncytial cycle,
we imaged PH-PLC-CFP-expressing embryos in three
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A Interphase Metaphase

Bicoid Bicoid Bicoid

FIGURE 1 Anteroposterior (AP) gradient of
anteriorly expressed PH-PLC-CFP. (A) Sche-
matic of the Drosophila syncytial cycle showing
interphase and metaphase stage of n.c.11-13.
The interphase stage has plasma membrane in-
gressions (black) forming short furrows with
the centrosome in apical regions. The metaphase
stage has longer furrows (apical black and lateral

nucleus M Interphase microtubules cytoplasmic green) separating adjacent spindles (magenta).
€5 Metaphase spindles

PH-PLC-CFP-bcd-3UTR
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The centrosome (blue) is present apically in the
interphase and spindles are oriented horizontally
in metaphase. Bicoid (green gradient, more
intense in the nucleus compared with the cyto-
plasm in interphase and in the cytoplasm in meta-
phase) is present in the anterior region up to
approximately 40% of the AP axis in the nucleus
in interphase and cytoplasm in metaphase. The
green arrow represents the length scale of the Bi-
coid gradient. (B) Schematic shows the anteriorly
localized PH-PLC-CFP construct containing
UASp promoter, PH domain of PH-PLC fused
to CFP, and the bcd-3' UTR sequence. (C) Ante-
riorly expressed PH-PLC-CFP shows a gradient
in the AP axis. Embryos expressing anteriorly
localized PH-PLC-CFP are immunostained with
Bicoid antibodies and representative images are
shown in the 16-color rainbow scale. (D) Images
from the surface and sagittal views of anteriorly
expressed, PH-PLC-CFP, which localizes to the
apical membrane and lateral furrows, and Bi-
coid-Venus, which is present in the nucleus in
interphase during n.c.12-14. Scale bar, 10 um.
(E) Smoothened fluorescence intensity of anteri-
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dimensions over time at a higher resolution (Fig. 2 G). The
furrow length and apical area increased from interphase to
metaphase in n.c.13 (Figs. 2 H, and S2 A and B). Furrow
length was 9.6 +=0.3um in the metaphase compared with
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rainbow scale contains blue as the lowest intensity and red as the highest

3.7+ 0.2um during the interphase of n.c.13 (Fig. 2 I). These
morphometric observations were used as input parameters
to model the gradient formation (see section “materials
and methods”).
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FIGURE 2 Analysis of furrow positions and
length across the AP axis. (A) Snapshots from
time-lapse live imaging showing PH-PLC-CFP
distribution in caps and furrows during interphase
and metaphase at the indicated depths (Z posi-
tions). Scale bar, 10 um (5 pum for orthogonal).
(B and C) Quantification of furrow length (H)
across time in n.c.13 (n = 12,4). Quantification
of furrow length (H) during interphase and meta-
phase in n.c.13 (n = 12,4, two-tailed non-para-
metric Mann-Whitney test, p < 0.0001). (D)
Representative image from whole-embryo sagittal
imaging of anteriorly expressed PH-PLC-CFP at
metaphase during n.c.13. Inset shows a magnified
image in the region of the red box on the image.
Dots mark furrows corresponding to high-intensity
peaks (Fig. 1 E). Scale bar, 50 pm, 10 pm (inset).
(E) Number of furrows across the AP axis from
sagittal videos of embryos containing anteriorly
expressed PH-PLC-CFP. Scatter plots show quanti-
fication of number of furrows across n.c.11, 12, and
13 metaphase for control embryos (B) (n = 8, 4 for
all, one-way ANOVA, p < 0.0001, F = 475,
Tukey’s multiple comparison post test at p =
0.05). (F and G) Distance between adjacent fur-
rows extracted for control embryos containing
anteriorly expressed PH-PLC-CFP for n.c.11-13
(C). Peak-to-peak distance calculation corresponds
to the distance between adjacent fluorescence
peaks and is plotted as a frequency distribution his-
togram of the probability distribution of various
peak-to-peak or adjacent furrow distances (C). Dis-
tances between adjacent furrows extracted are
plotted across different nuclear cycles (D). n = 8,
4 one-way ANOVA, p <0.0001, F = 36.9, Tukey’s
multiple comparison post test at p = 0.05. (H and /)
Distance between adjacent furrows extracted using
fast Fourier transform (FFT) for control embryos
(E) for n.c.13. Fourier transform shows amplitude
corresponding to the distance between adjacent
furrows and frequency corresponding to the proba-
bility of their occurrence (E). Distances between
adjacent furrows extracted using FFT are plotted
across different nuclear cycles (F). n = 8, 4 for
nc.1l; 10, 5 for n.c.12 and 13, one-way
ANOVA, p < 0.0001, F = 31.2, Tukey’s multiple
comparison post test at p = 0.05.

the gradient shape (29). Furrows also
barriers leading to reduced exchange of

plasma membrane-associated proteins and cytoplasmic

proteins between neighboring energids (9,10,30). Previous
modeling using particle-based simulation approaches sug-
gests that an increase in pseudocleavage furrows in the
syncytial division cycles in metaphase can produce a cor-
responding decrease in the diffusion of cytoplasmic
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molecules (10). These data together show that diffusion
within an energid will occur at a faster rate compared
with across neighboring energids, and furrows decrease
the diffusion of plasma membrane-associated and cyto-
plasmic molecules.

In order to explain the observed gradient for PH-PLC-
CFP, we introduced a one-dimensional theoretical model
(Fig. 3 A). The lateral furrow is at its maximum length in
metaphase and two such furrows are a part of each energid.
In n.c.13, the lateral area available for binding PH-PLC-CFP
is almost twice that of the apical area (Fig. 3 A, lower panel).

A energid length |

bound PHPLC

furrow width |,

apical membrane

Further, since PH-PLC is present on the membrane, mem-
brane-associated structures, and cytoplasm (28,31), we
consider two sub-populations of PH-PLC-CFP: the cyto-
plasmic (or free) pool and the membrane-bound pool. The
concentrations of the two species are denoted by Cfm(x, 1)
and Cpoyna(x,t) respectively, and their time evolution can
be described by,

aCf,'eg 0 acfree
ot ax[ el

} + kuCrouna — ki (X)Cprees

(1a)

FIGURE 3 Analysis of the role of membrane
binding and energid restriction in the spread of

;ur_r ot\:\tl anteriorly expressed PH-PLC-CFP. (A) Schematic
helg illustrating the parameters for the formation of

the gradient of anteriorly expressed PH-PLC-CFP
(top) under the modified SDD model involving
membrane and cytoplasmic populations and a rate
for binding and unbinding from the membrane
(kps kub). Df (Dgree), diffusion of free species; Dy,
(Dpouna), diffusion of bound species. One-dimen-
sional model for the spread of the PH-PLC-CFP
gradient. I¢is the thickness of the lateral furrow rep-
resented by a thick bar signifying the increased
accumulation of PH-PLC-CFP in positions of the
lateral furrow, lg is the width of the energid. (B)

Fluorescence intensity (a.u.) is plotted on the AP
L axis for anteriorly expressed PH-PLC-CFP. Graph
shows upper (magenta) and lower envelope
(blue), corresponding to the high-intensity peaks
and the low intensity troughs respectively. The up-
per envelope (high-intensity peaks, magenta ar-
rows) corresponds to bound fraction, while the
lower envelope (lowest-intensity troughs, blue ar-
rows) corresponds to the cytoplasmic or free frac-
tion of PH-PLC-CFP often present in the energid
in between adjacent furrows. (C) Graph shows the
two pools of PH-PLC-CFP intensity after subtrac-
tion from the gradient profile across the AP axis.
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Here, D (x) is the cytoplasmic diffusion coefficient of
PH-PLC-CFP, and Djpyna(x) is the membrane diffusion co-
efficient. Experimentally, it has been observed that there is
the restriction of diffusion for both membrane-bound and
cytoplasmic proteins, and the plasma membrane and cyto-
plasmic populations of membrane-associated proteins are
restricted to an energid (9,10,30,32,33). This results in an
effective slower diffusion of both sub-populations across
neighboring energids. In our one-dimensional model, this
is modeled by diffusion coefficients that vary periodically
along the AP axis, with a periodicity corresponding to the
energid length (/g),

e if x € within energids
Djee(x) = {7 i g (2a)
D, if x€ across energids

pe if x€ within energids
D bound (.X) = g(mnd f 8 . (2b)
D,..a If X€ across energids

The restricted diffusion across energids necessarily im-
plies that D® <D* for both sub-populations. Further, the
two sub-populations can inter-convert due to binding to
and unbinding from the membrane. The presence of furrows
between adjacent energids results in a spatially heteroge-
neous binding rate (k,(x)), given by,

(©))

ky(x) = /f/,; lf x € apical membrane
k if xe lateral membrane

Note that, in the one-dimensional model, the dense re-
gions represent the two lateral membranes corresponding
to each energid and thereby leading to an increased accumu-
lation of PH-PLC-CFP (Fig. 3 A). Additionally, the
excess membrane in the lateral furrows necessarily implies
ki > k¢ (see Supporting Materials for details). The unbind-
ing rate k,, was assumed to be constant, independent of
the spatial location. Note that the different parameters at
the furrow locations (Dﬁm7 DS kl) should be interpreted
as time-averaged values that incorporate the variation in the
furrow length across a nuclear division cycle.

These equations were solved subject to a source boundary
condition at the anterior end (x = 0), and reflecting bound-
ary conditions at the posterior end (x = L) for the free sub-
population. The bound sub-population obeyed reflecting
boundary conditions at both x = 0 and x = L.

We simulate this theoretical model with the experimental
intensity profile at the start of n.c.13 as the initial condition
(Fig. 3 B). To obtain the initial gradient profile for both free
and bound sub-populations from this total intensity profile,

Diffusion in Drosophila embryos

we decomposed it to free and bound species (see section
“materials and methods” for details) (Fig. 3 B and C).

For evaluating the extent of restriction across energids,
and the (un)binding rates, we varied D? (both cytoplasmic
and bound sub-populations), and the ratio of the binding
to unbinding rates to match the simulation and experimental
profile at the end of n.c.13 (Fig. S3 A-C). Experimental es-
timates of D® were taken from the literature (see section
“materials and methods” for details). The experimental in-
tensity profile was characterized by two quantitative mea-
sures: the overall gradient length scale (Fig. 3 D), and the
relative peak intensity; i.e., the excess intensity at the furrow
locations compared with non-furrow locations (Fig. 3 C and
E). We found that the overall gradient length scale was
controlled by the cytoplasmic diffusion coefficient Dj.,.
In contrast, the strength of the local accumulation at the
furrow locations was controlled by an interplay of the
bound diffusion coefficients and the (un)binding rates
(Fig. S3 A-C). The details of the simulations can be found
in the section “materials and methods.”

Thus a simplified model, which incorporates membrane
and cytoplasmic restriction to an energid due to architectural
features in the syncytium and binding-unbinding kinetics in
the absence of degradation, can qualitatively capture the
main features of the anteriorly expressed PH-PLC-CFP
gradient. The analysis also allows us to identify and perturb
biologically relevant features contributing to the experimen-
tally observed gradient.

Overexpression of RhoGEF2 leads to disruption
of pseudocleavage furrows and increased spread
of the anteriorly expressed PH-PLC-CFP gradient

To assess the role of lateral furrows in regulating the spread
of the PH-PLC-CFP gradient, we analyzed the gradient of
anteriorly expressed PH-PLC-CFP in embryos with per-
turbed pseudocleavage furrows. Pseudocleavage furrow
extension requires the GTPase exchange factor RhoGEF2.
RhoGEF2 is localized at pseudocleavage furrows, and its
loss shows decreased myosin II at the furrow leading to
cap expansion and a slight decrease in the furrow length
(34-38). RhoGEF2 overexpression, on the other hand,
shows increased myosin II throughout the syncytial division
cycle leading to cap constriction and loss of furrows (34,35).
We tested embryos containing an overexpression of
RhoGEF2 (RhoGEF2-OE) for perturbation of the anteriorly
expressed gradient in oogenesis and embryogenesis. Control
oocytes expressing anteriorly expressed PH-PLC-CFP con-
tained a greater level of PH-PLC-CFP fluorescence on the
anterior membrane compared with the posterior membrane
(Fig. S4 A and B). F-actin distribution did not show this var-
ied distribution between the anterior and posterior mem-
branes. This increased anterior distribution was also seen
in RhoGEF2 overexpression. This suggested that the ante-
rior localization of the construct was similar in controls
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and RhoGEF2-OE embryos, allowing us to test the effect of
furrow perturbation in embryos.

Flies containing RhoGEF2-OE with mar-Gal4 gave em-
bryos that were 87% lethal (n = 300 embryos).
RhoGEF2-OE led to short furrows (100%) throughout
with patches of complete loss of furrows (Fig. 4 A). The den-
sity of energids in the RhoGEF2-OE embryos was compara-
ble with controls in optical sections shown (Fig. 4 A). Since
the number of furrows appeared distinctly reduced, we
quantified the number of furrows in embryos containing
anteriorly expressed PH-PLC-CFP (Fig. 4 B). We observed
a decrease in the number of furrows in the AP axis to
28 =+ 1.8 peaks for n.c.13 (Fig. 4 C) compared with controls
(Fig. 2 B). Moreover, the number of furrows did not increase
significantly from n.c.11 to n.c.12 to n.c.13 (Fig. 4 C)
compared with controls (Fig. 2 B). As expected, the distance
between adjacent peaks also increased and was found to be

15+ 1.02um compared with 7.8 =0.4um in controls in
n.c.13 as calculated via the direct method (Fig. 4 D and
E). This increase in distance between adjacent peaks was
also seen in FFT measurements (Fig. S4 C and D).
Analysis of the PH-PLC-CFP gradient across multiple
embryos showed that the profiles were considerably varied
with an increase in the spread of the fluorescence toward
the posterior of the embryo compared with the controls,
and hence the length scales could not be calculated
(Fig. 4 F compared with control in Fig. 1 G; Video S3).
We also tested the Bicoid gradient by expressing Bicoid-
Venus in embryos with RhoGEF2-OE. Bicoid-Venus
showed a gradient similar to controls in RhoGEF2-OE
embryos (Fig. S5 A and B; and Video S5). The Bicoid-
Venus gradient length scale did not change significantly
in embryos containing RhoGEF2-OE compared with con-
trols (Fig. S5 E). Therefore RhoGEF2-OE led to the loss
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FIGURE 4 Anteriorly expressed PH-PLC-CFP
gradient is disrupted in embryos deficient for pseu-
docleavage furrows due to RhoGEF2 overexpres-
sion. (A) RhoGEF2-OE gives rise to shorter
metaphase furrows. Sagittal and surface views of
fixed control (mat-Gal4/+) or RhoGEF2-OE em-
bryos, stained with DNA (gray) and phalloidin
(green). Arrows mark missing furrows (100% n =
30). Scale bar, 10 um. (B) Anteriorly expressed
PH-PLC-CFP gradient in RhoGEF2-OE embryos
is shown in a snapshot from a time-lapse video
(B). Scale bar, 50 pm. (C) Number of furrows
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tween adjacent fluorescence peaks obtained from
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peak or adjacent furrow distances (D). Distances
between adjacent furrows extracted are plotted
across different nuclear cycles (E). n = 6, 3; one-
way ANOVA, p = 0.17, F = 1.9, Tukey’s multiple
comparison post test at p = 0.05. (F) Quantification
shows individual gradient profiles data across
syncytial cycles 11 to 13 in different embryos
with gray lines and average *= SEM in red (1)
(n = 49, 26). The 16-color-intensity rainbow scale
contains blue as the lowest intensity and red as the
highest intensity.
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of pseudocleavage furrows and disruption of the anteriorly
expressed PH-PLC-CFP gradient but not the Bicoid
gradient.

RalA depletion leads to disruption of
pseudocleavage furrows and increased spread of
the anteriorly expressed PH-PLC-CFP gradient

RalA is a component of the Ras signaling pathway (39,40).
In syncytial Drosophila embryos, RalA functions through
the exocyst complex to form pseudocleavage furrows.
RalA depletion leads to loss of furrow extension in the syn-
cytial division cycles (41). Anteriorly expressed PH-PLC-
CFP was monitored in ralA RNAi-expressing oocytes.
There was a decrease in fluorescence of anteriorly expressed
PH-PLC-CFP in ralA RNAi compared with controls. How-
ever an increased accumulation of PH-PLC-CFP on the
anterior membrane was seen in 100% of the oocytes. In
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addition, among these, 50% of the oocytes showed levels
similar to controls (Fig. S4 A and B). These results in turn
suggested that the PH-PLC-CFP mRNA distributed to the
anterior membrane of the oocyte.

We further expressed RNAIi against RalA with mar-Gal4
and found that 60% of the embryos (n = 300) were lethal
at 24 h. The density of energids did not change on RalA
depletion compared with controls in optical sections shown
(Fig. 5 A). We saw phenotypes of short furrows (100%) and
loss of furrows in patches during the metaphase of the syn-
cytial division cycle, similar to the previous reports (41)
(Fig. 5 A). We further assessed the anteriorly expressed
PH-PLC-CFP gradients in embryos expressing ralA RNAi
(Fig. 5 B). We observed a decrease in the number of furrows
in the AP axis to 22 + 7 peaks for n.c.13 (Fig. 5 O)
compared with controls (Fig. 2 B). Like RhoGEF2-overex-
pressing embryos, we found no significant difference be-
tween the numbers of furrows across n.c.11, 12, and

FIGURE 5 Anteriorly expressed PH-PLC-CFP
gradient is disrupted in embryos deficient for pseu-
docleavage furrows due to ralA RNAi. (A) ralA
RNAI expressed with mat-Gal4 show loss of meta-
phase furrows: sagittal and surface views of fixed
control (mat-Gal4/+) or ralA RNAi-expressing
embryos, stained with DNA (gray) and phalloidin
(green). Arrows point to intermittent loss of fur-
rows upon ralA RNAi expression (80% of n = 30
embryos). Scale bar, 10 um. (B) Anteriorly ex-
pressed PH-PLC-CFP is shown in a snapshot
from a time-lapse video of an embryo expressing
ralA RNAIi (B). Scale bar, 50 pm. (C) Number of
furrows across the AP axis, calculated by esti-
mating the distance between adjacent fluorescence
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12m 13 peaks obtained from ra/A RNAi embryos contain-
ing anteriorly expressed PH-PLC-CFP. Scatter
plots show quantification of the number of furrows
across n.c.11, 12, and 13 metaphases for ralA
RNAi embryos. n = 6, 3; one-way ANOVA, p =
0.52, F = 0.67, Tukey’s multiple comparison post
test at p = 0.05. (D and E) Distance between adja-
cent furrows extracted by a direct calculation of
distance between adjacent fluorescence peaks for

embryos expressing ralA RNAi for n.c. 11-13
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(D). Peak-to-peak distance calculation is plotted
as a histogram of the probability distribution of
various peak-to-peak or adjacent furrow distances
(D). Distances between adjacent furrows extracted
are plotted across n.c.11 to 13 (E). n = 6, 3; one-
way ANOVA, p = 0.33, F = 1.18, Tukey’s multiple
comparison post test at p = 0.05. (F) Quantification
shows individual data across syncytial cycles 11
to 13 in different embryos with gray lines and
average = SEM in red (C) (n = 42, 23) .The
16-color-intensity rainbow scale contains blue as
the lowest intensity and red as the highest intensity.
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13 in ralA RNAi-expressing embryos (Fig. 5 C). As ex-
pected, the distance between adjacent peaks increased to
15.4 + 2pm compared with 7.8 +0.4um for controls in cy-
cle 13 as calculated via the direct method (Fig. 5 D and E).
This increase in distance between adjacent peaks was also
seen in FFT measurements (Fig. S4 E and F).

The anteriorly expressed PH-PLC-CFP fluorescence ap-
peared to spread to a greater extent in the AP axis in ralA
RNAi-expressing embryos (Fig. 5 F and Video S4)
compared with the control (Fig. 5 F compared with control
in Fig. 1 G). The fluorescent intensity profiles were consid-
erably varied across embryos, and hence length scales could
not be calculated. We also tested the Bicoid gradient by ex-
pressing Bicoid-Venus in embryos with RalA depletion. Bi-
coid-Venus showed a gradient similar to controls in embryos
with ralA RNAIi (Fig. S5 C and D; and Video S6). The Bi-
coid-Venus gradient length scale did not change signifi-
cantly in both cases compared with controls (Figure S5
E). Thus, RalA depletion led to the loss of pseudocleavage
furrows and disruption of the anteriorly expressed PH-
PLC-CFP gradient but not the Bicoid gradient.

Taken together, the observations from both the
RhoGEF2-OE and ralA RNAi-expressing embryos showed
a decrease in the numbers of pseudocleavage furrows and
disruption of the anteriorly expressed PH-PLC-CFP
gradient. The RhoGEF2-OE and ralA RNAi-expressing em-
bryos did not show a significant effect on the spread of the
Bicoid gradient (Fig. S5). This lack of effect on the spread
of the Bicoid gradient is likely due to the absence of its regu-
lation by furrows or incomplete loss of furrows seen in these
embryos.

Numerical simulations show loss of restriction of
the cytoplasmic pool of PH-PLC-CFP as a cause
for gradient disruption in furrow mutants

The anteriorly expressed PH-PLC-CFP gradient was formed
due to restriction of membrane-bound and cytoplasmic
pools of PH-PLC-CFP to an energid (Fig. 3). Removal of
pseudocleavage furrows is likely to allow membrane diffu-
sion of PH-PLC-CFP and increase the spread of cytoplasmic
PH-PLC-CFP molecules across the energids. Having
observed that pseudocleavage furrows regulate the forma-
tion of the PH-PLC-CFP gradient, we investigated the role
of membrane binding versus decreased exchange or
compartmentalization of membrane-bound and cytoplasmic
pools of PH-PLC-CFP in gradient formation in different
idealized furrow mutant simulations. Our theoretical model,
proposed for the control embryos expressing anteriorly ex-
pressed PH-PLC-CFP, has three key features: an enhanced
binding at furrow locations, compartmentalization of the
membrane-bound sub-population, and compartmentaliza-
tion of the cytoplasmic sub-population (Fig. 3). We attemp-
ted to determine which of these factors contribute to
gradient disruption in the furrow mutants.
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We conceptualized three variations of our model: 1) an
enhanced binding (EB) model, where there is an enhanced
binding at furrow locations, but neither the membrane-
bound nor the cytoplasmic sub-species is compartmental-
ized; 2) a compartmentalized membrane (CM) model,
where, along with enhanced binding at furrows, the mem-
brane-bound species is compartmentalized, but cytoplasmic
species have a spatially uniform diffusivity with no
compartmentalization; and 3) the WT model, with the
compartmentalization of both membrane-bound and cyto-
plasmic species, and enhanced binding at furrows (Fig. 6
A-C). We evolved our system of equations for 3 h, starting
from zero concentrations of both free and bound species.
The furrow numbers and other parameters are taken from
the WT fits for n.c.13 and are kept constant for the length
of the simulation (Fig. 2 B, D, and I). Note that the absence
of the nuclear cycle kinetics implies that the resultant simu-
lation profiles should not be compared directly with exper-
iments but are meant to test the role of the different
parameters in disrupting the gradient profile. Upon
comparing the reference intensity profiles for the three
models, we observed that EB and CM models provided
similar gradient shapes, while the WT model had the steep-
est gradient profile (Fig. 6 D).

We next simulated loss of 70% furrows randomly in each
of these cases to identify the mechanism behind gradient
disruption in the furrow mutants. In the EB model, there
is an enhanced accumulation at the furrow due to differen-
tial binding kinetics. Upon 70% furrow disruption, the
enhanced accumulation at the furrows was also disrupted,
as shown by the reduction in intensity on the furrow peaks
(Fig. 6 E). However, there was no change in the overall
gradient length scale, implying that differential binding ki-
netics is not sufficient to explain gradient disruption in the
furrow mutants (Fig. 6 E). In the CM model, the disruption
of furrows changed local accumulation at the affected sites
but was not sufficient to change the overall gradient length
scale (Fig. 6 F). The loss of furrows leading to a decrease of
both cytoplasmic and membrane compartmentalization led
to a drastic change in gradient length scale in the WT model
(Fig. 6 G). This loss of cytoplasmic restriction gave rise to
gradient disruption similar to that seen in RhoGEF2-OE-
and ralA RNAi-expressing embryos. Our theoretical model
containing binding-unbinding kinetics and compartmentali-
zation of membrane-bound and cytoplasmic PH-PLC-CFP
qualitatively captured the gradient in control embryos and
gradient disruption in ralA RNAi and RhoGEF2-OE
embryos.

DISCUSSION

In this study, we expressed a fluorescently tagged PH
domain in the form of a gradient in the AP axis in the syn-
cytial Drosophila embryo to examine the role of pseudo-
cleavage furrows in its restriction. Our analysis of gradient
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FIGURE 6 Simulations show disruption of anteriorly expressed PH-PLC-CFP gradient by loss of furrow membrane binding and cytoplasmic compartmen-
talization. (A—D) Schematic showing simulations for the EB, CM, and WT models from control embryos containing anteriorly expressed PH-PLC-CFP re-
sults of the AP intensity gradient (A—C). Graph shows that the WT model has a steeper gradient compared with the CM and EB models (D). (E) Simulation
results of the AP intensity gradient using the EM model for control embryos containing anteriorly expressed PH-PLC-CFP and embryos lacking 70% of the
furrows. (F) Simulation results of the AP intensity gradient using the CM model for control embryos containing anteriorly expressed PH-PLC-CFP and em-
bryos lacking 70% of the furrows. (G) Simulation results of the AP intensity gradient using the WT model for control embryos containing anteriorly ex-
pressed PH-PLC-CFP and embryos lacking 70% of the furrows. Loss of cytoplasmic compartmentalization leads to increased PH-PLC-GFP spread of

the gradient in the AP axis.

properties and simulations shows that anteriorly expressed
PH-PLC-CFP forms an exponential gradient regulated by
membrane association and cytoplasmic restriction by pseu-
docleavage furrows during n.c.11 to 13 (Fig. 7 A). Loss of
pseudocleavage furrows in RhoGEF2-OE and ralA RNAi-
expressing embryos did not affect the Bicoid gradient
(Fig. 7 B). We discuss our results in the light of concepts
of molecular restriction mediated by interactions with the
cellular architecture and the impact of our findings on the
spread of morphogen gradients.

Restriction of molecules based on cellular
localization

To what extent and by what means do molecules restrict
their localizations to particular energids within syncytia?
Restriction of molecules in syncytia could occur due to their
subcellular localization and partitioning. F-actin and plasma

membrane reduce lateral movement of the fushi tarazu
mRNA in the syncytial Drosophila embryo, while microtu-
bules are involved in confining it above the nucleus in the
absence of plasma membrane boundaries (42). Depolymer-
ization of microtubules by nocodazole leads to increased
spread of molecules in the ER lumen across adjacent ener-
gids (5). Disruption of actin dynamics and trafficking leads
to an increased diffusion of plasma membrane-associated
proteins across energids (9,30). Modeling studies show
that transient binding to microtubules is sufficient for segre-
gating and restricting cytoplasmic components to spindle
poles in the absence of plasma membrane-based boundaries
(43).

Our study further suggests the restriction of molecules be-
tween energids due to the presence of plasma membrane
furrows. We observe a change in the gradient shape of ante-
riorly expressed PH-PLC-CFP when pseudocleavage fur-
rows are shorter or lost. We initially expected that
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FIGURE 7 Summary of anteriorly expressed PH-PLC-CFP and Bicoid gradient in control and mutant embryos. Schematic summarizing the distribution of
anteriorly expressed PH-PLC-CFP and Bicoid. Anteriorly expressed PH-PLC-CFP has a longer length scale compared with Bicoid (A). The length scale for
the PH-PLC-CFP arises due to cytoplasmic and membrane-bound pools of the protein. Anteriorly expressed PH-PLC-CFP gradient is disrupted by the loss of
furrows and spreads to a greater extent in the AP axis in ralA RNAi and RhoGEF-OE (B). The cytoplasmic pool of PH-PLC-CFP spreads across the embryo to

a greater distance and causes a spread in the gradient.

molecular restriction of PH-PLC-CFP is governed primarily
by membrane binding. However, our simulation results
show the role of both membrane binding and cytoplasmic
restriction contributing to molecular restriction. While the
membrane restriction is governed by the kinetics of bind-
ing/unbinding of PH-PLC-CFP, our simulation results sug-
gest that cytoplasmic restriction may be passively caused
due to physical restriction of molecules across energids by
the furrows and independent of the molecule under consid-
eration. Membrane-associated proteins such as H-Ras
have been found to exchange via lateral diffusion and with
molecules in the cytoplasm. Diffusion analysis by the
FRAP beam size analysis method showed that the exchange
with the cytoplasm is 2- to 3-fold faster than diffusion
within the membrane (44). Our simulation results show
that an increase in diffusion of the free population of PH-
PLC-CFP molecules to at least 10-fold on the loss of
compartmentalization provides an explanation of the spread
of the anteriorly expressed PH-PLC-CFP gradient in the AP
axis.

Our recent analysis of AP protein gradients of photoacti-
vatable cytoplasmic GFP (PA-GFP) and PA-GFP-Tubulin
shows that PA-GFP-Tubulin has a shorter length scale and
is more constrained than PA-GFP. Loss of tubulin polymer-
ization and furrows leads to increased diffusion of PA-GFP-
Tubulin, which approaches PA-GFP diffusion (45). Thus
molecular associations of plasma membrane or cytoskeletal
proteins become confined to each energid due to the pres-
ence of pseudocleavage furrows. Our observation of cyto-
plasmic restriction as a way to confine PH-PLC-CFP
spread is consistent with previous experimental observa-
tions of restriction of diffusion of both the membrane and
cytoplasmic components of plasma membrane-associated
proteins in photobleaching experiments (9). This suggests
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a possibility of restriction of cytoplasmic constituents
within each energid due to enclosure within the nucleus
and binding to DNA, enclosure within other organelles,
binding to the microtubule cytoskeleton, and restriction
due to the presence of furrows (10,33,43). It is also possible
that increased cytoplasmic movement in mitosis during the
syncytial cycles due to the characteristic yo-yo movement of
nuclei is responsible for increased cytoplasmic mixing when
pseudocleavage furrows are lost (46). In our study, these
movements have differential impacts on the spread of the
anteriorly expressed PH-PLC-CFP and Bicoid.

We further find that the profiles of anteriorly expressed
PH-PLC-CFP are sensitive to variations in binding-
unbinding kinetics. Future studies that discern the bind-
ing-unbinding kinetics, spatial dynamics of the PH-PLC-
CFP association to the apical versus the lateral furrow
membrane, as well as changes in the spatial organization
of furrows in syncytial cycles will reveal a more precise
depiction of the extent of dependence of each parameter
on the anteriorly expressed PH-PLC-CFP gradient.

Implications for morphogen gradients

Loss of pseudocleavage furrows did not affect the Bicoid
gradient in our study. However, other components of the cy-
toarchitecture may affect the Bicoid gradient. Transient
binding or trapping of molecules, in general, is likely to
lead to a reduction in the number of molecules undergoing
free diffusion across the embryo, and this will have implica-
tions for the spread of morphogen gradients. For Bicoid, in-
teractions with various cyto-architectural components in the
early embryo, such as transient localization with actin (47),
may affect its gradient formation more strongly than restric-
tion by pseudocleavage furrows. Nuclear shuttling has been
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ruled out as a mechanism regulating Bicoid gradient forma-
tion since a Bicoid mutant deficient in nuclear shuttling
forms a WT gradient (48,49). The homeobox transcription
factors Engrailed-1 and Engrailed-2 have shown specific
non-nuclear subcellular localization signals in the homeodo-
main (50,51), suggesting similar signals may be present in
Bicoid, another homeobox transcription factor. Bicoid is
also associated with chromatin across the AP axis creating
hubs of local concentration, which may lead to its restricted
diffusion and confinement to one energid (52). Moreover,
the presence of Bicoid and PH-PLC-CFP near the cortex
across nuclear cycles suggests that the effective volume in
which these molecules are diffusing is restricted to the cor-
tex, similar to other cytoplasmic components (45). Future
analysis of disruption of organelles and cytoskeleton com-
ponents will reveal their impact on the Bicoid gradient.
Further analysis of the Bicoid protein could be carried out
to elucidate the domains responsible for its association
with cytoarchitecture and generation of the gradient.

Differential interactions of gradient molecules with nu-
clear, cytoplasmic, and extracellular components have im-
plications for other gradients. Dorsal, the dorso-ventral
morphogen, is compartmentalized to nuclei in the syncytial
Drosophila embryo (33). Plasma membrane furrows, micro-
tubules, and size of Dorsal are predicted to be important for
the gradient (10,43,53). Nuclei are obligately required for
the shape of dpERK gradient caused by the Torso-mediated
terminal patterning pathway in the syncytial Drosophila
embryo. Disrupting nuclear patterning using shakleton
mutants leads to a change in dpERK gradient shape (54).
Fibroblast growth factor (FGF) gradient in zebrafish and
cultured fibroblasts depends on binding to extracellularly
present heparan sulfate proteoglycans (HPSGs) (55). The
Dpp gradient is also postulated to be dependent upon
binding to HSPG. Similar to our study, an engineered
GFP gradient sequestered near the tissue surface was suffi-
cient to pattern the wing primordia, replacing the natural
dpp gradient (56). Our study provides an intracellular
perspective to the rapidly growing understanding of the ef-
fects of binding and physical restriction on morphogen
gradients.

In summary, our study evaluates the significance of mem-
brane binding and cytoplasmic restriction in regulating
diffusion in the syncytial Drosophila embryo. Future studies
evaluating the role of weak binding, molecular size, and
crowded cytoplasm due to cytoskeletal, cytoplasmic, and or-
ganellar organization on the spread of gradients in different
contexts will help generalize the model in different para-
digms of development.
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Epithelial cells contain polarity complexes on the lateral membrane and are organized in a hexagon-dominated polygonal array. The
mechanisms regulating the organization of polygonal architecture in metazoan embryogenesis are not completely understood.
Drosophila embryogenesis enables mechanistic analysis of epithelial polarity formation and its impact on polygonal organization.
The plasma membrane (PM) of syncytial Drosophila blastoderm embryos is organized as a polygonal array with pseudocleavage fur-
row formation during the almost synchronous cortical division cycles. We find that polygonal (PM) organization arises in the meta-
phase (MP) of division cycle 11, and hexagon dominance occurs with an increase in furrow length in the metaphase of cycle 12.
There is a decrease in cell shape index in metaphase from cycles 11 to 13. This coincides with Drosophila E-cad (DE-cadherin)
and Bazooka enrichment at the edges and the septin, Peanut at the vertices of the furrow. We further assess the role of polarity
and adhesion proteins in pseudocleavage furrow formation and its organization as a polygonal array. We find that DE-cadherin de-
pletion leads to decreased furrow length, loss of hexagon dominance, and increased cell shape index. Bazooka and Peanut depletion
lead to decreased furrow length, delay in onset of hexagon dominance from cycle 12 to 13, and increased cell shape index. Hexagon
dominance occurs with an increase in furrow length in cycle 13 and increased DE-cadherin, possibly due to the inhibition of endo-
cytosis. We conclude that polarity protein recruitment and regulation of endocytic pathways enable pseudocleavage furrow stability
and the formation of a hexagon-dominated polygon array.

Keywords: syncytium; embryo; epithelia; polygon; Drosophila; DE-cadherin; Bazooka; septin

Hexagon dominance is a conserved property of epithelia seenin
organisms ranging from the diploblastic Hydra to the triploblastic
Xenopus (Gibson et al. 2006; Farhadifar et al. 2007) and, in some
cases, exhibits dynamic evolution over developmental stages
(Classen et al. 2005; Sanchez-Gutiérrez et al. 2013). One of the fun-
damental ideas in theoretical studies is that hexagon dominance

Introduction

Epithelial tissues consist of adherent cells that line the internal
and external surfaces of various metazoans. These cells are
classified by the presence of 3 major hallmark features. First,
epithelial cells show the asymmetric distribution of polarity
protein complexes on the plasma membrane (PM), thereby div-

iding it into the apical, lateral, and basal domains. These polar-
ity complexes are important for cell shape, tissue integrity, and
tissue remodeling (Bilder et al. 2000; Hayashi and Carthew 2004;
Letizia et al. 2013; Laprise and Tepass 2011). Second, epithelial
cells adhere to each other via junctional complexes that enable
them to form a leak-proof sheet that functions as a barrier to
seal off either an organism’s or an organ’s interior from the ex-
ternal environment. Third, epithelial tissues across metazoans
exhibit a polygonal cell shape distribution with a predominance
of hexagonal shapes. Though the functional and molecular de-
tails of polarity and junctions in epithelia have been extensively
laid out, their role in regulating hexagon dominance is not fully
understood.

results simply from surface energy minimization. Similar to the ar-
rangement of soap bubbles being driven by surface tension, epi-
thelial cells organize into a polygonal array by maximizing the
cell area in contact with the neighbors while minimizing the sur-
face area exposed to the environment. Additionally, asynchronous
divisions, cell mechanical properties defined by adhesion and con-
tractility, cellular rearrangements as well as global tissue level
forces have also been implicated in regulating this distribution
(Gibson et al. 2006; Farhadifar et al. 2007; Aegerter-Wilmsen et
al. 2010; Sugimura and Ishihara 2013). On the other hand, molecu-
lar factors that facilitate this energy-minimized organization are
just beginning to be explored. For example, lowered Drosophila
E-cad (DE-cad) turnover in endocytic mutants results in a decrease
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in the frequency of hexagons in Drosophila wing discs. DE-cad re-
cycling is, in turn, regulated by planar cell polarity (PCP) proteins,
therefore, an interplay of adhesion and PCP proteins regulates the
frequency of hexagons in wing disc epithelium (Classen et al. 2005;
Iyeretal. 2019). In human keratinocytes, loss of Myosinll activity in
ROCK1 and ROCK2 mutants also results in a low percentage of
hexagonally shaped cells (Kalaji et al. 2012). Cell shape index,
which is a measure of jammed epithelia, increases with the onset
of germ band extension on the increase of elongated and pen-
tagonal cells (Wang et al. 2020). These examples corroborate the
theoretical studies suggesting that molecules regulating adhesion,
contractility, and polarity could be important determinants of
hexagon dominance. However, how the temporal onset of polarity
correlates with the onset of hexagon dominance in epithelia is not
well understood.

Metazoan embryogenesis shows the onset of epithelial-like po-
larity and formation of a polygonal array and, therefore, provides
the opportunity to address the mechanisms that regulate the on-
set of hexagon dominance (Nance 2014). An analysis of the onset
of polygonal PM packing and the factors that determine this in
embryogenesis has not been characterized thus far. In this study,
we use the syncytial Drosophila blastoderm embryo to characterize
the temporal onset of polygonal packing and the role of polarity
and adhesion proteins in regulating its dynamics. Drosophila em-
bryogenesis begins with nuclear division cycles (NC) 1-8 occur-
ring deep in the interior of the embryo followed by nuclear
migration to the cortex during NC9 (Foe and Alberts 1983;
Miller et al. 1985). The arrival of the nuclei can be seen as buds
called caps at the cortex (Foe and Alberts 1983; Miller et al.
1985). The NCs10-14 occur in an almost synchronous manner
near the cortex without undergoing complete cytokinesis, there-
by, resulting in the formation of a syncytial blastoderm. The PM
is organized as circular caps in the interphase and converts to a
polygonal array with furrow extension, showing a cyclical be-
havior of circular to polygonal transition during each syncytial
division cycle (Dey and Rikhy 2020). Cytoskeletal and PM dynamics
help maintain a hexagon-dominated polygonal arrangement of
nuclei during these syncytial cycles (Kanesaki et al. 2011; Kaiser
et al. 2018; Lv et al. 2020).

The syncytial blastoderm embryo shows the asymmetric distri-
bution of various polarity and cytoskeletal proteins on the PM
(Schmidt and Grosshans 2018). To begin with, the Drosophila em-
bryo is cortically uniform at the preblastoderm stage. The first
cortical differentiation occurs during NC10 where the cortex is di-
vided into 2 domains during interphase; the cap and intercap re-
gions. The cap region is enriched in F-actin and actin-associated
proteins such as Arp2/3, SCAR, Moesin, ELMO, Sponge, and
a-spectrin, while the intercap region is marked by Myosin II,
Toll and Slam. The PM begins to be organized into a polygonal ar-
ray with furrow extension during syncytial division cycles 11 to
14. Particularly at metaphase (MP), the PM is segregated into 3
domains; apical, lateral, and basal domain. In the syncytial sys-
tem, the basal domain refers to the tip of the pseudocleavage
furrow. The lateral region is occupied by Canoe, Peanut (Pnut),
Scrambled, DE-cad, Bazooka (Baz), Dlg, and Toll; and the furrow
tip shows enrichment of PatJ, Amphiphysin, Anilin, Diaphanous,
and Syndapin (Pesacreta et al. 1989; Thomas and Williams 1999;
Foe et al. 2000; Stevenson et al. 2002; Zallen et al. 2002; Mavrakis
et al. 2009; Rikhy et al. 2015; Sherlekar and Rikhy 2016; Schmidt
et al. 2018; Schmidt and Grosshans 2018; Dey and Rikhy 2020).
Therefore, the syncytial Drosophila blastoderm embryo shows
molecular and morphological asymmetries in the PM along with
the formation of a polygonal array at MP during the syncytial

cycles. However, how these asymmetries impact the onset, dis-
tribution, and dynamics of the polygonal array remains to be
investigated.

In our previous study, we showed that the extension of the fur-
row in between adjacent nuclei leads to the onset of polygonal or-
ganization in syncytial division cycles 11 to 14 (Dey and Rikhy
2020; Sherlekar et al. 2020). In this study, we assess the role of po-
larity and adhesion proteins in regulating the polygonal PM organ-
ization on the increase in furrow extension and in MP of the
cortical syncytial cycles. We find that the PM of the embryo is or-
ganized as a hexagon-dominated polygonal array for the first time
in NC12 at the final furrow length achieved at MP. There is a de-
crease in the anisotropy of shapes and cell shape index with the
progression of the syncytial division cycles. DE-cad and Baz are
enriched at the edges while Peanut is enriched at the vertices in
these polygonal cells. DE-cad depletion leads to a short furrow,
loss of hexagon dominance, and an increase in cell shape index.
Baz and Pnut depletion also leads to a minor decrease in furrow
length, an increase in cell shape index, and a delay in hexagon
dominance when the furrow length increases in NC13. This is ac-
companied by the accumulation of key endocytic proteins and
DE-cad at the furrow.

Materials and methods
Fly stocks, crosses, and lethality estimation

Drosophila melanogaster stocks were raised in standard cornmeal
agar at 25°C and 29°C for RNAI experiments. Embryos obtained
from CantonS flies or CantonS flies crossed to maternal a-tubulin
Gal4-VP16 (mat-Gal4) or nanos-Gal4 (nos-Gal4) were used as con-
trol. The information on fly genes and stocks was obtained from
Flybase (Gramates et al. 2022). Maternal driver line mat67; mat15
carrying maternal a4 tubulin-Gal4-VP16 (obtained from Girish
Ratnaparkhi, IISER, Pune, India), homozygous for chromosome
Il and IIl was used for all RNAi and overexpression experiments
except for shg' for which nos-Gal4 was used. Baz RNAi (Bloomington
Stock number #35002), Pnut RNAI (#65157), DE-cad RNAI (#38207),
tGPH (#8163), UASp-Baz-GFP (#65845), endo-DE-cad-GFP (#60584),
and baz®°*#* lines were obtained from the Bloomington Stock
Center, Indiana, Bloomington, USA. ubi-cad-GFP was obtained
from the Maithreyi Narasimha lab from TIFR, Mumbai, India.
pnut™ FRTG13/CyO and UASp-Pnut-mCherry stocks were obtained
from Manos Mavrakis, Fresnel University, Marseilles, France. Baz
truncation domain constructs were obtained from Andreas
Wodarz, Goettingen University, Germany. Sqh-Sgh Cherry,
mat67-Gal4; ubi-DE-cad-GFP, mat15-Gal4/TM3Sb was obtained
from Adam Martin’s lab, MIT, Massachusettes, USA. Sqh-Sgh
GFP, mat67-Gal4 from Thomas Lecuit, IBDM, Marseilles, France.
F1 flies were put in a cage for egg collection to perform immu-
nostaining or live imaging. Germline clones of pnut” were made
by crossing ovo® FRTG13 males to hsflp; GlaBlc females to obtain
hsflp; ovo® FRTG13/GlaBlc males. These males were then crossed
to pnut®™® FRTG13/Cyo females. Larvae, pupae, and adults emer-
ging from this cross were heat-shocked at 37.5°C. hsflp; ovo®
FRTG13/pnut’® FRTG13 adults were then put in a cage to collect
embryos depleted of pnut. shg' was crossed to a single chromosomal
copy of nos-Gal4 and maintained at 18°C to lower the severity of
phenotype and obtain fertilized eggs to perform experiments. F1
flies expressing shg' with nos-Gal4 when grown at 25 or 29°C, laid
embryos that were arrested early in the pre-blastoderm stage of de-
velopment and, hence, the experiments were performed at 18°C to
allow for Gal4 dilution. This cross at 18°C gave enough embryos
that entered the syncytial cycles. The lethality of shg' embryos
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was 100% (n = 150) at 25°C and 29°C and 70% (n = 200) at 18°C after
24 hrs. The lethality of pnut' and baz' expressing embryos and pnut**
germline clones was 100% (n =300 embryos each).

Immunostaining

0-2.5 hr old embryos were collected on sucrose agar plates, washed,
and dechorionated with 100% bleach for 1 min. Embryos were fixed
using a 1:1 mixture of 4% paraformaldehyde in PBS and Heptane for
20 min. Fixed embryos were either hand-de-vitellinized for phal-
loidin staining or MeOH de-vitellinized, washed thrice in 1x PBST
(Ix PBS with 0.3% Triton x100), and blocked in 2% BSA
(Sigma-Aldrich, India) in 1x PBST for 1hr. Primary antibody
was then added at an appropriate dilution and incubated overnight,
followed by 3 1x PBST washes, and 1 hr incubation in appropriate
fluorescently coupled secondary antibodies at 1:1000 (Molecular
probes, Bangalore, India). Hoechst 33,258 was added for 10 min in
1x PBST. Finally, the embryos were washed 3 times in 1x PBST
and mounted in Slow fade Gold antifade reagent (Molecular
Probes). The primary antibodies used were: rabbit anti-Baz (1:1000
from Andreas Wodarz, Germany), mouse anti-Pnut (1:5, DSHB),
mouse anti-Dlg (1:100 DSHB), rabbit anti-Patj (1:1000 from Hugo
Bellen, USA), rat Sep1 (1:250 from Manos Mavrakis, France), guinea
pig Sep2 (1:250 from Manos Mavrakis, France), rat anti-DE-cad (1.5,
DSHB), guinea pig anti-Rab5 (1:500 from Akira Nakamura, Japan)
(Tanaka et al. 2021), mouse anti-Dynamin (1:200 BD Transduction
Laboratories). DNA was stained with Hoechst 33258 (1:1000,
Molecular Probes, Bangalore, India).

Live imaging of Drosophila embryos

1-1.5 hr old embryos expressing the membrane marker tGPH or
Sqh-GFP or Sgh-mCherry; DE-cad-GFP were collected and dechor-
ionated with 100% bleach for 1 min and mounted on coverslip-
bottomed LabTek chambers (Mavrakis et al. 2008). The chambers
were then filled with 1x PBS and imaged on Zeiss Plan Apochromat
40X/1.4 NA oil objective.

Microscopy

Live or fixed embryos were imaged on any of the following laser
scanning confocal microscopes: Zeiss LSM710, LSM780, and
Leica SP8. The 40x objective with NA 1.4 was used to image living
and fixed embryos. The Argon laser was used to image GFP in
tGPH, DE-cad-GFP, Baz-GFP, and Sgh-GFP. The Diode 561 laser
was used to image the Sgh-mCherry and Pnut-mCherry. Care
was taken to maintain the laser power and gain with the range in-
dicator mode such that the 8-bit image acquired did not show any
saturation and was within the 0-255 range. Averaging of 2 was
used for both fixed and live imaging. Images were acquired with
an optical section of 1.08 microns in all except F-actin stainings,
where an optical section of 0.34 microns was used.

Embryo lethality

3—4 hr old embryos were collected, washed, and arranged into a
10 x 10 matrix on a sugar-agar plate using a brush. The number
of unhatched embryos was counted after 24 hrs. This procedure
was repeated 3 times for each genotype tested.

Quantification and statistical analysis
Image quantification

Polygon analysis. The most taut and bright grazing section from
MP (usually at the base of the furrow) of each NC per embryo was
used to quantify polygons using the Packing analyzer software

(Benoit Aigouy, Classen et al. 2005). The software allows the seg-
mentation of the PM surrounding each cell (Fig. 1a). Note that the
segmented edges have curved edges similar to the actual images.
The cell area and perimeter are estimated from each cell in the ren-
dered image. The image is color-coded according to polygon type. It
isimportant to note that represented color-coded polygon-rendered
images contain straight edges. The output is available in an Excel
sheet with the area, perimeter, and polygon type of each cell in
the field. Three or more embryos were used per NC and all the cells
in the field were analyzed this way to obtain the polygon distribu-
tion per cycle.

Quantification of cell shape index

Based on the cell segmentation data obtained from the Packing
analyzer software (Fig. 1a) and from the area (A) and perimeter
(P) data obtained as an output, cell shape index was calculated
using the formula: P/v/A (Bi et al. 2015). It is important to note
that the cell shape index is estimated from the segmented images
and not the color-coded images used to document the polygon dis-
tribution shown in each figure. Three or more embryos were used
foreach NC and all the cells in the field were analyzed to calculate
the average cell shape index.

Quantification of relative fluorescent signal across
the depth and in planar sections of the plasma
membrane

The grazing sections at MP across depth expressing various polarity
proteins were used for this analysis. A region of interest (ROI) was
drawn at 5 edges and 5 vertices for MP11, and 10 edges and 10 ver-
tices for MP12-13, in each optical section from apical to basal sec-
tions. Optical sections were taken at approximately 1 pm depth
across the entire furrow. The mean intensities from these ROIs
were measured using Image]J (Schneider et al. 2012). The intensities
from each stack were background subtracted. The graphs shown in
Fig. 2 represent mean intensities obtained across the depth of the
furrow normalized to the mean intensity of the apical-most optical
section in NC11.

Quantification for Sep1 and Sep2 was done by creating 5 ROIs on
the edge and the vertex as mentioned above. The mean intensities
were normalized by dividing by the mean intensity of the entire field.

Enrichment in the basal furrow region and edge/vertex was
computed by performing statistical analysis for the fluorescence
values on the length of the furrow using 2-way ANOVA to test
how the intensity of signals varied with either edge/vertex or ap-
ical/basal regions of the furrow.

The change in the fluorescence intensity at the furrow mem-
brane was estimated at MP11, MP12, and MP13 by measuring 5 dif-
ferent ROIs corresponding to the furrow membrane and divided
by the fluorescence in the neighboring cytosol.

Quantification of the MP furrow length

Metaphase furrow lengths were quantified from the orthogonal
sections for different time points and NCs using the Zen Blue soft-
ware. Five to eight furrows were measured per time point per em-
bryo. These lengths were further confirmed with the number of
z-stacks taken to cover the entire furrow length of syncytial cells
in the field of view.

Quantification of fluorescence from antibody
stainings

Baz, Pnut, DE-cad, Dynamin, and Rab5 antibody and DE-cad-GFP
staining were quantified by estimating the fluorescence at 5
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Fig. 1. Hexagon dominated PM organization emerges in NC12. Schematic showing the syncytial Drosophila blastoderm embryo in interphase beingimaged
by an objective at the bottom on an inverted confocal microscope. The zoomed inset shows sagittal and XY views of syncytial cells in both interphase and
MP turned 180° with the PM at the top. XY views are the cross-sections along the MP furrow at a length represented by the dotted lines. The PM shows
polygonal organization in MP. The right-hand side of the schematic shows the pipeline for image analysis. The acquired fluorescent images are
segmented in packing analyzer for obtaining cell boundaries which are used to estimate the cell shape index. Note that the cells have wavy edges in the
MP13 image shown. The cells at the edges are omitted for calculations. The segmented images are rendered for estimation of polygon distribution across
the MP10-14. Note that the representation has straight edges rendered in the polygon distribution images (a). Grazing sections of atub84B-tGPH
expressing embryos from MP10-13 and NC14, tGPH labels the entire membrane in MP10-13 and enters the nucleus in NC14 in addition to being at the PM
(b). Color-coded polygon rendering of the respective images in B using the packing analyzer software (c). Quantitative analysis of polygon distribution in
MP11-13 and NC14 (n = 20-60 cells from NC11-14 per embryo, 4 embryos). Each curve represents a single NC (d). Pentagons and hexagons are compared
using the unpaired, 2-tailed, Student’s t test. Data is represented as mean + SEM, *P <0.05, ™P < 0.01, and **P <0.001. Graph shows the average shape
index of all the cells in the field for control embryos (e) (n = 20-60 cells from MP11-13 and NC14 per embryo, 4 embryos). Data is represented as mean +
SEM, *P <0.05, *P < 0.01, and **P < 0.001, 2-tailed, unpaired Student’s t-test. Scale bar: 5 pm.

furrow membranes from each embryo as compared to the cytosol hexagons to pentagons in each NC per genotype to determine
in controls and mutants at the same stage. hexagon dominance.

Statistical analysis
All data are represented as mean + SD or SEM. Statistical signifi- Results .

cance was determined using the 2-tailed, unpaired, Student’s Onse.t of hexagon-doml.nated plasma memb_rane
t-test in most cases, to compare between 2 means. One-way arChlte.Cture occurs during nuclear cycle 12 in
ANOVA was used when comparing 3 or more means together, Syncytlal DTOSOphlla blastoderm embryos

with Dunnett’s Multiple Comparison Test as a post-test to com- To assess the syncytial NC at which optimal packing and hexagon-
pare all means to control. Student’s t-test was used to compare dominated polygon organization emerge during the syncytial
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Fig. 2. DE-cad, Baz and Pnut show polarized distribution in the syncytial cells. a-b) Distribution of atub84B-tGPH (a: MP11, a’: MP12 and a”: MP13),
endo-DE-cad-GFP (b: MP11, b’: MP12, and b”: MP13), matatub-Gal4; Baz-GFP (c: MP11, ¢’: MP12, and ¢”: MP13) and matatub-Gal4; Pnut-mCherry (d: MP11, d":
MP12, and d”: MP13) in grazing and sagittal views in syncytial MP11-13. The Jet rainbow scale from Image] is used to show fluorescent intensities. tGPH
labels the entire PM, DE-cad is enriched at edges in MP13 (a”-b” insets show zoomed-in images), Baz is enriched at edges MP11 onward while Pnut is
enriched on the vertex MP12 onward (c”-d” insets show zoomed in images). e-h) Quantification of intensities normalized to the apical section of NC11 in
edges (black) and vertices (gray) along the MP furrow length for atub84B-tGPH (E: NC11, E': NC12, E”: NC13), endo-DE-cad-GFP (F: MP11, F: MP12, F": MP13),
matatub-Gal4; Baz-GFP (G: MP11, G': MP12, G": MP13’), and matatub-Gal4; Pnut-mCherry (H: MP11, H": MP12, H": MP13) in NC11-13 (n =3 embryos each).
iand j) Schematic representing the polarized localization of proteins in XZ and XY planes. Asymmetric distribution of DE-cad, Baz, and Pnut between
edges and vertices in the XY plane (i). Asymmetric distribution of DE-cad, Baz, and Pnut across MP11-13 along the apico-basal axis in the XZ plane

(). While DE-cad spreads all across the length, Baz, and Pnut are enriched in the basal part of the furrow region. The scatter plots contain a line
connecting the means, *P < 0.05, P <0.01, and **P < 0.001, 2-way ANOVA with Bonferroni post-tests. The stars show significance between edge and
vertex intensities at the indicated length based on the post test. Scale bar =5 pm. The zoomed-in insets show a scale bar of 2 ym.
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blastoderm development, we performed live imaging of tGPH
(atub84B-tGPH) expressing embryos. tGPH contains the PH domain
of GRP fused to GFP (GPH). The tGPH PH domain binds phospho-
lipid PIP3 and labels the PM uniformly in the syncytial Drosophila
embryo (Britton et al. 2002; Sherlekar and Rikhy 2016; Dey and
Rikhy 2020). We used the packing analyzer software to segment
the polygonal array to estimate the polygon distribution and the
shape index from the MP stage of NC10, 11, 12, and 13 and in
the interphase of NC14 (referred to as MP10, MP11, MP12, MP13,
and NC14, respectively) (Fig. 1a). The nucleo-cytoplasmic do-
mains seen as caps at the cortex were relatively far apart in
MP10 (Fig. 1b, Supplementary Video 1). The furrow length in-
creases during each cycle from NC11 to 13 from interphase to
MP in between adjacent nucleo-cytoplasmic domains and it
reaches a maximum in MP13 (Foe and Alberts 1983; Holly et al.
2015; Xie and Blankenship 2018; Dey and Rikhy 2020). During
Drosophila embryogenesis, the PM was organized into a polygonal
array for the first time in NC11 (Fig. 1b). The polygonally organized
PM in MP13 and NC14 was more taut as compared to MP11 and
MP12. MP11 showed almost equal numbers of pentagons and
hexagons in the polygonal array. The polygonal array then be-
came dominated by hexagons in MP12. This hexagon dominance
persisted in MP13 and NC14 (Fig. 1c and d). While observing the
onset of the formation of the polygonal array, we noted that edges
formed before vertices in NC11 (Supplementary Fig. 1a).

A theoretical framework for confluent epithelial monolayers
defines a non-dimensional parameter called the shape index esti-
mated from the ratio of the perimeter and area of each cell as a
predictor of tissue material properties (see materials and meth-
ods) (Bi et al. 2015; Park et al. 2015). Below a critical value of
3.81, the tissue becomes jammed or solid-like with cells displaying
isotropic shapes and being caged within their radii (Bi et al. 2015).
In Drosophila germ band extension, the tissue elongation phase
shows an increase in anisotropic cell shapes and an increase in
cell shape index along with an increase in the fraction of penta-
gons (Wang et al. 2020). We estimated the cell shape index in
MP11, MP12, MP13, and NC14 from the perimeter and area output
from segmented images from the movies of embryos expressing
tGPH (Fig. 1e). First, we found that the cell shape index was greater
than 3.81in MP11, MP12, MP13, and NC14 suggesting that the syn-
cytial epithelium at MP has a more fluid-like property. Additionally,
we found that there was a decrease in the cell shape index from
MP11 (average of 4.67) to MP12 (4.28) to MP13 (4.14) and NC14
(4.19). This result is consistent with the observations in a previous
study in mammalian epithelial cells that show a decrease in the
shape index with an increase in cell density with proliferation
(Vishwakarma et al. 2020). This shows that the PM organization
in the syncytial Drosophila embryo in MP forms a soft network
that could facilitate the fast dynamics of cellular organization
seen in each syncytial cycle. It also suggests that with each division
cycle, the cell shapes become more isotropic and the system moves
closer to a more rigid or solid-like phase.

Similar to previous studies (Holly et al. 2015; Dey and Rikhy
2020), we found that the furrow length increases across syncytial
cycles 11 to 13 and was approximately 7 ym in MP11, 9 um in
MP12 and 11 um in MP13 with tGPH. Our previous studies show
that the onset of polygon architecture occurs at the furrow length
of approximately 6 um during each syncytial division (Dey and
Rikhy 2020). Therefore, we analyzed the polygon distribution at a
lower length of approximately 6.5 pm in NC12 and NC13 when pol-
ygonal architecture was visible across the embryo. We found that
at this lower furrow length in NC12, the average number of penta-
gons was more than hexagons but this was not statistically

significant, whereas in NC13 hexagons were dominant at 6.5 pm
(Supplementary Fig. 1b-d). Therefore, hexagon dominance was
first seen in NC12 at increased furrow lengths in MP (furrow length
9 um) and hexagon dominance was already seen at the short fur-
row length of 6.5 um in NC13. The cell shape index was significant-
ly increased at 6.5um in the NC12 (4.38) and NC13 (4.25) as
compared to the longest furrow length in MP (Supplementary
Fig. 1le). Together, these data show that epithelial-like hexagon
dominance first occurs in syncytial NC12 at longer furrow lengths
in MP, even before complete cells are formed in the Drosophila
blastoderm embryo. Coincident with an increase in hexagons,
the cell shape index decreases indicating a more stable epithelial-
like network. This organization is also consistent with the observa-
tion of nuclel present in a hexagon-dominated polygonal array
shown previously (Kanesaki et al. 2011; Kaiser et al. 2018).

DE-cadherin, Bazooka, and Peanut are
asymmetrically distributed along the furrow
in the Drosophila syncytial blastoderm

Since the syncytial embryo PM was organized into an epithelial-
like polygonal array starting from NC11 and became hexagon
dominant during NC12 with an increase in furrow length, we
tested if polarity proteins were progressively enriched in the lat-
eral furrows from NC11 to NC13. DE-cad and Baz have been found
in the syncytial furrow and form apical spot junctions in cellular-
ization (Harris and Peifer 2004). To characterize the temporal dis-
tribution of DE-cad and Baz as compared to tGPH in NC11-13, we
performed live imaging of embryos expressing DE-cad-GFP under
the endogenous promoter (Huang et al. 2009) and Baz-GFP in con-
trol and mutant backgrounds with matatub-Gal4 (Benton and St
Johnston 2003). The PM in epithelial cells shows a distinct distri-
bution of proteins along tricellular junctions, which function in
sealing the intercellular space (Schulte et al. 2003; Ikenouchi et
al. 2005); as well as along the lateral domain. We quantified the in-
tensity of the fluorescently tagged DE-cad and Baz and the PM
marker tGPH in edges and vertices of the polygonal array along
with different optical sections along the length of the furrow in
MP11, MP12, and MP13 (Fig. 2a—c). The total intensities obtained
at the furrow were plotted as a fold change with respect to the ap-
ical section of NC11 in each embryo (Fig. 2e-g). tGPH was distrib-
uted evenly across the furrow in edges and vertices and marked
the entire length of the furrow in the lateral views (Fig. 2a-a”,
e-e”). For DE-cad, we quantified the intensities using the
DE-cad-GFP expressed at the endogenous gene location (Huang
et al. 2009). We found that DE-cad was uniform across edges
and vertices in MP11 and MP12 and was enriched at edges in
MP13 (Fig. 2b-b”, f-f"). DE-cad was present along the entire MP
furrow in MP11 and MP12, while in MP13 it was enriched in
the basal part of the furrow from 7 to 10 um (Fig. 2b-b”, f-f").
For Baz-GFP, we have expressed the GFP in the control and mu-
tant (baz®%*®%) background with matatub-Gal4 (see materials
and methods, Fig. 2 and Supplementary Fig. 2). Baz-GFP was
present along the entire membrane with enrichment at edges
in MP12 and MP13 when present in the control and mutant
background (Fig. 2c-c”, Supplementary Fig. 2e). Baz was en-
riched at the furrow between 2 and 5 um in MP11 and toward
the basal part of the furrow from 4 to 6 pm in MP12 and from
6 to 10 um in MP13 (Fig. 2c-c”, g-g").

The septin family proteins Pnut, Sep1, and Sep2 were also stud-
ied because Pnut is present at the furrow in syncytial stages and
functions in actin organization and furrow extension
(Silverman-Gavrila and Silverman-Gavrila 2008). Pnut-mCherry
(Guillot and Lecuit 2013) expressed in control embryos was used
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to assess the distribution of Pnut on the membrane in edges and
vertices and along the length of the furrow across the syncytial cy-
cles. Pnut was present throughout the membrane and was en-
riched at vertices in MP11. Pnut was concentrated toward the
basal part of the furrow at 5-8 pm in MP12 and 5-10 pm in MP13
(Fig. 2d-d”, h-h"). Vertex enrichment was also observed for Sep1
and Sep2 using Sepl-GFP, Sep2-GFP (Supplementary Fig. 2a-d).
Immunostainings against endogenous Sepl and Sep2 showed an
increase at vertices (Supplementary Fig. 2a-d). Pnut was also
found to be enriched at vertices in immunostainings against the
endogenous protein (Supplementary Fig. 3a).

We estimated the fold change of total DE-cad, Baz, and Pnut
fluorescence on the PM across the syncytial cycles as compared
to MP11 (Supplementary Fig. 2e and f). We found that DE-cad suc-
cessively increased from MP11 to MP12 to MP13 (Supplementary
Fig. 2f). Pnut-mCherry was present at a significantly higher inten-
sity on the furrow membrane in MP13 as compared to MP11 and
MP12 (Supplementary Fig. 2f). Baz was present at a higher inten-
sity in NC12 as compared to NC11 when Baz-GFP was expressed
in the control and mutant background. Baz did not change signifi-
cantly from MP12 to MP13 in both the control and the baz***** mu-
tant background (Supplementary Fig. 2f). This progressive
increase in the distribution of DE-cad, Baz, and Pnut across the
syncytial cycles implied a function of these proteins in the forma-
tion and stabilization of furrows along with polygonal architec-
ture. The syncytial PM showed asymmetries in the planar axis of
the polygon at edges (DE-cad, Baz) and vertices (Pnut) and enrich-
ment of proteins along the base of lateral furrow from MP12 to
MP13 (Fig. 2i and j).

DE-cad regulates both Baz and Pnut distribution
and Baz regulates Pnut distribution at the
syncytial furrow membrane

Since polarity proteins are known to regulate cell shape and hexa-
gon dominance, we dissected the role of DE-cad, Baz, and Pnut on
furrow formation and hexagon dominance. We first investigated
their loss-of-function effects on the distribution of the polarity
proteins in the syncytial cycles. We assessed the role of DE-cad
in the recruitment of Baz and Pnut by maternally expressing
DE-cad RNAi (shgl). Similar to our previous studies, DE-cad deple-
tion showed a decrease in DE-cad immunostaining as compared
to controls (Fig. 3a) (Dey and Rikhy 2020). DE-cad-depleted em-
bryos also showed a significant decrease in the localization of
Baz and Pnut on the syncytial furrows and an increase in their
cytoplasmic distribution (Fig. 3b-d). The enrichment of Pnut at
vertices as compared to controls was not seen upon DE-cad deple-
tion (Fig. 3b).

Next, we assessed the role of Baz on Pnut distribution by mater-
nally expressing baz RNAi (baz!) (see Material and methods for de-
tails). Baz protein levels as assessed by an antibody against the
N-terminus of the protein (Wodarz et al. 1999) were lower in these
embryos as compared to controls (Fig. 3e and f). Interestingly, with
the knockdown of Baz, Pnut was also lowered (Fig. 3e and g) sug-
gesting a possible role of Baz in the stabilization of Pnut on the
membrane. To determine the effect of the loss of Pnut on Baz
and Pnut localization, we generated germline clone embryos of
null mutants of Pnut (pnut**) (Neufeld and Rubin 1994). pnut** em-
bryos showed a significant reduction of Pnut while Baz localization
remained unaffected (Fig. 3e-g). Thus, the presence of Pnut was
not important for Baz localization on the syncytial PM.

To further verify if Pnutlocalization depended on Baz association
with the syncytial PM, we maternally overexpressed truncated
transgenes of Baz containing the N terminus oligomerization

domain or the C terminus phospholipid membrane-binding do-
main fused to GFP. A GFP-tagged C-terminal truncation mutant
of Baz, BazA969-1464-GFP, which is defective in PM recruitment
(Krahn et al. 2010) was expressed maternally in the presence of
wild-type protein. The GFP fluorescence pattern could be used
to ascertain the distribution of the truncated transgene and the
antibody against the N terminus could be used toidentify the dis-
tribution of the total Baz protein. BazA969-1464-GFP showed a
cytosolic pattern in the MP stage of NC13 showing that the C ter-
minal truncation leads to loss of association with the furrow. Baz
antibody staining against the N-terminus of the protein also
showed an increased cytosolic distribution and a diffused mem-
brane localization as compared to controls (Supplementary Fig.
3a and b). Since Baz forms oligomers in vivo (Benton and St
Johnston 2003), we speculate that the N-terminal domain oligo-
merizes in this overexpression mutant, leading to the reduction
of Baz from PM and an increase in the cytosol, in addition to
the attenuated levels of Pnut. On the other hand, when a
GFP-tagged Baz N-terminal truncation mutant, BazA1-904-GFP
was maternally overexpressed, both the truncated and endogen-
ous Baz could localize on the membrane. Pnut distribution was
weaker than that seenin controls butit was present on the mem-
brane (Supplementary Fig. 3a and c). Thus, the C-terminal do-
main of Baz was important not only for its own recruitment on
the PM but also for Pnut membrane localization.

In summary, these observations show that DE-cad regulates
the recruitment of Baz and Pnut, and Baz, in turn, regulates the
distribution of Pnut on the syncytial furrow.

DE-cad, Baz, and Pnut-depleted embryos show
decreased furrow length and skewed polygon
distributions

So far we found that DE-cad, Baz, and Pnut distributed asymmet-
rically on the syncytial furrow PM (Fig. 2). Further, DE-cad deple-
tion led to decreased levels of Pnut and Baz, while Baz depletion
reduced the levels of Pnut on the syncytial furrow (Fig. 3).
Previous reports show that DE-cad and Pnut loss leads to shorter
MP furrows (Silverman-Gavrila et al. 2008; Sherlekar and Rikhy
2016; Dey and Rikhy 2020). Therefore, we further assessed the fur-
row length, polygon distribution, and cell shape index in DE-cad,
Baz, and Pnut-depleted embryos. We found that shg'-expressing
embryos showed a significant decrease in furrow length in
MP11, MP12, and MP13 as compared to control tGPH embryos.
baz" and pnut! expressing embryos showed a slight decrease in fur-
row length in MP11 and MP12 but not in MP13 (Fig. 4a and b,
Supplementary Video 2-4). The furrow length in shg' was approxi-
mately 6 in MP12 (approximately 34% decrease as compared to
control which is approximately 9 pm) and approximately 9 in
MP13 (approximately 30% decrease as compared to control which
is approximately 13 um). The furrow lengths in baz' decreased to
approximately 6 and pnut' decreased to approximately 7 in the
MP of NC12 (approximately 22% decrease as compared to control
which is approximately 9 um) (Fig. 4a and b). The furrow lengths in
baz! and pnut' expressing embryos were longer in MP13 than MP12.
The average furrow length reached approximately 11 um and was
not statistically different from control embryos (Fig. 4a and b). shg'
embryos showed shorter furrow lengths than the control in MP12
and MP13, and baz and pnut knockdowns especially in MP13
(Fig. 4a and b). Double depletion of Baz and Pnut also showed a de-
crease in furrow length similar to each of the single depletions
(Supplementary Fig. 4d and e). We found that the rates of furrow
ingression between Baz and Pnut depleted embryos were similar
to controls (Supplementary Fig. 4c).
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Fig. 3. DE-cad, Baz, and Pnut knockdown embryos show differential loss of polarity proteins at the MP furrow. a-d) DE-cad loss results in the lowering of
DE-cad, Baz, and Pnut from the membrane. DE-cad is lowered in shg' embryos. nos-Gal4/+ (n = 10) and nos-Gal4; shg' (shg') (86% show loss of DE-cad, n = 21)
embryos are co-stained with DE-cad and phalloidin in MP12 (a); Baz and Pnut in MP12 (b). Quantification of Baz and Pnut levels on the membrane in shg
embryos using membrane to cytosol ratios from embryos in MP12 and MP13. Note the enrichment of Pnut at the vertices (white arrows). Baz (c) (n =5 cells
per embryo, 4 embryos) and Pnut (d) (n = 4-5 cells per embryo, 3 embryos) are both lowered in shg' embryos (94% show loss of Baz and Pnut, n = 16). Scale
bar: 5 pm. e-g) Baz loss results in a decrease of Pnut on the membrane. matatub-Gal4/+ (n = 20), matatub-Gal4; baz' (baz'), and pnut*" (germline clone
embryos, see Materials and methods) embryos co-stained with Baz and Pnut in MP13. baz' shows a decrease in Baz and Pnut (100% loss of Baz and Pnut, n
=20) and pnut®® shows the loss of Pnut (100% show loss of Pnut, n =17) while Baz (100% embryos show no defect in Baz,
n =11) is unaffected (e). Graphs showing the quantification of Baz and Pnut intensities on the membrane using membrane to cytosol ratios in baz'
and pnut®® embryos. Baz is lowered in baz' (n = 5 cells per embryo, 4 embryos) but not in pnut** embryos (n = 4-5 cells per embryo, 4 embryos) (f). Pnut is
lowered in both baz' (n = 4-5 cells per embryo, 4 embryos) and pnut® embryos (n =5 cells per embryo, 3 embryos) (g). Data is represented as mean + SD,
*P <0.05, P < 0.01, and **P < 0.001, 2-tailed, unpaired Student’s t test. Each point in the graph represents the membrane to cytosol ratio of the respective
protein in syncytial cells across various embryos. Scale bar: 5 um.
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Fig. 4. DE-cad depletion shows a loss of hexagon dominance whereas. Baz and Pnut depletions show a delay in the onset of hexagon dominance. a and
b) baz, pnut, and shg knockdown embryos show decreased furrow length. atub84B-tGPH (referred to as tGPH) grazing sections in MP12 for control,
matatub-Gal4; UAS-baz! (baz'), matatub-Gal4, UAS-pnut! (pnut’), and nos-Gal4, shg' (shg') at NC12 (a). Quantification of MP furrow lengths in tGPH/+, baz',
pnuti, and shgi in NC11-13 (n =12, 4 furrows each; 3 embryos) (c). Data is represented as mean + SD, *P < 0.05, *P <0.01, and **P < 0.001, 2 tailed,
unpaired Student’s t-test. Scale bar: 5 um. c-g) shg' embryos show loss of hexagon dominance. tGPH/+ and tGPH; matatub-Gal4, UAS-shg' (shg') embryos
in MP12-13 (c and e) along with the respective color-coded polygon renderings (d and f). Graph showing polygonal distribution in shg' in MP12-13
(g) (n =approximately 120 syncytial cells, 20-30 cells/embryo; 4 embryos). Hexagon dominance is not seen in NC13. Pentagons and hexagons are
compared in each cycle using the unpaired, 2 tailed, Student’s t-test. Data is represented as mean + SEM, *P < 0.05, P < 0.01, and **P < 0.001. Graph
showing average shape index of all the cells in the field in control and shg' embryos in MP12-13 (g) (n = approximately 120 syncytial cells, 20-30 cells/
embryo; 4 embryos). The control tGPH cell shape index is repeated from Fig. 1e. Data is represented as mean + SEM, *P < 0.05, P < 0.01, and **P < 0.001,
2-tailed, unpaired Student’s t-test. The NC13 polygon distribution for the control is repeated from Fig. 1d. Scale bar: 5 pm. i-n) baz' and pnut*® embryos
show a delay in the onset of hexagon dominance. Control (matatub-Gal4/+), matatub-Gal4, UAS-baz' (baz') and pnut*® (germ line clone) embryos stained
with phalloidin in MP12-13 (i and k) along with the respective color-coded polygon renderings (j and 1). Graph showing polygonal distribution in baz'
and pnut*® in NC12-13 (m) (n = 60-80 syncytial cells, 20-30 cells/embryo; 4-5 embryos). Hexagon dominance in baz' and pnut*® recovers in NC13.
Pentagons and hexagons are compared in each cycle using the 2 tailed, unpaired, Student’s t-test. Data is represented as mean + SEM, *P <0.05,
*P <0.01, and **P < 0.001. Graph showing average shape index of all the cells in the field in Control (+/+), baz' and pnut®® embryos in MP12-13 (n)
(n =approximately 60-80 syncytial cells, 20-30 cells/embryo; 4-5 embryos) Data is represented as mean + SEM, *P <0.05, *P < 0.01, and **P < 0.001,
2-tailed, unpaired Student’s t-test. Scale bar: 5 pm.
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We analyzed the polygonal distribution in DE-cad, Baz, and
Pnut knockdown embryos in MP12 and MP13 by live imaging mu-
tant embryos expressing tGPH, or with phalloidin staining. To as-
sess the effect of DE-cad loss on polygonal distribution, we
quantified the polygon types from the MP of shg' live movies ob-
tained with tGPH in the background. shg' embryos showed penta-
gon dominance at MP12. The percentage of pentagons was
significantly higher than hexagons in MP12 in shg!, unlike control
embryos which display hexagon dominance (Fig. 4c—e). shg' ex-
pressing embryos showed a significant increase in pentagons in
MP13 and there was no significant difference between pentagons
and hexagons in MP13 as compared to hexagon dominance seen
in control embryos (Fig. 4f-h). shg' expressing embryos showed
ruffled membranes as opposed to the taut and sharp membranes
in the controls. The tGPH fluorescence at the furrow membrane
was spread over a larger area as compared to control embryos
(Supplementary Fig. 4a and b, Supplementary Video 4). Since con-
trol embryos showed hexagon dominance at MP and notat 6.5 pm
in NC12 (Supplementary Fig. 1), the loss of hexagon dominance in
shg' expressing embryos is likely to be due to loss of adhesion
thereby leading to decreased furrow stability and length in MP12
and MP13. The cell shape index also increased in shg' expressing
embryos (4.62 in MP12, 4.44 in MP13) as compared to controls
(4.28in MP12 and 4.14 in MP13) in MP12 and MP13 thereby indicat-
ing a shift to a more unstable or fluid network (Fig. 4h).

baz! expressing embryos and pnut*® germline clone embryos
(Fig. 4i-o) stained with fluorescently coupled phalloidin showed
a significant increase in the frequency of pentagons and loss of
hexagon dominance in MP12 as compared to controls (Fig. 4i, j
and m). However, the hexagon dominance was similar to controls
in MP13 (Fig. 4k-m). The cell shape index was increased in
Baz-depleted embryos as compared to controls (4.44 in MP12
and 4.28 in MP13 as compared to controls 4.33 in MP12 and 4.16
in MP13) (Fig. 4n). The cell shape index was increased in
Pnut-depleted embryos as compared to controls (4.47 in MP12
and 4.34 in MP13) (Fig. 4n). Overexpression of the Baz oligomeriza-
tion domain (BazA969-1464-GFP) that lowered Baz and depleted
Pnut from the membrane also showed loss of hexagon dominance
in MP12 and not in MP13 (Supplementary Fig. 5a-d). However, the
cells were better organized as compared to baz' and the cell shape
index was almost similar to controls in these embryos suggesting
that the expression of the oligomerization domain caused a less
severe defect as compared to bazl (Supplementary Fig. 5d).
These data together showed that this decreased furrow length
in MP did not support the organization of the PM in a hexagon
dominated polygon array and in baz' and pnut expressing embryos
similar to controls at 6.5 um (Supplementary Fig. 1). This is further
corroborated by the observation that hexagon dominated polygon
organization recovered in MP13 of baz' and pnut! expressing em-
bryos, which also showed longer furrow lengths similar to control
MP13. However, the cell shape index remained higher and the net-
work remained more unstable in baz' and pnut' expressing em-
bryos as compared to controls (Fig. 4k-n).

Therefore, our data shows that the decrease in furrow length
seen upon loss of DE-cad, Baz, and Pnut s likely to cause a decrease
in its stability as suggested by the increase in cell shape index, and
loss of hexagon dominance in syncytial Drosophila embryos.

Recovery of hexagon dominance in Bazooka and
Peanut mutant embryos occurs during syncytial
cycle 13 with furrow extension

Hexagon dominance was seen in the syncytial Drosophila embryo
on an increase in furrow length at MP in NC12 as well as at shorter

furrow lengths of 6.5 um in the prophase of NC13 (Supplementary
Fig. 1b-d). Therefore, we analyzed whether hexagon dominance
could also occur at shorter furrow lengths of 6.5 ym in NC13 in
Baz and Pnut knockdown embryos. Since the predominant cell
shapes in the syncytial embryos were hexagons and pentagons,
we plotted the distribution of polygons and the ratio of pentagons
to hexagons in controls, Baz, and Pnut depleted embryos, with re-
spect to furrow length, from live movies of embryos expressing
tGPH. For control embryos, we found that hexagon dominance
was present when the polygonal array was established in NC13
at 6.5 pm in prophase and remained until MP (MP13). However,
Baz and Pnut depleted embryos showed pentagon dominance
at the furrow length of 6.5 pm in NC13, and hexagon dominance
at the maximum furrow length in MP of NC13 (MP13) (Fig. 5a—e).
The ratio of pentagons to hexagons increased in Baz and Pnut
depleted embryos at 6.5 um in NC13 and was significantly higher
than controls (Fig. 5f) whereas at MP13, the ratio of pentagons to
hexagons was not significantly different from controls (Fig. 5f).
The cell shape index remained slightly higher than controls in
both NC12 and NC13 at 6.5 pm and at MP (Fig. 5g). In summary,
hexagon dominance occurred in NC13 in both Baz and Pnut
knockdown embryos at longer furrow lengths in MP. It is pos-
sible that increased recruitment of polarity and adhesion com-
plexes occurred at increased furrow length and this allowed
the furrow to stabilize and get organized as a hexagon-dominant
polygon array.

Bazooka and Peanut depleted embryos show an
increase in DE-cadherin at the furrow

Furrow formation was affected in embryos depleted of DE-cad
possibly due to lack of adhesion and stabilization of furrows.
Unlike Baz- and Pnut-depleted embryos that show a delay in the
onset of hexagon dominance, we found that loss of DE-cad led
to the loss of hexagon dominance in both MP12 and MP13. We
tested if DE-cad levels changed in Baz- and Pnut-depleted em-
bryos. We hence imaged DE-cad distribution in live and fixed
Baz- and Pnut-depleted embryos. DE-cad levels were estimated
in Baz- and Pnut-depleted embryos by immunostaining for
DE-cad using an antibody (Fig. 6) and expressing ubi-DE-cad-GFP
in these embryos (Supplementary Video 5-7). Immunostaining
with a DE-cad antibody showed that DE-cad levels increased on
the furrow in MP12 and MP13 in Baz and Pnut depleted embryos
as compared to controls (Fig. 6a—c). Baz and Pnut depleted em-
bryos expressing DE-cad-GFP did not show a significant change
in DE-cad-GFP fluorescence as compared to controls in MP12
(Supplementary Video 5-7). However, 50% of these embryos
showed an increase in DE-cad-GFP fluorescence as compared to
controls (Fig. 6d and f). DE-cad-GFP levels were significantly in-
creased in MP13 in Baz and Pnut depleted embryos as to controls
(Fig. 6e and f). In summary, we observe that DE-cad depletion
leads to loss of hexagon dominance (Fig. 3) whereas Baz- and
Pnut-depleted embryos showed hexagon dominance in MP13 at
higher levels of DE-cad as compared to controls (Figs. 4 and 7). It
is interesting to note that increased DE-cad in MP12 did not sup-
port hexagon dominance in the absence of Baz and Pnut.

Baz- and Pnut-depleted embryos show an
increased accumulation of Dynamin and Rab5

at the furrow membrane

Polarity proteins are known to regulate endocytosis at the PM
(Shivas et al. 2010). The levels of DE-cad at the PM will change
based on the rates of endocytosis. DE-cad endocytosis in-
creases in Drosophila tracheal tissues during active remodeling
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Fig. 5. Appearance of hexagon dominance in Baz and Pnut knockdowns occurs in MP of NC13. a and b) matatub-Gal4; baz' (baz') and matatub-Gal4; pnut!
(pnut’) embryos show loss of hexagon dominance at a shorter furrow length at NC13 when wildtype is already hexagon dominant. Grazing and sagittal
sections of atub84B-tGPH (referred to as tGPH) expressing control, baz' and pnut' embryos at NC13 at a short furrow length of 6.5 um (a) along with the
respective color-coded polygon renderings (b). c and d) baz' and pnut' embryos show recovery of hexagon dominance at the maximum furrow length at
MP13. Grazing and sagittal sections of tGPH expressing control, baz' and pnut' embryos at MP13 at maximum furrow length in MP (c) along with the
respective color-coded polygon renderings (d). e-g) Baz and Pnut knockdowns show a length-dependent recovery of hexagon dominance at NC13. Graph
showing the polygon distribution of control, baz' and pnut' embryos at NC13 at a short furrow length of 6.5 um and at MP (e). Graph showing the pentagon
to hexagon ratio of control, baz' and pnut! embryos at NC13 at a short furrow length of 6.5 um and at MP (f). Data is represented as mean + SEM, *P < 0.05,
*P <0.01, and **P < 0.001, 2-tailed, unpaired Student’s t test. Graph showing average shape index of all the cells in the field in control, baz' and pnut!
embryos at NC13 at a short furrow length of 6.5 pm and at MP (g). Data is represented as mean + SD, *P < 0.05, **P < 0.01, and ***P < 0.001, 2-tailed, unpaired

Student’s t-test. Scale bar =5 pm.

(Shindo et al. 2008). DE-cad is present at higher levels at the PM in
notum epithelial cells when endocytosis decreases in Par6 and
aPKC mutants (Georgiou et al. 2008). Dynamin-mediated endo-
cytosis is important for furrow extension in the syncytial blasto-
derm embryo (Rikhy et al. 2015). Increased accumulation of
Dynamin at the furrow in temperature-sensitive mutants of
Dynamin, shibire, shows decreased endocytosis and accumulation
of DE-cad at the furrow (Rikhy et al. 2015). Since DE-cad increased
in levels at the furrow in Baz- and Pnut-depleted embryos in MP12
and MP13, we assayed for distribution of Dynamin and early endo-
some protein Rab5 at the furrow in Baz- and Pnut-depleted em-
bryos. We immunostained Baz and Pnut depleted embryos with

Dynamin (Rikhy et al. 2015) and Rab5 (Tanaka et al. 2021) anti-
bodies along with phalloidin and quantified the extent of change
of fluorescence at the furrow as a ratio to the adjacent cytoplasm
in MP12 and MP13. Dynamin is localized weakly at the furrow
marked with phalloidin in control embryos in MP12 and MP13
(Fig. 7a and b). We found that there was an increase in Dynamin
fluorescence at the furrow in the form of distinct punctae and in
the cytoplasm in both Baz and Pnut depleted embryos (Fig. 7a
and b). We specifically quantified the increase in Dynamin fluores-
cence at the furrow marked by phalloidin as a ratio to the cyto-
plasm and found that there is a significant increase at the furrow
in MP12 and MP13 in Baz- and Pnut-depleted embryos (Fig. 7c).
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Fig. 6. DE-cad levels increase in Baz and Pnut knockdown embryos. a—c) Grazing sections of control, matatub-Gal4; baz' (baz') and matatub-Gal4; pnut' (pnut’)
stained with DE-cad in MP12-13 (a and b). Insets show zoomed in images. The 16 color rainbow scale from the image] is used to show fluorescent
intensities. Graph showing quantification of the intensity of DE-cad on the membrane using membrane to cytosol ratios in baz' (n = 15-25, 4-10 cells per
embryo from MP12-13, 3-5 embryos) and pnut' embryos (n = 20-60, 5-10 cells per embryo from MP12-13, 4-5 embryos) (c). DE-cad is increased in both baz'
and pnut' embryos with higher significance value in MP13 than MP12. For MP12, DE-Cad accumulations are observed at approximately 2-2.4 microns of
furrow length in both baz' and pnut' embryos. For MP13, DE-Cad accumulations are observed at around 2.4-4 microns of furrow length in both baz' and
pnut' embryos. Data is represented as mean + SD, *P < 0.05, **P < 0.01, and **P < 0.001, 2-tailed, unpaired Student’s t-test. Scale Bar = 10 pm. d—f) Grazing
sections of ubi-DE-cad-GFP/+, ubi-DE-cad-GFP; matatub-Gal4, UAS-baz' (baz!), and ubi-DE-cad-GFP; matatub-Gal4, UAS-pnut' (pnut') embryos in MP12-13 (d
and e). Insets show zoomed in images. The 16 color rainbow scale from the image] is used to show fluorescent intensities. Graph showing quantification of
normalized intensity of DE-cad on the membrane using membrane to cytosol ratios in baz! and pnut' embryos (n = 12-15, MP12-13, 5 cells per embryo,
5 embryos). DE-cad is increased in both baz' and pnut' embryos in MP13 (f). Data is represented as mean + SD, *P < 0.05, **P < 0.01, and **P < 0.001, 2-tailed,
unpaired Student’s t-test. Scale bar =5 pm.

Rabs fluorescence was observed in punctae and weakly at the fur-
row which is marked by phalloidin in control embryos in MP12 and
MP13 (Fig. 7d and e). We found that there was an increased accu-
mulation of Rab5 at the furrow in Baz- and Pnut-depleted embryos
(Fig. 7d and e). We quantified the Rab5 fluorescence at the furrow
in MP12 and MP13 embryos and found that there was a significant
increase in accumulation at the furrow (Fig. 7f). This accumulation
of Dynamin and Rab5 at the furrow implicates a decrease in endo-
cytosis at the furrow PM in Baz and Pnut depleted embryos and this

is likely to be the cause of the accumulation of DE-cad in NC12 and
NC13. Future analysis of endocytic mutants will confirm whether
loss of endocytosis, in general, leads to loss of furrow stability and
hexagon-dominated polygon organization in the syncytial blasto-
derm Drosophila embryo.

In summary, we show that successive division cycles in the
syncytial Drosophila blastoderm embryo show hexagon dominated
PM organization, and a decrease in cell shape index accompanied
by an increase in the concentration of polarity proteins at the
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embryos) and pnut' embryos (n = 30-39, 4-5 cells per embryo MP12-13, 6-8 embryos) (c). Dynamin is increased in both baz' and pnut' embryos with
higher significance value in MP13 than MP12. For MP12, the image shown for Dynamin accumulations is at approximately 1.8-2.4 microns of furrow
length in both baz! and pnut' embryos. For MP13, the image shown for Dynamin accumulation is at around 2.4-4 microns of furrow length in both baz'
and pnut' embryos. Data is represented as mean + SD, *P < 0.05, *P < 0.01, and **P < 0.001, 2-tailed, unpaired Student’s t test. Scale Bar = 10 um. d-f)
Grazing sections of control (+/+), baz' and pnut' stained with Rab5 in MP of MP12-13 (d and e). Graph showing quantification of intensity of RabS on the
membrane using membrane to cytosol ratios in baz! (n = 25-26, 4-5 cells per embryo from NC12-13, 5 embryos) and pnut' embryos (n = 10-25, 5 cells per
embryo from MP12-13, 2-5 embryos) (f). Rabs is increased in both baz' and pnut' embryos in MP12 and MP13. For MP12, the image shown for Rab5
accumulation is at approximately 1.8-2.4 microns of furrow length in both baz! and pnut! embryos. For MP13, the image shown for Rab5 accumulations
is at around 2.4-4 microns of furrow length in both baz' and pnuti embryos. Data is represented as mean + SD, *P <0.05, **P < 0.01, and ***P < 0.001,

2-tailed, unpaired Student’s t-test. Scale Bar =10 pm.
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furrow. DE-cad regulates the formation of furrow, cell stability,
and hexagon dominance. Baz and Pnut depleted embryos show
hexagon dominance coincident with an increase in levels of
DE-cad as compared to controls. It is likely that decreased cell
shape index and delayed onset of hexagon-dominated polygon or-
ganization in Baz and Pnut depleted embryos occurs only when
higher levels of DE-cad are obtained in MP13. These observations
highlight an inter-regulation of polarity, adhesion, and endocyto-
sis proteins in order to achieve appropriate stabilization of the fur-
row membrane to achieve a stable hexagon-dominated polygonal
array in the syncytial Drosophila blastoderm embryo.

Discussion

In this study, we show that the formation of hexagon dominated
PM organization in a relatively stable epithelial-like array occurs
in the presence of a combination of adhesion and polarity proteins
in the syncytial Drosophila blastoderm embryo from the MP stage
of NC12. Pentagons and hexagons are equally likely in NC11
when edges first form and hexagons are present at a frequency
of almost double the number of pentagons from the MP of NC12
up to NC13. Since the syncytial cycles do not have a complete ba-
sal domain, the lateral membrane, i.e. the pseudocleavage furrow,
is sufficient to regulate the stability of the epithelial-like array
showing hexagon dominance. There is a decrease in cell shape in-
dex across the syncytial cycle showing that increased crowding
correlates with a more stable polygonal array. We have character-
ized the role of Baz, Pnut, and DE-cad proteins in the regulation of
the lateral furrow length and polygon array distribution in the
syncytial embryo. This analysis reveals furrow and polygon distri-
bution phenotypes in 2 categories: (1) DE-cad depleted embryos
have short furrows, loss of hexagon dominance, and an increase
in cell shape index; (2) Baz- and Pnut-depleted embryos have
slightly short furrows, delay in hexagon dominance and an in-
crease in cell shape index. Even though the cell shape index is
more than controls in DE-cad, Baz, and Pnut depleted embryos,
there is a decrease from MP12 to MP13 showing that cell prolifer-
ation and associated changes in the PM give rise to a more stable
network. Hexagon dominance appears in Baz and Pnut mutant
embryos in NC13 with an increase in furrow lengths. This is

MP12 MP13

0999
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Polygon
distribution

Lateral membrane length
and Polarity

e DE-cad
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= Pnut
© Endocytic Vesicles

Wildtype baz

MP13

0-00 090 O

coincident with an increase in DE-cad levels and accumulation
of endocytic machinery at the furrow PM. These studies, there-
fore, reveal the requirement of stability of the furrow PM, by the
combination of polarity and adhesion proteins, and further impli-
cate endocytosis rates in the regulation of de novo hexagon dom-
inant epithelial-like PM in the syncytial Drosophila embryo (Fig. 8).
DE-cad function is more significant for furrow extension as com-
pared to Baz and Pnut. Baz and Pnut are important for the stabil-
ization of the furrow membrane to give rise to hexagonal
dominant furrow membrane organization. Vertices mature and
stabilize in NC12 with the accumulation of Baz at edges and
Pnut at vertices. Baz presence on the furrow membrane is import-
ant for Pnut distribution.

DE-cad loss significantly decreased but did not completely abol-
ish lateral furrows. If this is the major protein responsible for the
stabilization of adhesion of furrow membranes of adjacent syncyt-
ial cells, we should have obtained a phenotype of complete loss of
furrow but we only saw a reduction in furrow length. We argue
that this could be due to the inability to deplete DE-cad completely
with the RNAI strategy. Also, it could be due to the presence of
other proteins that are responsible for keeping the furrow mem-
brane adhered to each other. Other transmembrane proteins
such as Crumbs, Neuroglian, and Neurexin are not present in syn-
cytial embryos (Harris and Peifer 2004; Laprise et al. 2009). Future
analysis of other cadherin-like adhesion molecules such as
Echinoid may be useful in this direction (Wei et al. 2005).

We find that DE-cad levels regulate the stabilization of the fur-
row and the occurrence of hexagon dominance in the syncytial
blastoderm embryo. DE-cad increases during the syncytial div-
ision cycles from MP11 to MP13 along with Baz and Pnut. An in-
crease in DE-cad can also occur due to the loss of endocytosis
and recycling in the Drosophila wing disc epithelium and blasto-
derm embryo (Classen et al. 2005; Rikhy et al. 2015; Iyer et al.
2019). We observed that Baz and Pnut depletion on the syncytial
furrow led to an increase in DE-cad and accumulation of endocy-
tic proteins at the furrow. This shows that Baz and Pnut depleted
embryos show hexagon dominance at higher levels of DE-cad
than controls. Since DE-cad depletion shows loss of hexagon
dominance, this compensatory increase in DE-cad is likely to
be responsible for the rescueof hexagon dominance in MP13 in

MP12 MP13 MP12 MP13

pnut' shg'

Fig. 8. Summary schematic showing the distribution of DE-cad, Baz and Pnut on the lateral furrow and polygon distribution in the Drosophila syncytial
blastoderm embryo in NC13. Control embryos show hexagon dominance in MP12-13 with a significant amount of DE-cad, Baz, and Pnut on the lateral
furrow. DE-cad undergoes endocytosis at the furrow membrane. Loss of Baz or Pnut results in a shorter furrow and delay in the onset of hexagon
dominance while loss of DE-cad results in a shorter furrow along with a loss of hexagon dominance. Note the difference in the protein complex
composition in the various mutants along with the possible accumulation of endocytic vesicles on the cell membrane. baz' shows the loss of Baz and Pnut,
while pnut' shows loss of Pnut only. DE-cad is increased in baz' and pnut! in MP13 along with increased accumulation of endocytic machinery, which
correlates with the recovery of hexagon dominance. shgi, on the other hand, shows a decrease or mislocalization of DE-cad, Baz, and Pnut.
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Baz- and Pnut-depleted embryos. Further elucidation of defects
in proteins regulating membrane trafficking will also reveal the
mechanisms by which endocytosis decreases in Baz and Pnut de-
pleted embryos.

Baz and DE-cad play significant roles in being the primary mo-
lecules initiating the polarity program in different tissues. Baz in-
itiates adherens junction polarity in Drosophila cellularization and
gastrulation (Mtiller and Wieschaus 1996; Harris and Peifer 2004;
Pilot et al. 2006) but is dispensable in follicle epithelial cells
(Shahab et al. 2015). During mesoderm invagination, apical move-
ment of DE-cad precedes the relocation of Baz, and thus, the
asymmetry in DE-cad distribution here does not depend on Baz
(Weng and Wieschaus 2017). This is similar to mammalian cells
where E-cad is recruited to contact points before Baz (Coopman
and Djiane 2016). This suggests that depending on the tissue
type or developmental stage, the relative importance of Baz and
E-cad in initiating polarity may change. We show that DE-cad is
important for the distribution of both Baz and Pnut to the furrow.
In the absence of identification of other adhesion proteins in the
syncytial blastoderm embryo, we conclude that DE-cad assumes
a significant role in furrow formation and stabilization in the
Drosophila syncytial blastoderm embryo.

Asynchronous cell division in Drosophila wing disc epithelia is
one of the mechanisms that give rise to a hexagon dominant
and energy-minimized network (Gibson et al. 2006). It is interest-
ing to note that synchronous divisions in the syncytial Drosophila
blastoderm embryo also result in hexagon dominance in NC12.
These observations are consistent with the presence of nuclei
in a hexagon dominated polygonal organization in the syncytial
Drosophila embryo (Kanesaki et al. 2011; Kaiser et al. 2018).
Cytoskeletal dynamics coupled with polarity protein distribution
favor the organization of this network.

A decreased number of edges in the polygonal array is a favor-
able state for cell neighbor exchanges and gives rise to a soft net-
work (Farhadifar et al. 2007). The increase in pentagons in Baz and
Pnut depleted embryos indicates a similar transition to a soft net-
work possibly due to decreased stabilization of the furrow even in
the presence of DE-cad and furrow length. The contacts in the Baz
and Pnut mutant embryos are likely to facilitate neighbor ex-
changes. An increase in DE-cad on the furrow in MP13 in Baz
and Pnut depleted embryos may allow for conversion back to
hexagon-dominated state by formation and stabilization of one
additional edge and vertex. Future analysis of change in furrow
tension in various genetic backgrounds, along with mathematical
modeling, will reveal the mechanisms that drive shape morpho-
genesis in Drosophila syncytial blastoderm embryos.
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