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Abstract

The cortical actomyosin cytoskeleton generates the mechanical force driving highly dynamic processes
occurring during epithelial morphogenesis, such as cell shape changes during cell division, cell
intercalation, and the formation of furrows and tubes. The LIM domain protein Smallish (Smash) was
shown to modify actomyosin contractility during morphogenesis since smash®>**™ null mutants show
reduced membrane tension, whereas overexpression of Smash leads to apical constriction in the
follicle epithelium. Many smash®**™ null mutant embryos show strong epithelial morphogenetic
defects, likely due to misregulation of the actomyosin cytoskeleton. Although we have several lines of
evidence demonstrating that Smash is functioning in a large protein interaction network to control
membrane tension via the actomyosin cytoskeleton, the precise mechanism of how Smash functions

remains to be elucidated.

This study provides new insight into the molecular working mechanism of Smash. We showed that
Smash is required for efficient phosphorylation of the non-muscle myosin Il regulatory light chain
encoded by spaghetti squash (sqh). The effect of Smash on Sgh phosphorylation appeared to be
indirect because Smash did not influence Rok kinase activity in vitro. Instead, a novel dominant
negative allele of smash provides evidence that Smash might be involved in regulating signaling
upstream of Rok. In addition, we demonstrated that the myosin binding domain of Smash is crucial to
induce actomyosin contractility. We suggest that the myosin binding domain of Smash is necessary to
provide scaffolding function for Rok and Myosin Il, thereby enabling Sgh phosphorylation, which in

turn activates actomyosin contraction driving cell shape changes.

A detailed investigation of the smash null and dominant negative allele demonstrated the importance
of Smash in regulating the actomyosin cytoskeleton during epithelial morphogenesis, especially during
germ band elongation. The generation of CRISPR/Cas9 GFP knock-in lines expands our molecular
toolkit to study the spatiotemporal behavior of Smash during morphogenesis, since the sfGFP knock-
in line of SmashPM faithfully reflected the expression pattern and subcellular localization of Smash as
described using an N-terminal a-Smash antibody. Moreover, the novel sfGFP knock-in lines revealed

isoform-specific expression of SmashPI in posterior follicle cells during late oogenesis.

Our phenotypic data were supported by the results obtained by a biotin proximity labeling assay, which
was used to identify novel Smash-interacting proteins. This assay identified several promising
actomyosin-associated proteins as potential Smash interaction partners. Among those were some with
a reported function in embryonic morphogenesis and some others uncover a potential involvement of
Smash in establishing oocyte polarity, ovulation, muscle development, cytokinesis, or regulating gene
expression. A detailed analysis of these proteins and their interaction with Smash during
morphogenesis and the other processes is likely to reveal important new insight into the mechanisms

of actomyosin regulation.
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1 Introduction

1.1 Establishment of cell polarity in epithelial cells during development

During the embryonic development of multicellular organisms, epithelia are among the first tissues
that are formed. Epithelia provide physiological and mechanical barrier functions and are important
for tissue and organ formation (Rodriguez-Boulan & Macara, 2014). To enable the proper formation of
tissues and organs, epithelial cells possess several unique properties. First, epithelial cells are highly
proliferative. They can orientate their mitotic spindle to divide either parallel or perpendicular to the
sheet (Ragkousi & Gibson, 2014). Second, epithelial cells can modify their migratory behavior through
a process called epithelial-mesenchymal transition (EMT). Thereby, epithelia can adopt a mesenchymal
phenotype, allowing them to ingress into a defined region of the embryo. This process is reversible
(mesenchymal-epithelial transition, MET). Thus, epithelial cells can constantly switch between an
epithelial and a mesenchymal phenotype (Kalluri & Weinberg, 2009; Lim & Thiery, 2012). Third,
epithelial cells can change their shape. This is important when cells need to reduce their apical cell
perimeter, e. g. during gastrulation or tubulogenesis (Sawyer et al., 2010). A fundamental requirement
for all these properties is the establishment of cell polarity, which is defined by the asymmetric
distribution of different cellular components, such as organelles, proteins, or lipids, within a cell

(Rodriguez-Boulan & Macara, 2014).

Epithelia are highly polarized structures that form apical and basolateral membrane domains, thereby
introducing an apicobasal polarity gradient (Rodriguez-Boulan & Macara, 2014). Depending on the
type of epithelium, the apical membrane domain, which is facing the environment or the lumen, can
fulfill different functions, such as selective absorption, secretion, or sensory transduction. Apical
protrusions are often formed to facilitate these functions. The lateral membrane domain faces
neighboring cells and is required for intercellular adhesion, communication, and barrier function.
These functions are provided by different junctional protein complexes, such as adherens junctions
(AJs), desmosomes, gap junctions, or tight junctions (TJs). The basal membrane domain is important
for anchoring the epithelium to the underlying tissues (Rehfeld et al., 2017). According to their
function, the lipid and protein composition of the respective membrane domains differs (Giepmans &
van ljzendoorn, 2009). The difference in membrane composition is maintained by selective synthesis,
targeting, and stabilization. Selective synthesis ensures that membrane components are
predominantly synthesized in a defined area of the cell surface. Through targeted vesicle transport
along polarized microtubules, newly synthesized membrane components are delivered to their target
membrane domain and internalized membrane components are selectively stabilized at defined

membrane areas (Giepmans & van ljzendoorn, 2009; Matter, 2000).
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Over the past decades, Drosophila melanogaster epithelial morphogenesis has been extensively
studied to investigate the mechanisms establishing and regulating cell polarity. In Drosophila, the
apical membrane domain contains the subapical region (SAR), which functions as a diffusion barrier
within the membrane to segregate apical and basolateral membrane domain components. The
basolateral domain comprises so-called septate junctions (SJs) that act as a trans-epithelial barrier. In
vertebrates, the SAR and SJs are absent. Instead, apically localized TJs fulfill a comparable function.
The apical and basolateral domains are separated by the zonula adherens (ZA), a belt-shaped structure
consisting of adherens junctions (AJs) which are connected through actin fibers (Knust & Bossinger,

2002). The structure of Drosophila and vertebrate epithelial cells is depicted in Figure 1.

Drosophila Vertebrates
SAR ‘ x “ & T ‘ x “ ;
T U Actinger w U adineer 0

SJ

Figure 1: Comparison of Drosophila and vertebrate epithelial cells. The plasma membrane of Drosophila epithelial cells can
be divided into an apical domain containing the subapical region (SAR) and a basolateral domain containing septate junctions
(SJ). These two domains are separated by the zonula adherens (ZA). In contrast, tight junctions are incorporated into the
apical domain of vertebrate epithelial cells. TJs are confined by the ZA (Knust & Bossinger, 2002).

Als are multiprotein structures consisting of the transmembrane protein E-Cadherin (encoded by
shotgun [shg] in Drosophila) that mediates intercellular adhesion by interacting with the extracellular
domain of another E-Cadherin, which is anchored in the plasma membrane of neighboring cells. The
cytoplasmic domain of E-Cadherin is linked to B-Catenin (encoded by armadillo [arm] in Drosophila)
and further proteins such as a-Catenin, a-Actinin, Afadin (Canoe [Cno] in Drosophila), Spectrin, or
Vinculin connect the E-Cadherin/B-Catenin complex with the cortical actin cytoskeleton (Figure 2)
(Gates & Peifer, 2005). The cortical membrane-anchored actin cytoskeleton provides membrane
stability on the one hand and mediates cell shape changes on the other. During shape changing events,
AlJs provide cell adhesion by connecting neighboring cells, thereby maintaining tissue integrity.
Notably, the loss of ZA components leads not only to the loss of cell adhesion but also abolishes cell
polarity, highlighting the importance of the ZA in polarity establishment (Bilder et al., 2003; Mdller &
Wieschaus, 1996).
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Figure 2: Organization of the ZA in epithelial cells in vertebrates. The ZA consists of AJs, which are connected by intracellular
actin fibers spanning the whole apical cell cortex. AJs are multiprotein structures composed of the transmembrane protein
E-Cadherin, which mediates adhesion between neighboring cells and the cytoplasmic linker protein B-Catenin. p-Catenin
binds various scaffolding proteins such as a-Catenin, Spectrin, Vinculin, Afadin, or a-Actinin which mediate the interaction
with F-actin. Each described vertebrate AJ protein has a homolog in Drosophila (Gates & Peifer, 2005).

Epithelial polarity is established very early during embryonic development. After fertilization of the
egg, the Drosophila embryo undergoes 13 nuclear divisions, forming a syncytial blastoderm that
contains around 6000 nuclei. These nuclei assemble as a monolayer beneath the egg membrane before
the so-called cellularization process starts. Cellularization describes a process that generates the
epithelial blastoderm by enclosing the nuclei with the plasma membrane. Cellularization is initiated by
membrane invagination, which leads to the formation of the so-called furrow canal (FC). Along the FC,
initial basal adherens junctions (BJs) are formed. As the FC further ingresses, spot adherens junctions
(SAJs) are formed along the invaginating membrane. While the BJs resolve as cellularization is
completed, the apical SAJs are assembled and will form the ZA later during gastrulation. At the end of
cellularization, a contractile actomyosin ring localized at the furrow canal is responsible for completing
the enclosure process (Miller & Bossinger, 2003; Schejter & Wieschaus, 1993). The complete process

of cellularization is illustrated in Figure 3.
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Figure 3: Cellularization during Drosophila embryogenesis. Cellularization starts in stage 5 embryos and transforms the
syncytial blastoderm into a cellular blastoderm. (A) Cellularization is initiated by furrow canal (FC) formation to separate the
single blastoderm nuclei. (B) FC formation is accompanied by the formation of basal adherens junctions (BJs). The FC ingresses
further basally and eventually starts to widen laterally to enclose the nucleus. During FC ingression, spot adherens junctions
(SAJs) are formed along apical and lateral membranes. (C) At the beginning of gastrulation, SAJs accumulate at the apical
membrane, where they start the formation of Als. BJs have dissolved. During gastrulation, the subapical region (SAR) and an
apical margin of the lateral membrane (ALM) are established. During ZA maturation, SAR and ALM provide spatial cues for
the proper positioning of the ZA. (D) After germ band retraction, ZA maturation is complete. The mature junctional complex
consists of SAR, ZA, and SJs (Miiller & Bossinger, 2003).

Already during cellularization, epithelial cells exhibit clear apicobasal polarization. The generation and
maintenance of cell polarity are mainly dependent on three different key protein complexes: the
Bazooka complex, the Crumbs complex, and the Scribble complex (Macara, 2004). The Bazooka
complex is composed of the protein Bazooka (Baz, Par3 in vertebrates) that serves as a scaffold for the
atypical protein kinase C (aPKC) and its activator partitioning defective 6 (Par6). The core components
of the Crumbs complex comprise the transmembrane protein Crumbs (Crb) and the scaffolding protein
Stardust (Sdt) which in turn mediates an interaction with Pals1-associated tight junction protein (PAT)J)
and Lin7. The Scribble complex contains the proteins Scribble (Scrib), Discs large (Dlg) and Lethal giant
larvae (Lgl) (Bulgakova & Knust, 2009; Humbert et al., 2003; Lang & Munro, 2017). The Crumbs
complex, aPKC, and Par6 localize to the SAR. In close proximity, Bazooka associates with the ZA. In

contrast to that, the components of the Scribble complex are restricted to the basolateral membrane

(Bilder et al., 2003; Harris & Peifer, 2005).

Bazooka is the major upstream signaling component in establishing cell polarity since Baz was shown
to induce the correct assembly of the ZA (Harris & Peifer, 2004). The phosphorylation of Baz at Ser®®
by aPKC stabilizes the localization of Baz at the ZA (Krahn et al., 2010; Morais-de-Sa et al., 2010). In
addition, Par-1 phosphorylates Baz at Ser>! and Ser®® to exclude Baz from the lateral domain, thereby
maintaining the accurate subcellular localization of Baz (Benton & St Johnston, 2003). Although Std
belongs to the Crumbs complex, Baz interacts with Std via its Postsynaptic density 95/Discs
large/Zonula occludens 1 (PDZ) domain, thereby recruiting Std to the apical domain. Baz competes

with Crb in binding Std. Upon phosphorylation of Baz by aPKC at Ser®®°, Std is released from Baz and

can interact with Crb at the apical domain (Bilder et al., 2003; Krahn et al., 2010).
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Although Par-6 and aPKC belong to the Bazooka complex, both can dynamically interact with
components of the Crumbs complex to maintain apical membrane identity. Thus, phosphorylation of
Crb by aPKC is necessary for proper Crb subcellular localization (Sotillos et al., 2004). Moreover, the C-
terminal PDZ binding motif (PBM) of Crb binds not only to Std but also to Par-6 (Kempkens et al., 2006).
In addition to the PBM, the cytoplasmic tail of Crb contains a 4.1 protein, Ezrin, Radixin, Moesin (FERM)
binding motif (FBM) that enables the interaction with different FERM domain-containing proteins such
as Moesin, Yurt, or Expanded (Laprise et al., 2006; Robinson et al., 2010; Wei et al., 2015). These

proteins function as linker between Crb and the cytoskeleton.

The Scribble complex controls the formation of a basolateral cell identity. While Scrib and Dlg are
restricted to SJs, Lgl localizes along the whole lateral membrane domain (Yamanaka & Ohno, 2008).
Although not all members of the Scribble complex share the same subcellular localization, their
localization is mutually dependent on each other (Bilder et al., 2000). Moreover, Lgl phosphorylation
by aPKC restricts Lgl to the lateral domain (Betschinger et al., 2003; Plant et al., 2003). In turn, Lgl is
responsible for removing Crb from the basolateral domain and thereby antagonizes the Crumbs
complex (Tanentzapf & Tepass, 2003). It was demonstrated that the Scribble complex is not only
important to determine the basolateral but also the apical cell identity since in scrib mutants apical
proteins such as Arm or Crb are mislocalized, resulting in disorganization of the epithelium (Bilder &

Perrimon, 2000).

To sum up, the polarized distribution of the three major polarity complexes is regulated by the
competitive behavior of the single components to define the apical and basolateral domains.
Moreover, the presence of multiple protein interaction domains enables the recruitment of several
additional proteins, making the polarity network highly dynamic (Bulgakova & Knust, 2009; Flores-
Benitez & Knust, 2016). The complex interplay of the polarity regulators to determine apicobasal cell

polarity in epithelia is illustrated in Figure 4.
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Figure 4: Establishment of apicobasal polarity in Drosophila epithelial cells. The main polarity regulators belonging to the
Bazooka (green), Crumbs (grey), and Scribble (blue) complex are shown. Additional interacting proteins are marked in yellow.
Proven interactions are depicted by dotted lines. Phosphorylation is indicated by arrows (modified from Flores-Benitez &

Knust, 2016).
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1.2 Planar cell polarity is established in multicellular tissues

Unlike apicobasal cell polarity, planar cell polarity (PCP) is established in a perpendicular axis within
the plane of an epithelial sheet. PCP is necessary for propagating directional cues along the whole-
body plane. In non-motile tissues, PCP is required for the proper formation of external structures in a
correct orientation. PCP is also required in motile cell populations, e. g. during convergent extension,
where PCP regulates cell rearrangements and cell shape changes via the actomyosin network (Butler
& Wallingford, 2018; Torban & Sokol, 2021). In Drosophila, PCP was intensively studied, for instance in
wings, where trichomes grow in a regular pattern, always pointing from the proximal to the distal end
of the wing. In addition, other polarized structures, such as sensory bristles on the thorax or ommatidia
in the eyes, were used as models to investigate PCP (Adler, 2002; Gubb & Garcia-Bellido, 1982; Held et
al., 1986; Wong & Adler, 1993).

The intense research in Drosophila identified two major pathways that are required for the formation
of polarized external structures. The first pathway is the Frizzled-dependent PCP pathway, also called
the core PCP pathway. As the name suggests, one key component of this pathway is the seven-pass
transmembrane receptor protein Frizzled (Fz) which is located at distal surfaces together with the
cytoplasmic proteins Dishevelled (Dsh) and Diego (Dgo) (Axelrod, 2001; Feiguin et al., 2001; Strutt,
2001). At the proximal side of the cell, the four-pass transmembrane protein Van Gogh (Vang, also
known as Strabismus [Stbm]) and the cytoplasmic protein Prickle (Pk) can be found (Bastock et al.,
2003; Tree et al.,, 2002). Flamingo (Fmi, also known as Starry Night [Stan]), a seven-pass
transmembrane cadherin-related protein, is located at proximal as well as distal surfaces, where it
mediates homophilic adhesions to recruit Fz and Vang to AlJs (Strutt, 2002; Usui et al., 1999). The
transmembrane proteins in the core PCP pathway enable the intercellular exchange of polarity
information, whereas the cytosolic components are important to amplify intracellular asymmetries
and translate the polarity cues into external cell shape changes (Chen et al., 2008; Jenny et al., 2003;
Strutt et al., 2011; Tree et al., 2002). Besides the positive feedback amplification through cytoplasmic
proteins, negative feedback mechanisms (mutual antagonism of Pk and Dsh) promote the asymmetric
enrichment of proteins at opposing cell membranes (Das et al., 2004; Jenny et al., 2005). In addition,
the asymmetric protein distribution is maintained by endocytosis and directional protein transport
(Butler & Wallingford, 2017). Studies in flies in which components of the core PCP pathway were
mutated showed misorientation of the wing trichomes, suggesting that the Fz-dependent PCP pathway
is propagating the polarity information from one cell to the other (Wong & Adler, 1993). The
components of the core PCP pathway are highly conserved in vertebrates (Goodrich & Strutt, 2011;
Jones & Chen, 2007). For example, mutations in the mouse Frizzled 6 homolog lead to similar hair

patterning defects as observed in Drosophila (Guo et al., 2004).
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The second pathway that is involved in the regulation of PCP is the so-called Fat-Dachsous pathway.
This pathway comprises the atypical cadherins Fat (Ft) and Dachsous (Ds) as well as the Golgi resident
kinase Four-jointed (Fj) (Fulford & McNeill, 2020). At the cellular level, Ft is enriched at proximal sides,
where it co-localizes with Vang and Pk. On the opposing distal side, Ds co-localizes with Fz, Dsh, and
Dgo. In addition, Ds binds to its downstream effector Dachs. On a tissue-wide level, Ft expression is
equally distributed along the wing, while Fj and Ds are expressed in an opposing gradient. Thereby, Ds
expression is high in proximal and low in distal parts of the wing, whereas Fj expression is high in distal
and low in proximal parts of the wing. Simply reversing this gradient is enough to reverse the wing hair
polarity (Matakatsu & Blair, 2004; Simon, 2004). Fj and Ds are proposed to act genetically upstream of
the uniformly expressed protein Ft, generating a Ft activity gradient (Yang et al., 2002). Ft and Ds
directly interact with each other, thereby forming intercellular adhesions (Matakatsu & Blair, 2004).
This interaction is influenced by Fj activity. Phosphorylation of Ft by Fj promotes the Ft-Ds binding
ability, while phosphorylation of Ds by Fj leads to a reduced binding ability between Ft and Ds (Brittle
et al,, 2010; Simon et al., 2010). Whether the core PCP and the Ft/Ds PCP pathway act in parallel or
sequentially remains controversial (Casal et al., 2006; Lawrence & Casal, 2018; Lawrence et al., 2007).
In general, molecular gradients often provide a global spatial cue that determines the direction of
polarity (Torban & Sokol, 2021). There is evidence that the opposing Ds and Ft expression gradients
direct the orientation of microtubule-dependent vesicle transport, which is supposed to be essential
in establishing initial PCP asymmetries (Matis et al., 2014; Shimada et al., 2006). The core PCP and the

Ft/Ds pathway are both depicted in Figure 5.
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Figure 5: Core PCP and Fat-Dachsous pathway in Drosophila. The core PCP pathway includes the following protein
complexes: the seven-pass transmembrane protein Fz in association with the cytoplasmic proteins Dgo and Dsh enriched at
distal sides and the transmembrane protein Vang in association with the cytoplasmic protein Pk enriched at proximal sides.
The seven-pass transmembrane protein Fmi is equally distributed at distal and proximal sides and forms homodimers with
the extracellular domain of Fmi in adjacent cells. Fmi binds Fz and Vang, thus stabilizing both proteins at opposing
membranes. The distal and proximal cytoplasmic components antagonize each other, maintaining the asymmetric
distribution of PCP proteins. The cellular asymmetries serve as global cues that are translated into external cell shape changes.
The Fat-Dachsous pathway is explained using the wing tissue as an example. The major components of the Fat-Dachsous
pathway are Ft, Ds, and Fj. Dachs binds to the cytoplasmic tail of Ds and acts as a downstream effector of Ft/Ds signaling.
While Ft is expressed equally along the wing, Ds and Fj are expressed along an opposing gradient. Thereby, Ds is enriched at
proximal sides, while Fj is enriched at distal sides of the wing. Ds and Ft form heterodimers between adjacent cells.
Heterodimerization is regulated by Fj phosphorylation of both Ds and Ft along a gradient. At proximal sides, a strong Ft
phosphorylation enhances Ft-Ds binding, whereas a strong Ds phosphorylation at distal sides weakens Ft-Ds binding

(Devenport, 2014; Torban & Sokol, 2021).

Fz is known to be involved in the Wnt signaling pathway (Ackers & Malgor, 2018; Bhanot et al., 1996).
Different Wnt proteins act as secreted ligands binding to the Fz receptor and are thought to serve as a
global cue for PCP orientation (Sokol, 2015). Two non-redundant Wnt signaling pathways were
identified: the canonical Wnt pathway, which is important for primary body axis establishment and the
non-canonical Wnt pathway, which contributes to establish PCP thereby controlling various
morphogenetic processes via the regulation of actomyosin dynamics (Figure 6) (Petersen & Reddien,
2009; Wodarz & Nusse, 1998). In the canonical pathway, the secreted Wnt ligand is received by the Fz
receptor and the co-receptor Lipoprotein receptor-related protein 5/6 (LRP5/6). In the absence of Wnt
ligands, the Glycogen synthase kinase 3 beta (GSK3B) phosphorylates B-Catenin, leading to its
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proteasomal degradation. Upon activation of the pathway, Casein kinase-1 (CK1) and GSK3B bind and
phosphorylate LRP5/6, resulting in the recruitment of cytoplasmic Dsh and Axin. Dsh stabilizes the
Axin-CK1-GSK3B complex at the plasma membrane. Thereby, the phosphorylation B-Catenin is
inhibited, resulting in the accumulation of B-Catenin in the cytoplasm. B-Catenin is translocated into
the nucleus, where it promotes the expression of Wnt responsive genes, which are relevant for cell
proliferation, differentiation, and cell cycle regulation. In the non-canonical pathway, the secreted Wnt
ligand is received by the Fz receptor. Cytoplasmic Dsh binds to Fz and transduces the Wnt signal to the
downstream effectors Rho1l, Rac, and Cdc42. These downstream effectors all belong to the Rho GTPase
protein family, whose activation leads to cytoskeleton and junction remodeling (Etienne-Manneville &

Hall, 2002; Sit & Manser, 2011).
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Figure 6: Canonical and non-canonical Wnt signaling pathway in vertebrates. When canonical Wnt signaling is inactive, Axin,
GSK3B and 1 CK1 form a complex to promote the proteasomal degradation of B-Catenin. Fz and LRP5/6 co-receptor binding
to Wnt ligands activate the pathway. Upon activation, CK1 and GSK3pB bind and phosphorylate LRP5/6, resulting in the
recruitment of cytoplasmic Dsh and Axin. DVL stabilizes the Axin-CK1-GSK3B complex at the plasma membrane, resulting in
the accumulation of B-Catenin in the cytoplasm. B-Catenin is translocated into the nucleus, where it promotes the expression
of genes relevant for cell proliferation, differentiation, and cell cycle regulation. The non-canonical Wnt/PCP signaling is also
activated by Wnt ligands binding to the Fz receptor. In contrast to the canonical pathway, recruited and activated Dsh directly
transduces the Wnt signal to downstream effectors, namely Rac, Rho, and Cdc42. The activation of those small RhoGTPases
results in actin cytoskeleton and junction remodeling. Each reported protein involved in the vertebrate Wnt signaling pathway

has a homolog in Drosophila (Sharma et al., 2018).
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1.3 The actomyosin network is regulated by the Rho-associated protein
kinase Rok

Cellular shaping and movements rely on force generation through the contractile actomyosin network
spanning the whole apical cell cortex (Guillot & Lecuit, 2013; Heer & Martin, 2017; Perez-Vale & Peifer,
2020; Pilot & Lecuit, 2005). The actomyosin network is composed of actin filaments (F-actin), actin
cross linkers, and various myosin proteins functioning as motors. Although all myosin motor proteins
provide the same function, namely the force generation by ATP hydrolysis, different classes of myosin
participate in various mechanisms. Thus, Myosin V and VI are responsible for cargo transport, Myosin
| is involved in intracellular organization, and Myosin VII and X control the dynamics of filopodial
assembly. Within this diverse superfamily of proteins, Myosin Il drives actomyosin contractility
(Hartman & Spudich, 2012). The hexameric Myosin Il is composed of two heavy chains, two essential
light chains (ELC) and two regulatory light chains (RLC) (Brito & Sousa, 2020; Vicente-Manzanares et
al., 2009). In Drosophila, myosin Il heavy chains are encoded by the gene zipper, the RLCs are encoded
by the gene spaghetti squash (Sqh), and the ELCs are encoded by the gene Mlc (Edwards et al., 1995;
Karess et al., 1991; Young et al., 1993). The N-terminal globular head contains an actin binding site and
the catalytic site for ATP hydrolysis. The two different light chains connect the N-terminal head with
the C-terminal heavy chains, forming an a-helical coiled-coil rod domain. Through this rod domain,
Myosin Il forms bipolar filaments that assemble in between the actin filaments. The energy obtained
by ATP hydrolysis is used to mediate the movement of the myosin heads along the adjacent actin
filaments, resulting in a sliding motion that leads to the final contraction of the actomyosin network.
While the ELCs stabilize the heavy chain structure, the RLC controls Myosin Il activity (Brito & Sousa,
2020; Vicente-Manzanares et al., 2009). Myosin |l activity is controlled by phosphorylation of Thr20
and Ser21 by the Rho-associated coiled-coil containing protein kinase Rok (Amano et al., 1996; Jordan
& Karess, 1997; Tan et al., 1992; Watanabe et al., 2007). In its unphosphorylated form, Myosin Il is in
its inactive state in which the formation of bipolar filaments is inhibited. Only upon phosphorylation
of the RLC by Rok, Myosin Il turns into its active state in which it can form bipolar filaments that are

incorporated with F-actin (Figure 7).
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Figure 7: Rok activates Myosin Il and drives actomyosin filament assembly. Prior to phosphorylation, Myosin Il is present in
its inactive state. Upon phosphorylation of the RLC by Rok, Myosin Il turns into its active state. Thereby, Rok kinase activity is
controlled by RhoGTPase upstream signaling. Phosphorylated Myosin Il can form bipolar filaments that accumulate in
between F-actin. There, the Myosin Il head domain catalyzes ATP hydrolysis to obtain energy that is used to conduct the
sliding motion of F-actin (modified from Vicente-Manzanares et al., 2009).

Rok is a Ser/Thr-type kinase that is regulated by RhoGTPase upstream signaling. Rok comprises a
conserved N-terminal Ser/Thr kinase domain, followed by a coiled coil domain, a Rho binding domain,
and a pleckstrin homology (PH) domain at the C-terminus. An autoinhibitory mechanism in which the
PH domain binds the kinase domain of Rok leads to Rok inactivation. Upon interaction with GTP-bound
RhoGTPase, autoinhibition is suppressed and Rok is activated (Amano et al., 2010). The GTPase-driven
activation of Rok is regulated by several upstream signaling pathways, such as Wnt (Figure 6) or Fog
signaling (Figure 8). Similar to Wnt proteins, Fog is a secreted ligand that binds to the seven-pass
transmembrane G-protein coupled receptor (GPCR) Mist, resulting in the activation of the G-protein

Concertina, which in turn leads to the activation of RhoGEF, Rho1, and Rok (Manning & Rogers, 2014).
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Figure 8: The Fog signaling pathway regulates Rok kinase activity. The secreted ligand Fog binds to the GPCR Mist and
activates the G-protein Concertina, which in turn leads to the activation of RhoGEF, Rhol, and Rok. Activated Rok
phosphorylates its target proteins. Among others, Rok targets for instance the non-muscle myosin Il regulatory light chain

(Manning & Rogers, 2014).
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1.4 The tight control of actomyosin and Als is critical for epithelial
morphogenesis

Epithelial tissues are dynamically remodeled during morphogenesis and at the same time they have to
provide a robust architecture, making them resilient to mechanical stress. To ensure that tissue
remodeling occurs without losing tissue integrity, a tight interplay between the cortical actomyosin
network and the AJs is crucial (Perez-Vale & Peifer, 2020). One important mechanism for tissue
remodeling is the so-called apical constriction. During apical constriction, the actomyosin network
accumulates at the apical cell cortex, where it is connected to Als. There, pulsatile contractions of the
membrane-associated actomyosin network induce the reduction of the apical cell perimeter (Martin
et al., 2009; Mason et al., 2013; Sawyer et al., 2010). Apical constriction enables the formation of
different invaginations and furrows for instance during gastrulation (Pilot & Lecuit, 2005). In
Drosophila, gastrulation is initiated after cellularization. First, mesodermal primordia cells start to
invaginate to form the ventral furrow. Thereby, cells undergo apical constriction followed by cell
shortening. After full internalization, cells start flattening, dividing, and spreading to form the single-
layered mesoderm. Second, shortly after the onset of ventral furrow formation, the posterior midgut
invagination starts to form. Later in development, the posterior midgut invagination gives rise to the

endoderm (Figure 9 A-C) (Leptin, 1999; Sweeton et al., 1991).

In muscle cells, Myosin Il and actin filaments are organized antiparallel to each other in a structure
called sarcomere. In contrast to this, non-muscle cortical actomyosin networks exhibit a radial,
disordered network structure. Thereby, the plus end of F-actin is anchored to Als at the apical
boundaries, while its minus end is oriented towards the apical center. Myosin Il and its activator Rok
are accumulated at the apical center of a cell, where they induce the pulsatile contraction of the

network to reduce the apical cell perimeter (Coravos & Martin, 2016) (Figure 9 D).
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Figure 9: Apical constriction leads to a reduction of the apical cell perimeter, which is important for gastrulation. (A)
Diagrams of whole embryos indicating the regions of the ectodermal, mesodermal, and endodermal primordia (marked in
different colors). Embryonic stages are indicated. In stage 5, the primordia lie at the surface of the embryo. During stage 6,
ventral furrow formation occurs. In stage 7, the posterior part of the endoderm starts forming the midgut invagination and
the germ band starts extending onto the dorsal side of the embryo. Until stage 10, the midgut invagination is further
expanding and the germ band continues to extend. (B) Diagrams of cross sections of embryos at the same stages as those
shown in A. In stage 5 embryos, Twist protein (red) localizes in the nucleus and Snail RNA (blue) in the cytoplasm. In stage 6
embryos, apical enrichment of Myosin Il and Actin (orange) is indicated. In stage 7 embryos, cells undergoing shortening are
labeled in yellow. Green labeled cells in stage 10 embryos undergo flattening, division, and spreading. (C) The shape changes
of an individual mesodermal cell from the different embryonic stages indicated in A are illustrated. (D) F-actin is distributed
in a polarized manner all over the apical cell cortex, while Rok and Myosin Il accumulate at the center. Activation of the
radially arranged actomyosin network leads to apical constriction (modified from Leptin, 1999; Coravos & Martin, 2016).

Convergent extension is another essential process in tissue remodeling. Here, cells undergo local
neighbor exchange events, also known as cell intercalation. Thereby, the cell contacts between
anterior/posterior (A/P) interfaces are disassembled, while new junctions are formed along
dorsal/ventral (D/V) edges. This rearrangement of cells enables the extension of the epithelial tissue
by more than two-fold along the A/P axis, which is accompanied by a reduction in width along the D/V
axis (Bertet et al., 2004; Pare & Zallen, 2020). Two types of cell rearrangements occur during
convergent extension. The first type is called T1-T2-T3 transition and involves a total of four cells. In
the T1 phase, the shrinking of shared interfaces that are oriented along the A/P axis leads to the
formation of a transient four-cell vertex state in the T2 phase. Through the establishment of new
junctions along the D/V axis in the T3 phase, the four-cell vertex is rapidly disassembled in a
perpendicular direction to elongate the tissue. The other type of cell intercalation is rosette formation,

which relies on the same principle as the T1-T2-T3 transition with the difference that multiple cells,

usually 5-12, are involved (Figure 10) (Guillot & Lecuit, 2013; Pare & Zallen, 2020).
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Figure 10: Cell intercalation causes local cell rearrangements. Two types of cell intercalation can occur: the so-called T1-T2-
T3 transition or rosette formation. During the T1-T2-T3 transition, the shrinking of shared interfaces that are oriented along
the A/P axis leads to the formation of a transient four-cell vertex state. This transient state is quickly disassembled in a
perpendicular direction to elongate the tissue by establishing new junctions along the D/V axis. Rosette formation relies on
the same principle as the T1-T2-T3 transition but involves 5-12 instead of 4 cells (Guillot & Lecuit, 2013).

Cell populations undergoing intercalation are motile and their environment is constantly changing. The
regulation of such a complex morphogenetic movement involves the implementation of directional
cues from the classical PCP system as well as spatial information that is provided by the polarized
localization of certain proteins. Thereby, the activity of these polarized proteins is directly coupled to
the cellular behavior. During Drosophila germ band elongation, Myosin Il, F-actin, and Rok concentrate
at edges between anterior and posterior cells, where they destabilize intracellular adhesions and
eliminate the junctions by promoting actomyosin contractility (Bertet et al., 2004; Zallen & Wieschaus,
2004; Blankenship et al., 2006). Perpendicular to this, the Al-associated proteins E-Cadherin and Baz
accumulate at D/V interfaces, where they promote the formation and stabilization of new Als (Zallen
& Wieschaus, 2004; Blankenship et al., 2006; Simdes et al., 2010). Like the apicobasal polarity system,
proteins involved in PCP regulate the localization of each other. For example, Rok is required for the
proper distribution of Myosin Il at A/P junctions. Moreover, Rok is responsible for the phosphorylation
of Baz to exclude it from A/P edges thus promoting Baz accumulation along D/V junctions (Simdes et

al., 2010).
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In addition to Myosin Il, F-actin, Rok, Baz, and E-Cadherin, many other proteins modulate actomyosin
contractility and junctional stability during cell intercalation (summarized in Figure 11). One of these
regulatory proteins is Moesin (Moe). Moe is a member of the ERM (Erzin/Radixin/Moesin) protein
family and serves as a linker between AlJs and the actin cytoskeleton to maintain cell shape. Moe
comprises an N-terminal FERM domain, a central a-helical domain, and a C-terminal ERM-associated
domain that can either bind F-actin or the FERM domain (Fehon et al., 2010). A head-to-tail folding
inactivates Moe by masking the F-actin binding site. Moe activity is regulated by Rok phosphorylation,
which induces a conformational change into its active form (Matsui et al., 1998). It was found that this
phosphorylation is required for proper assembly of the actomyosin network (Speck et al., 2003).
Furthermore, Moe was described to be important for cell integrity since junction and polarity markers

were lost in cells mutant for the Moe®%3?3

null allele. These severe effects could be restored by
suppressing the Rhol signaling, suggesting that Moe functions antagonistically to the Rhol pathway
(Speck et al., 2003). This hypothesis was proven by the fact that Moe loss of function and Rhol

overexpression led to similar phenotypic defects.

Similar to Moe, Canoe functions as linker between the cortical actomyosin cytoskeleton and Als
(Sawyer et al., 2011). During germ band elongation, Cno is enriched at A/P and tricellular junctions
together with F-actin and Myosin Il. Although the planar polarized localization of F-actin and Myosin I
does not alter upon loss of Cno, the loss of Cno drastically impairs germ band elongation since a
detachment of the actomyosin cytoskeleton from Als and reduced adhesion at tricellular junctions
occur. It was demonstrated that Cno modulates tricellular adhesion in a tension-sensitive manner,

enabling Cno to react quickly to mechanical cues (Yu & Zallen, 2020).

Another actin-associated protein that is involved in the regulation of cell intercalation is Shroom
(Shrm). Shrm is enriched at A/P junctions during germ band elongation. The planar polarized
enrichment of Shrm at A/P junctions was shown to be dependent on Rho1l signaling (Simdes et al.,
2014). Shrm was shown to be required for the correct localization and stabilization of Rok, F-actin, and
Myosin Il at A/P cell interfaces during cell intercalation and at the apical cortex during apical
constriction (Bolinger et al., 2010; Haigo et al., 2003; Hildebrand, 2005; Nishimura & Takeichi, 2008;
Simdes et al., 2014). Shrm directly interacts with Rok, thereby promoting Rok kinase activity to drive
cell shape changes (Bolinger et al., 2010; Nishimura & Takeichi, 2008; Zalewski et al., 2016). In
agreement with this finding, the loss of Shrm leads to a decrease in junctional tension and defective
rosette formation during germ band elongation (Simdes et al., 2014), whereas overexpression of Shrm

induces apical constriction (Bolinger et al., 2010; Haigo et al., 2003; Hildebrand, 2005).
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Actomyosin contractility generates strong mechanical forces. These forces have a strong effect on AJ
organization since AJ assembly and disassembly are force sensitive. Ajuba (Jub), a LIM domain-
containing protein belonging to the zyxin protein family, is spatiotemporally localized to A/P junctions
in response to tension during germ band elongation. Razzell et al., (2018) showed that jub mutants
display increased rosette formation accompanied by impaired rosette resolution. Although the
observed phenotype raises the assumption that Ajuba is involved in regulating actomyosin
contractility, it was shown that Ajuba has no effect on actomyosin contractility. Instead, it was
demonstrated that Ajuba stabilizes Als in regions of high tension, thus maintaining cell adhesion during
convergent extension. This was proven by the finding that rosettes in jub mutant embryos display
aberrant gaps between cells, representing defects in cell adhesion most likely caused by the absence

of AJ proteins.

T1-T2-T3 transition

F-actin

— - . Myosin Il
Rho kinase
Moesin
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— o —
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Figure 11: Proteins are localized in a planar polarized fashion during germ band elongation in Drosophila embryos. Germ

band elongation is driven by cell intercalation events. The regulation of cell intercalation events depends on the interplay
between the contractile actomyosin network to eliminate junctions along the A/P axis and Als to establish new cell contacts
along D/V junctions. These processes are regulated by the planar polarized enrichment of several proteins. F-actin, Myosin Il,
Rho kinase, Moesin, Canoe, Shroom, and Ajuba are enriched at A/P junctions, whereas E-Cadherin and Bazooka are enriched

at D/V junctions (Pare & Zallen, 2020).
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1.5 Smallish regulates actomyosin contractility in epithelial cells

The Drosophila gene smallish (CG43427) encodes a Lin-11, Isl-1, Mec-3 (LIM) domain protein that was
originally identified as binding partner of the key polarity regulator Baz in a yeast two-hybrid screen
(Beati et al., 2018). In this screen, the three PDZ domains of Baz (aa 291-737) were used as bait. Several
isoforms of Smallish (Smash) are expressed in the fly. In total, 10 isoforms of Smash exist. This study
mainly focuses on two of these isoforms. With 169 kDa, SmashPM represents the largest isoform
containing an N-terminal myosin-binding domain, which is conserved in Xenopus Lim domain only 7
(LMO7) and mouse LIMCH1, two a-helical coiled-coil domains, a LIM domain and a C-terminal PDZ
binding motif (PBM). The shorter isoform SmashPl is around 100 kDa large and lacks the myosin binding
domain and the two coiled-coil domains, whereas the C-terminal LIM domain and the PBM are present
(Figure 12). All predicted domains serve as interfaces for different protein interactions, suggesting that

Smash acts as a scaffolding protein.

103 406 539 1533
1 156 4|38 |52|30 1463 1521
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Figure 12: Protein structure of SmashPM and SmashPIl. SmashPM comprises 1533 aa, forming a myosin binding domain, two
coiled-coil domains, and a C-terminal LIM domain terminated by a PBM. SmashPI comprises 889 aa that include the C-terminal
LIM domain and the PBM. Numbers indicate the position of a domain within the protein. Different domains are highlighted
in different colors. The color code is indicated to the right (modified from Beati et al., 2018).

The characteristic LIM domain is composed of a tandem zinc finger motif that constitutes the sequence
CX2CX16-23HX2CX5CX2CX16.21CX2 showing a highly conserved arrangement of cysteine and histidine
residues functioning as zinc binding sites (Kadrmas & Beckerle, 2004). LIM domain-containing proteins
are represented in diverse eukaryotic species. Similar to Smash, the vertebrate orthologue of Smash,
LMO7, localizes to Als, where it binds Afadin and a-Actinin (Ooshio et al., 2004). Moreover, LMO7 was
reported to bind non-muscle myosin Il heavy chain (NMIIHC) via its myosin-binding domain, facilitating
actomyosin filament assembly (Matsuda et al., 2022). Many LIM domain proteins can shuttle between
the cytoplasm and the nucleus to regulate gene expression (Kadrmas & Beckerle, 2004). LMO7 was
shown to be a nucleocytoplasmic shuttling protein regulating gene expression of the nuclear
membrane protein Emerin. Moreover, it was reported that LMO?7 is enriched at the nuclear envelope,
where it directly binds Emerin. The direct interaction between Emerin and LMO7 was suggested to
serve as a positive feedback mechanism to regulate emerin expression (Holaska et al., 2006). Different
studies claimed that LMO7 has an important disease-related function because mutations in emerin can

be linked to X-linked Emery—Dreifuss muscular dystrophy (X-EDMD) (Holaska et al., 2006; Mull et al.,
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2015). Several other studies prove the importance of LMO7 during pathogenesis, as the absence of
LMO7 leads to tumor formation (Liu et al., 2021; Nakamura et al., 2011; Tanaka-Okamoto et al., 2009).
As a potential tumor suppressor, LMO?7 is of enormous importance for clinical research. Investigating

the Drosophila homolog Smash could help to understand the molecular basis of LMO7 function.

Studies in smash®**™? null allele mutants revealed that Smash plays a critical role during epithelial
morphogenesis since mutant embryos exhibited severe morphogenetic defects. For example, a
strongly abnormal and irregular formation of furrows, including the cephalic and segmental furrows,

was observed (Beati et al., 2018) (Figure 13).

Stage 13 Stage 13

smashA35™/%

Figure 13: Scanning electron microscopy of wild-type (WT) and smash435m/z embryos at stage 13. In WT, a regularly
segmented embryo before dorsal closure is depicted. In smash435m/z mutant embryos, a strong irregular formation of

segmental furrows was observed. Scale bar: 100 uM (Beati et al., 2018).

The following observations were reported in Beati et al. (2018). Smash is detectable from embryonic
stage 5 onwards in all ectodermally derived epithelia, including the epidermis, fore- and hindgut,
Malpighian tubules, salivary glands, amnioserosa, and tracheal tree. At the subcellular level, Smash is
localized at Als together with its proven interaction partner Baz. Regarding its distribution in the plane
of the epithelium, Smash accumulates at A/P junctions, contrary to Baz which is enriched at D/V
junctions. In smash**™? embryos, apical localization of Baz was not affected, whereas the planar
polarized localization of Baz during germ band elongation was reversed as Baz was enriched at A/P
junctions. Furthermore, the loss of Smash also affected the planar polarized distribution of other
proteins, namely Cno and Sgh. Both are accumulated at A/P junctions during germ band elongation in
WT. Upon loss of Smash, both were uniformly distributed, hence losing their planar polarized
localization. In contrast, the loss of Smash had no effect on the planar polarized localization of Rok,
demonstrating that the subcellular localization of Rok is independent of Smash. The opposite way
around, it was found that the loss of Baz, Cno, and F-actin led to an abnormal distribution of Smash,
suggesting that these proteins are relevant for proper subcellular localization of Smash. Besides these
localization effects, Smash was found to directly interact with Baz, Rok, Cno, and maybe with Sqh.
Additional in vitro studies showed that Smash directly binds to the actin-associated proteins Shrm and
Moe (Peek, 2019). Whether Smash influences the subcellular localization of Shrm or Moe or vice versa

has not been investigated yet.
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Localization and interaction studies performed so far suggested that Smash acts within a protein
network that regulates the proper localization and activation of actomyosin, resulting in directed force
generation that finally leads to tissue deformation. The effect of Smash on the actomyosin
cytoskeleton was investigated by analyzing Smash overexpressing and knock-out animals. While
overexpression of Smash in the follicle epithelium induced apical constriction, laser ablation
experiments in the larval epidermis showed that the loss of Smash resulted in reduced junctional
tension, proving that Smash is indeed involved in regulating actomyosin architecture, activity, or both.

Taken these findings together, the smash*3™

mutant embryonic phenotype probably results from a
disrupted PCP system, which in turn affects proper regulation of the actomyosin cytoskeleton. An
uncoordinated actomyosin cytoskeleton is thought to cause the formation of aberrant morphological

structures in smash®**™? embryos.

In conclusion, the described observations are consistent with a model in which Smash is embedded in
a network that is responsible for precise actomyosin contractility during epithelial morphogenesis. The
directed actomyosin contractility is dependent on the proper subcellular localization of the single
components within this network. Thereby, the single components modulate each other’s subcellular
localization. Although Smash was shown to be relevant for the proper subcellular localization of several

proteins, the exact mechanism by which Smash functions is not fully understood yet.
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1.6 Scope of this thesis

The aim of this study was to obtain a deeper insight into the molecular mechanism of Smash function.
In order to achieve this goal, the following questions were addressed: In which developmental
processes is Smash involved? How does Smash regulate the actomyosin cytoskeleton? What is the
spatiotemporal behavior of Smash during epithelial morphogenesis, especially during germ band
elongation? What are potential Smash-interacting proteins and what is the physiological relevance of
these interactions?

To answer these questions, a series of different molecular, biochemical, and histological approaches
were combined. To identify developmental processes in which Smash might be involved, a closer
investigation of smash®**™? mutant embryos was performed. As germ band elongation tightly relies on
actomyosin contractility, we investigated the involvement of Smash in germ band elongation using
bright field live imaging. The contribution of Smash in regulating the actomyosin network was
investigated in several experiments. We demonstrated that Smash is required for the phosphorylation
of Sgh. To test whether Smash controls actomyosin contractility by directly regulating Rok kinase
activity, we performed in vitro kinase assays. In addition, overexpression experiments in the follicle
epithelium analyzed the involvement of Smash in actomyosin cytoskeleton remodeling and its effect
on cell architecture. To study the spatiotemporal behavior of different Smash isoforms during
epithelial morphogenesis, CRISPR/Cas9 technology was used to generate SmashPM and SmashPI
superfolder GFP (sfGFP) knock-in lines. The novel sfGFP knock-in lines were carefully analyzed with
respect to the expression pattern and the subcellular localization of the sfGFP-tagged Smash fusion
proteins. Finally, novel Smash-interacting proteins were identified using a biotin proximity labeling
assay. We started to closer analyze the interaction between Smash and promising candidates by

performing in vitro co-IP and in vivo localization studies.
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2 Material & Methods

2.1 Material
2.1.1 Flystocks

Table 1: List of fly stocks. The stock name, genotype, respective chromosomes, a short description and the source of the fly

stocks are given. Bl. = Bloomington stock number. DGRC = Drosophila Genetic Resource Consortium stock number.

Stock name ‘ Genotype ‘ Chromosome(s) ‘ Description ‘ Source
Wild-type (WT) stock
% | wis | X | White eyes | BI. 5905
G4 driver stocks
Pignoni
hsflp;;actin<C L . &
hsflp;;act<CD2<G4 D2<GALA X, 3 Ubiquitous driver Zipursky,
1997
GAL4-VP16 fusion protein
expressed under the
. P{matalpha4- control of the a-Tub67C
matatub(15)::G4 GAL-VP16}V37 3 promoter. Expressed Bl. 7063
maternally and loaded
into eggs.
vI1] wl]: fExpresses GAL4-VdP16 )
p{matalphad- usion protein under the
matatub(67/15):G4 | GAL-VP16)67; | 2,3 control of the BI. 80361
alphaTub67C promoter.
P{matalphad- Expressed maternally and
GAL-VP16}15 .
loaded into eggs.
y*w¥
P{w*mW-hs = traffic jam::GAL4 drives
:G4 GawB}NP1624 ) expression in somatic cells | DGRC
' / CyO, P{w- of the male and female 104055
=UAS-lacZ. gonad.
UW14} UW14
smash fly stock
A35 :
smash?3® ;r/\nﬂt;s; / 3 smash null allele SIE.!?;IOTS
Other stocks
. _ UASp::Turbol: Expresses TurbolD:eGFP This
UASp::TurbolD:eGFP eGFP/CyO 2 under the control of UASp. | work
3 _ UASp::eGFP: Expresses .
:US/r-\nS:S.;DG'\;P.TurboID TurbolD: 2 eGFP:TurbolD:SmashPM I\:)I':k
SmashPM/CyO under the control of UASp.
UASp::eGFP: UASp::eGFP: ) Expresses eGFP:SmashPM | Beati et
SmashPM SmashPM/CyO under the control of UASp. | al., 2018
UAST::eGFP: UAST::eGFP: ) Expresses eGFP:SmashPM | This
SmashPM SmashPM/CyO under the control of UAST. | work
UAST::eGEP: UAST::eGFP: Expresses eGFP:SmashPM This
SmashPM N-term SmashPM N- 2 N-term under the control work
term/CyO of UAST.
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Stock name Genotype Chromosome(s) | Description | Source
Other stocks
UAST::eGFP: UAST::eGFP: Expresses eGFP:SmashPM This
SmashPM mut SmashPM 2 mut under the control of work
mut/CyO UAST.
y[1] w[*]
P{iw[+mC]=
. . UAST::mCD8: Expresses mCD8:eGFP
UAST::mCD8:eGFP eGFP}Ptp4E X2 under the control of UAST. Bl. 5136
[LL4];betaTub6b
OD[PinYt]/CyO
Suyama
UAS::GFP: Expresses GFP:Lasp under
UAS:GFP:Lasp Lasp/CyO 2 the control of UAS. etal,
2009
Contains Ajuba” allele and
Ajuba", Ajuba", a FRT19A site for FLP Das
FRT19A/FM7a, dfd- FRT19A/FM7a, | X induced generation of Thakur et
YFP dfd-YFP germline clones. Expresses | al., 2010
dfd-YFP marker.
Contains Ajuba®*allele and
Ajuba®, Ajuba®, a FRT19A site for FLP Razzell et
FRT19A/FM7a, dfd- FRT19A/FM7a, | X induced generation of al. 2018
YFP dfd-YFP germline clones. Expresses v
dfd-YFP marker.
Contains dominant female
> oo™ sterile OV.ODZ mutation,
ovo®?, FRT19A/x"x; FRT19A/x"x; X, 2 FRT19A site and attached- | Razzell et
hsflp/CyO hsfip/CyO X chromosomes. al., 2018
Expresses heat-shock
flippase.
) SfGFP: CRISPR line expressing This
sfGFP:SmashPM SmashPM 3 sfGFP:SmashPM work
If/CyO; : : .
sfGFP:SmashPI SfGFP:SmashPI | 2,3 ggigi:}”;ﬁgfressmg Ivho":k
/TM6B '
Injection stock
y[1] w[*] 2nd chromosome attP
Ply[+t7.7] = docking site (25C6) for
nanos-phiC31 phiC31 integrase-
attP40 ®C31 \ int.NLS}X; X, 2 mediated transformation. | Bl. 79604
Ply[+t7.7] = Expresses phiC31
CaryP}Msp300 integrase under the
[attP40] control of nos promoter.
Cas9 stocks
w[1118]; PBac Expresses Cas9 protein in
{y[+mDint2)= the ovary under control of
vasa::Cas9 vas-Cas9} 3 vas regulatory sequences. | Bl. 51324
VK00027 Construct marked with
3xP3-GFP.
Expression of Cas9 fused
W to monomeric Poern-
nos::Cas9:mSA nos::Cas9:mSA | 2 Streptavidin under control bacher et
(attP40) al., 2019
of nos promoter
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2.1.2 Primary antibodies

Table 2: List of primary antibodies. The antigen, name, host, application, dilution, and source of each primary antibody is

listed. IF = Immunofluorescence staining, WB = Western blotting, DAB = Diaminobenzidine tetrahydrochloride staining.

Antigen Name Host Application | Dilution | Source/Reference
Smash Smash N-term g?g'”ea IF 1:500 Beati et al., 2018
DE-Cadherin DCAD-2 rat IF 1.5 DSHB

. 1:1000, .
GFP - rabbit IF, WB 1:2000 Invitrogen, A11122
Phosphomyosin . 1:50, . .
light chain - rabbit IF, WB 1:1000 Cell Signaling, #36719
Dlg 4F3 mouse | IF 1:20 Hybridoma
Myc 9E10 mouse IF, WB 1:200 Hybridoma
BTub - mouse | WB 1:20 DSHB
Twist - rabbit DAB 1:500 Roth et al., 1989
Lasp Lasp N-term rabbit IF 1:4000 Suyama et al, 2009
GST - rabbit WB 1:2000 Sigma-Aldrich, G7781

2.1.3 Secondary antibodies

Table 3: List of secondary antibodies. The antigen, name, host, application, dilution, and source of each secondary antibody

is listed. IF = Immunofluorescence staining, WB = Western blotting, DAB = Diaminobenzidine tetrahydrochloride staining.

Antigen IgG | Host Conjugate | Application | Dilution Source/Reference
guinea pig goat AF488 IF 1:200 Invitrogen, A11073
guinea pig goat AF647 IF 1:200 Invitrogen, A21450
mouse goat AF555 IF 1:200 Invitrogen, A21424
mouse goat AF647 IF 1:200 Invitrogen, A21236
rabbit goat AF488 IF 1:200 Invitrogen, A11034
rabbit goat AF555 IF 1:200 Invitrogen, A21429
rabbit goat AF647 IF 1:200 Invitrogen, A21245
rat goat AF555 IF 1:200 Invitrogen, A21434
rat goat AF647 IF 1:200 Invitrogen, A21247
guinea pig goat HRP WB 1:10000 Dianova, 106-035-003
mouse goat HRP WB 1:10000 Dianova, 115-035-068
rabbit goat HRP WB 1:10000 Dianova, 111-035-144

. L 1:50, Jackson ImmunoResearch
rabbit goat biotin DAB preabsorbed | Laboratories, 111-065-003

2.1.4 Other conjugates

Table 4: List of other conjugates. The protein or peptide, conjugate, application, dilution, and source of each conjugate is

listed. IF = Immunofluorescence staining, WB = Western blotting.

Protein /Peptide | Conjugate Application Dilution | Source/Reference

Phalloidin AF555 IF 1:200 Cell Signaling, 8953

Streptavidin AF594 IF 1:500 Thermo Fisher Scientific, $11227
Streptavidin HRP WB 1:2000 BiolLegend, 405210
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2.1.5 Bacterial strains

For amplification of plasmid DNA, chemical competent MACH1 or DH5a cells were used.

For expression of proteins, chemical competent BL21 cells were used.

2.1.6 Cell Culture

S2 cell line derived from late-stage Drosophila melanogaster embryos was used (Schneider, 1972).

2.1.7 Plasmids

Table 5: List of plasmids. Plasmid name, a short description, the source, and the cloning strategy by which the plasmids were

generated are given. “T”

TOPO cloning, “G” = Gateway cloning, “GA” = Gibson assembly, “R” = restriction cloning

. i Clonin
Plasmid name Description Source g
strategy
pENTR-D-TOPO Gateway Entry vector for TOPO coning Invitrogen -
pPENTR-D-TOPO_Rok Entry vector containing the CDS of Rok (C = T, position 1906) | This Work T
DENTR-D-TOPO_RokCA Entry vector containing the CDS of constitutive active Rok (1- This Work T
553 aa)
pENTR-D-TOPO_Rok Entry vector containing the CDS of catalytic inactive Rok (K > This Work T
K116 G, position 116)
pENTR-D- .
TOPO_ATG:TurbolD: Entry vector conFalnlpg a start codon, the CDS of TurbolD, This Work T
and an Agel cloning site
Agel
pENTR-D-
TOPO_TurbolD: Entry vector containing the CDS of TurbolD:SmashPM Beati, 2013 -
SmashPM
PENTR-D-TOPO_Ajuba Entry vector containing the CDS of Ajuba This Work T
Destination vector containing an Act5C promoter, a Gateway Drosophlla
pAMW . Genomics -
cassette, and an N-terminal 6x Myc tag
Resource Center
D hil
Destination vector containing an Act5C promoter, a Gateway rosop' "a
pAGW . Genomics -
cassette, and an N-terminal GFP tag
Resource Center
Vector for fly injection containing attB site for ®C31 Drosophila
pUASp-attB-rfA-eGFP mediated integration, UASp element, Gateway cassette, C- Genomics -
terminal eGFP tag Resource Center
Vector for fly injection containing attB site for ®@C31 Drosophila
pUASp-attB-eGFP-rfA mediated integration, UASp element, Gateway cassette, N- Genomics -
terminal eGFP tag Resource Center
Vector for fly injection containing attB site for ®@C31 Drosophila
pUAST-attB-eGFP-rfA mediated integration, UAST element, Gateway cassette, N- Genomics -
terminal eGFP tag Resource Center
pAGW-SmashPM Expresses GFP:SmashPM under the control of Act5c promoter | Beati, 2013 -
pAGW-Rok Expresses GFP:Rok_mut under the control of Act5c promoter | This Work G
pAGW-RokCA Expresses GFP:RokCA under the control of Act5c promoter This Work G
pAGW-Rok K116 Expresses GFP:Rok K116 under the control of Act5c promoter | This Work G
pAMW-Rok Expresses Myc:Rok under the control of Act5c promoter Peek, 2019 -
pAHW-Rok Expresses HA:Rok under the control of Act5c promoter Peek, 2019 -
pAGW-RokCA Expresses GFP:RokCA under the control of Act5c promoter This Work G
pAGW-Rok K116 Expresses GFP:Rok K116 under the control of Act5c promoter | This Work G
pAMW-Ajuba Expresses GFP:Ajuba under the control of Act5¢c promoter This Work G
pAWM-mCD8 Expresses mCD8:Myc under the control of Act5c promoter This Work G
pAWG-mCD8 Expresses mCD8:GFP under the control of Act5c promoter This Work G
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. - Clonin
Plasmid name Description Source &
strategy
Amersham
pGEX-4T-3 Cloning vector to express GST-tagged fusion proteins Pharmacia -
Biotech
pGEX-4T-3-Sgh Expresses GST-Sgh This Work GA
pWalium- Expresses TurbolD N-terminal tagged with V5 & C-terminal | Addgene )
UAS::V5:TurbolD:NES tagged with NES under the control of UAS #116904
pAGW- Expresses GFP:TurbolD:SmashPM fusion protein under the .
TurbolD:SmashPM control of Act5¢c promoter This Work RT,G
pAWG-TurbolD Expresses TurbolD:GFP under the control of Act5c promoter | This Work R,T,G
$lLJJrAbSopTI-Da:tB-rfa-eGFP- Expresses TurbolD:eGFP under the control of UASp This Work R, T,G
pUASp-attB-eGFP-rfa- . . .
TurbolD:SmashPM* Expresses eGFP:TurbolD:SmashPM under the control of UASp | This Work R, T,G
PUASp-attB-eGFP-rfa- Expresses eGFP:SmashPM under the control of UASp Beati et al., 2018 | -
SmashPM*
pUAST-attB-eGFP-rfa- Expresses SmashPM N-terminal tagged with eGFP under the .
SmashPM* control of UAST Beati et al, 2018
AST-attB-eGFP-rfa-

PUAST-attB-eGFP-rfa Expresses eGFP:SmashPM N-term under the control of UAST | This Work G
SmashPM N-term*
PUAST-attB-eGFP-rfa- Expresses eGFP:SmashPM mut under the control of UAST This Work G
SmashPM mut*

BlueScript KS(-) Standard cloning vector containing an MCL Lab stock -
P P € g ) collection
pScarlessHD-sfGFP- Donor. vector for HDR, contains stFP CDS and 3xP3::dsRed Addgene #80811 | -
dsRed selection marker flanked by PBac sites
pU6-Bbsl-chiRNA U6 promoter drives expression of sgRNA Addgene #45946 | -
ngRGI\-lit;sl-cthNA- U6 promoter drives expression of sgRNA, targets SmashPM This Work R
pBlueScript- Donor repal'r templatz'e containing sfGFP CDS flanked by This Work GA
sgRNA3_sfGFP* homolog regions targeting SmashPM
E;RGI\_&I;SI_CNRNA_ U6 promoter drives expression of sgRNA, targets SmashPI/PJ | This Work R

Donor repair template containing the CDS of sfGFP which is
z:;zge}ji-'f ;LG:;* flanked by homolog regions targeting SmashPI/PJ & | This Work GA
& 3xP3::dsRed selection marker flanked by PBac sites

* Plasmid map is shown in the supplementary material
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2.1.8 Oligonucleotides

Table 6: List of oligonucleotides. The list contains names, sequences, and the purpose of the used oligonucleotides.

Name 5'- Sequence -3' Purpose

RokCA_F CCAGCTGGACGAGAAACTG Amplifies CACC + RokCA + stop
RokCA stop R TCAATTGAGGTCGCGTGCCCG codon

Rok K116G F GTACGCCATGGGGCGGCTGTCC Mutagenesis PCR to generate
Rok K116G R ACCTGGCTGGAGGACTTG PENTR-D-TOPO_Rok K116

TOPO ATG TurbolD F

CACCATGGCTAGCAAAGACAATACTGTG

Turbo:Agel R2

ACCGGTCTGCAGCTTTTCGGCAGAC

Amplifies ATG:TurbolD:Agel

SmashPM:Agel F

TCCACCGGTGAGGCCACTGATCAGGAGGTC

Amplifies Agel:SmashPM:Agel

Smash:Agel R GAAACCGGTTTAGACGCAGCTGAACTTAATG

TOPO Ajuba F CACCATGACCACCCAGCGGAC Amplifies CACC + Ajuba + stop
Ajuba R TTATCCCATATACTGGTACGAAG codon

Sqgh F2 TGGTTCCGCGTGGATCCCCGATGTCATCCCGTAAGACC Amplifies Sgh with overhangs for
Sgh R2 GCCGCTCGAGTCGACCCGGGTTACTGCTCATCCTTGTC GA

TOPO SmashPM F CACCATGGAGGCCACTGATC Amplifies CACC + SmashPM N-
SmashPM N-term R TTATGGCTTGGTTGTCGCCTC term + stop codon

SmashPM mut F2

TGACAATGCGGCATCATCGAGACGAAAACGTG

SmashPM mut R2

AGGTTGTTCGCCGCCTCCTCTGGCTCCTCCTTC

Mutagenesis PCR to generate
pENTR-D-TOPO_SmashPM mut

sgRNA3 F

CTTCGCAGCATGACCTCCTGATCAG

sgRNA3 R

AAACCTGATCAGGAGGTCATGCTGC

Primers to generate pU6-Bbsl-
chiRNA-sgRNA3

sgRNA3 LHAF

ACCGCGGTGGCGGCCGCTCTAGAACTAGTGCGAATACCCCTG
GCTTAC

sgRNA3 LHAR

CGCCCTTGGACACAGTGGCCTCCATATGGAGCTC

sgRNA3 sfGFP F

TCCATATGGAGGCCACTGTGTCCAAGGGCGAGGA

sgRNA3 sfGFP R

TGACCTCCTGATCAGTCTTGTACAGCTCATCCATGC

sgRNA3 RHA F

ATGAGCTGTACAAGACTGATCAGGAGGTCATGC

sgRNA3 RHA R

AGGTCGACGGTATCGATAAGCTTGATATCGGACGAGCTTAAT
GAGGCAC

Primers to generate
pBlueScript_sgRNA3_sfGFP by
GA

sgRNA7 F

CTTCGATCAACGAAGCTCTTGAAT

sgRNA7 R

AAACATTCAAGAGCTTCGTTGATC

Primers to generate pU6-Bbsl-
chiRNA-sgRNA7

sfGFP sgRNA7 F

ACAGATCAACGAAGCTCTTGATGGTGTCCAAGGGCGAG

sfGFP sgRNA7 R

AATAGCTTGCAGCGCCAATTTCTTGTACAGCTCATCCATGC

sgRNA7 LHA R2

TCCTCGCCCTTGGACACCATCAAGAGCTTCGTTGATCTG

sgRNA7 RHA F

CATGGATGAGCTGTACAAGAAATTGGCGCTGCAAGCTATTG

sgRNA7 LHAR

GGAACCTCCAGATCCACCAAGGGCGCAAGAGCTTCGTTGATC
TG

SgRNA7 RHA F

GGTGGTTCAGGAGGTTCCAAGGGCGAATTGGCGCTGCAAGCT
ATTG

sgRNA7 LHAR

GGAACCTCCAGATCCACCAAGGGCGCAAGAGCTTCGTTGATC
TG

sgRNA7 RHA F

GGTGGTTCAGGAGGTTCCAAGGGCGAATTGGCGCTGCAAGCT
ATTG

sgRNA LHA OH F

ATACGACTCACTATAGGGCGAATTGAATTTAGCG

sgRNA LHA OH R

ACCCCCTGAGCCGCCGGAACCTCCAGATCCACCA

sgRNA RHA OH F

GGGTCGGGAGGTTCTGGTGGTTCAGGAGGTTCCA

sgRNA RHA OH R

TTAACCCTCACTAAAGGGACTAGTCCTGCAGGTT

Primers to generate pScarlessHD-
sfGFP-dsRed-sgRNA7 by GA




Material & Methods | 29

Name 5'- Sequence -3' Purpose

TurbolD F1 GCTAGCAAAGACAATACTGTG

TurbolD F1 seq CGTGAAGCTGATCATTGGGG

SmashPM F1 GAGGCCACTGATCAGGAGGTC

SmashPM F1 seq TGATTTGGGGATCGGAACCA

SmashPM F2 seq CATTGTGTGCACCTAAGCCA

SmashPI F1 GACAAGGCACAACATCCACAGAAG

SmashPI F2 seq ATCTTTTACTCGGGCCTGGA

SmashPI F3 seq GATAAGATCCGGGAGCAGGG

SmashPI F4 seq AGCAAAAGCGCAAATCCATG

RokCA seq F1 GGGACGTTAAGCCGGATA

RokCA seq F2 GAGTCGAAGGAGGCCAAT

Rok seq F3 GCCGATCAGCATTCTCAG

Rok seq F4 ACAAGTTCAACCAGCTGC

GST seq F ACCCATCCTGACTTCATGT

Sgh Col R CGTGCAGATCCTCCTTCTC

Ajuba seq F GTCTGGATCTCAATGCGCTG .
Exon9 seq F GGCCATCAATTTCCGACA sequencing
Exonl7 seq F GCAGGTTCCAGACAATCG

SmashPI/PJ genome F CACCTCATCCCACCCTAC
SmashPI/PJ genome R TCTGTGGATGTTGTGCCT

SmashPM genome F CGTAGGAGTTCGGTGTCA

SmashPM genome R CTCCTGATCAGTGGCCTC

GFPF TGAAGTTCATCTGCACCACC

GFPR GTGTTCTGCTGGTAGTGGTC

GFP seq F GTGAGCAAGGGCGAGGAGCTGT

GFP seqR CTTGTACAGCTCGTCCATGCCGA

eGFP seql CAAAGACCCCAACGAGAAGC

eGFP seq F2 CATCGACTTCAAGGAGGAC

sfGFP seq F ATGACGGCACCTACAAGA

sfGFP seq R ACGTTGTGGCTGTTGAAG

M13 F TGTAAAACGACGGCCAGT

M13 R GGAAACAGCTATGACCAT
2.1.9 Kits

Pierce™ BCA Protein Assay Kit Thermo Fisher Scientific
Nucleo Spin® Gel and PCR Clean-up kit MACHEREY-NAGEL
pENTR™/D/TOPO™ cloning kit Thermo Fisher Scientific
Q5 Site-Directed Mutagenesis Kit New England Biolabs

GeneArt™ Gibson Assembly Hifi Master Mix ~ Thermo Fisher Scientific
Gateway™ LR Clonase™ Il Enzyme-Mix Thermo Fisher Scientific

NucleoBond XTra Midi Kit MACHEREY-NAGEL
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2.1.10 Imaging systems
LSM 880 Airyscan

LSM 980 Airyscan 2
Binocular Stemi 2000

Axio Imager Z1

2.1.11 Technical devices
ChemoCam Imager
Mastercycler

Turbo Cycler

Incubator Function Line
Incubator HT Minitron
Centrifuge Z216 M
Centrifuge Z 446 K
Nanophotometer P330
Thermomix Comfort

Biophotometer

2.1.12 Software
Geneious Prime® 2023.0.4
Fiji Imagel) 2.9.0

Zen Black 2.3 SP1 FP3
RStudio 2023.03.1

IBM SPSS Statistics 29.0.1.0
BioRender

Perseus 1.6.15.0

Carl Zeiss Jena GmbH
Carl Zeiss Jena GmbH
Carl Zeiss Jena GmbH
Carl Zeiss Jena GmbH

Intas Science Imaging
Eppendorf

Blue-Ray Biotech
Heraeus

Infors

Hermle

Hermle

Implen

Eppendorf
Eppendorf
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2.2 Methods

2.2.1 Fly work

2.2.1.1 Fly breeding

Flies were kept in vials containing standard fly food at 25 °C. Embryos were obtained by keeping flies

in a cage at 25 °C, where they laid their eggs on an apple juice plate.

2.2.1.2 Fly Food Standard medium (Ashburner 1989)

Add following ingredients in 8 L heated water and mix until foam forms:

Agar Agar 50¢g
Brewer’s yeast 168 g
Soy flour 95¢

The following ingredients were added one by one. Mix in between:

Malt extract 450 g
Treacle 400 g
Polenta 712 g

Cook the food for 45 minutes. Let it cool down to 60 °C and add 45 ml of propionic acid and 150 ml of

10 % Nipagin. Distribute food into vials.

2.2.1.3 Apple agar plates

Agar Agar 20g
Sugar 85g
Apple juice 170 ml
H,O 500 ml

The mixture was heated until the agar had dissolved completely. The solution was cooled down to
60 °C. Then, 10 ml of 10 % Nipagin was added, and the solution was poured into petri dishes. Store

plates at 4 °C.

2.2.1.4 Gal4-UAS System

The Gal4-UAS system is a two-component system that was originally derived from yeast. It was
adapted to Drosophila to drive ectopic, tissue-specific gene expression (Brand & Perrimon, 1993). This
system consists of the Gal4 transcriptional activator and its binding site, the so-called upstream
activation sequence (UAS). A specific promoter drives the expression of Gal4. The Gal4 protein binds
to the UAS and thereby it can control the transcriptional activation of its downstream target (Brand &
Perrimon, 1993). Depending on the used promoter and the UAS element (UAST or UASp) (Rgrth, 1998),
the expression of the target gene can vary in strength, period, and localization. In Drosophila, flies from
a driver and a reporter line need to be crossed, resulting in progeny expressing Gal4 and the target

gene under the control of UAS.
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2.2.1.5 Fly crossing

For the TurbolD proximity labeling assay, the following fly crosses were set up:
1. §;; P{matalpha4-GAL-VP16}V37 x & w; UASp::TurbolD:eGFP
2. ©;; P{matalpha4-GAL-VP16}V37 x & w; UASp::eGFP:TurbolD:SmashPM
3. §;; P{matalpha4-GAL-VP16}V37 x & w; UASp::eGFP:SmashPM

F, embryos were used for the assay.

For overexpression experiments in the follicle epithelium, the following crosses were set up:
1. ¥1tj:G4 x d UAST::mCD8:eGFP ;
2. Btj:G4xd ; UAST::eGFP:SmashPM
3. 81tj:G4 x5 ; UAST::eGFP:SmashPM N-term
4. Y1tj:G4 x5 ; UAST::eGFP:SmashPM mut

The offspring of these crosses was used for the experiment.

To induce stochastic overexpression in the follicle epithelium, the following crosses were set up:
1. 8 hsflp;;act<CD2<G4 x & UAST::mCD8:eGFP ;
2. 8 hsflp;;act<CD2<G4 x & ; UAST::eGFP:SmashPM
3. 8 hsflp;;act<CD2<G4 x & ; UAST::eGFP:SmashPM N-term
4. G hsflp;;act<CD2<G4 x & ; UAST::eGFP:SmashPM mut

The adult female offspring of these crosses were heat-shocked at 37°C for 10 minutes in a water bath.

One day after heat-shock treatment, ovaries were dissected.

For the generation of germline clones, the FLP/FRT ovo® system (Chou & Perrimon, 1992) was used.
This system is based on a recombinant flippase (FLP) that originates from Saccharomyces cerevisiae. It
targets specific DNA regions, so-called flippase recognition target (FRT) sites, mediating site-directed
recombination during mitosis. This system often uses a heat-shock (hs) promoter, enabling the
controlled induction of mitotic recombination. In combination with the germline-dependent female
sterile ovo® mutation, it is possible to create homozygous mutant germline clones. In this study,
females carrying the ovo®? mutation were used (Busson et al., 1983). The expression of the flippase
was induced by heat-shock treatment of F; L2 larvae at 37 °C for 2 h in a water bath on two consecutive

days. To generate germline clones of the respective mutant allele, the following crosses were set up:

mutant allele, FRT19A ovoD2, FRT19A
xd s hsflp
FM7 xx"

FoZ §
F11 §

mutant allele, FRT19A

FM7a, dfd—YFP
hsflp x @ ————
ovoD2, FRT194 '’ P

F, generation was used for analysis.


https://flybase.org/reports/FBti0016914.html
https://flybase.org/reports/FBti0016914.html
https://flybase.org/reports/FBti0016914.html
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2.2.1.6 Injection

Early blastula stage embryos were used for injection. Embryos were dechorionated with 6.5 % sodium
hypochlorite for 45 seconds. Embryos were washed thoroughly with water and arranged in a line on a
piece of agar. Embryos were attached to a cover slip using heptane glue. Embryos were dried for 10
minutes. After drying, embryos were covered with VOLTALEF Qil 3S (Samaro). Using fine glass
capillaries, DNA was injected into the posterior pole of the embryos. For attP site recombination, 400
ng/ul plasmid was injected. For the CRISPR/Cas9 approach, 100 ng/ul sgRNA vector and 500 ng/ul

donor vector were injected.

2.2.1.7 Live imaging of embryos

For live imaging, embryos were dechorionated with 6.5 % sodium hypochlorite for 45 seconds.
Embryos were left in water until they were arranged for imaging to prevent them from drying out.
Embryos were arranged on an apple juice agar plate. Using heptane glue, they were carefully attached
to a cover slip. Embryos were covered with VOLTALEF Oil 3S (Samaro) and placed on a slide. To avoid
squeezing the embryos, a small spacer was placed between the cover slip and the slide. Embryos were

imaged at 21 °C. Time-lapse live imaging was performed using a ZEISS Axio Imager Z1 microscope.
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2.2.2 Molecular biology

Molecular methods were performed according to standard protocol.

To clone the TurbolD constructs for the biotin proximity labeling assay, the sequence of TurbolD was
amplified from pUAS-V5-TurbolD-NES (Addgene plasmid #116904) with the addition of an N-terminal
CACC tag for TOPO cloning and a C-terminal Agel restriction site. The obtained sequence for TurbolD
with additional tags was introduced into the PpENTR-D-TOPO cloning vector using the
PENTR™/D/TOPO™ cloning kit. The sequence of SmashPM was amplified by using primers that flank
SmashPM with Agel restriction sites. pENTR-D-TOPO-TurbolD:Agel and Agel:SmashPM:Agel were
digested with Agel. The desired fragments were gel purified and used for ligation. The vector pENTR-
D-TOPO-TurbolD:Agel and pENTR-D-TOPO_TurbolD:SmashPM were used for LR reaction to insert

TurbolD:Agel and TurbolD:SmashPM into the desired destination vectors.

For overexpression experiments in follicle epithelium, the CDS of SmashPM N-term and SmashPM mut
were cloned into the pENTR-D-TOPO cloning vector. pENTR-D-TOPO_SmashPM and pENTR-D-
TOPO_mCD8 were available in the lab stock collection. pENTR-D-TOPO_SmashPM was used as a
template for mutagenesis PCR to generate pENTR-D-TOPO_SmashPM mut. The origin sequence
encodes EEWQNNLDNWKSS. Codons encoding amino acids highlighted in red were mutated in such a
way that the respective amino acid residues were replaced by alanine (A). The corresponding primers
can be found in Table 6. To generate pENTR-D-TOPO_SmashPM N-term, pENTR-D-TOPO_SmashPM
was used as a template to amplify SmashPM N-term with corresponding primers (see Table 6).
SmashPM N-term comprises the first 1929 bp of SmashPM. An additional stop codon was added at the
end of the sequence. pENTR-D-TOPO_SmashPM, pENTR-D-TOPO_SmashPM N-term, pENTR-D-
TOPO_SmashPM mut, and pENTR-D-TOPO_mCD8 were inserted into the desired destination vectors

by using LR reaction.

To generate an in-frame sfGFP knock-in insertion line, a homology-directed repair (HDR) CRISPR/Cas9
approach was used. For this purpose, three components were needed: the Cas9 enzyme, a target-
specific sgRNA, and a donor repair template mediating the site-directed insertion. To supply the Cas9
enzyme, nos::Cas9:mSA expressing embryos were used for injection of the sgRNA and the donor repair
template. For the selection of a suitable sgRNA, the Optimal Target Finder Tool (Gratz et al., 2014) was
used. The vasa-Cas9 line (BL# 551324) genome was used as a reference. Natural occurring single
nucleotide polymorphisms (SNPs) can lower the target efficiency of the sgRNA. Thus, the target region
in the nos::Cas9:mSA fly strain was checked for SNPs. No SNPs were detected compared to the
reference genome. As a sfGFP knock-in for both isoforms, SmashPM and SmashPI, was desired, two
different sgRNAs were generated. Since sfGFP should be introduced close to the start of the coding
region, the respective sequence information about both isoforms was pasted separately into the

program. The genomic target sequence should fulfill the following requirements:
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o 20-ntlong
o followed by a 3-nt PAM sequence: NGG

o begin with a G to optimize U6-driven transcription

The parameters of the tool were set as follows:
o Selected guide length (nt): 20
o Find: All CRISPR targets
o Stringency: High
o PAM: NGG only

As depicted in Figure 14, the sgRNAs were inserted into the pU6-Bbsl-chiRNA vector via the Bbsl

restriction sites according to the protocol described in (Gratz et al., 2015).

DmUE promater Bhal sites chiRMA  UB terminator
i | /
oo —//—ﬂ\[_—//—
_.-'—"" h—‘_""h—-..
- v ¥ T -
5/~ TATGTTETCOTC TG GC T AGARATAGCAAGTT ARATARGGC T AGTCCGTTATCAACTTGARAAAGTCECACCGAGTCGRTGOTTTTTE ~3
LI II I II I II 11111 II I |11 II PELLLCRL LD EEE L R EEE L EEE L L EEEE LR LRI
3’ ATACAAARGOAOTY: ccccamlac PCTOGATC TTTATCGT TOAR T TT TATTC COATCAGGCARTAGT TAARD TTT TTCACCOTOGCT CAOCCACGAARRAR -8 "
.|.
¢ Bl
§'= TATGTTITCCTCAATA GTTITAGAGCTAGARATAGCAAGTTAAAATARGGCTAGTCCOT TATCAACT TOAAAAAGTOGCACCOROTCOBTOCTTTTTT =37
TOCETETEETELT] JELLLEREL TR LR LT e L PEE LR TR TP
3!~ APACAAARGGAGTTATGAAG AECTCGATC TTTATCGT TOAR PTT TATTCCEATCAGGCARTAGT TGARC TT P T TCACCOTGECT CAGCCACGAARRAR -5 7
¢ add insert
- CTTC -3
LELLRELETETITrirn
E L CAAL =8°
¢ ligate
5'= TATGTTITCCTCAATACTT L CCGTTATCARCT TGAARARG] CEGTECITITTT -3
TILETTRTLTT II I II AR II I IIII IIII IIII IIII IIII IIII III LICEELLRETTELT T IIII III IIII [T
3'= ATACARARGOAOTT: CARAATCTCOATCTTTATCOT TCAAT TTTAT TCCOATCAGECAATAGTTOAACTTT TTCACCGTOGCTCAGCCACS: -5

Figure 14: Cloning procedure for the pU6-chiRNA vector. pU6-chiRNA contains a DmU6 promoter, a Bbsl restriction site, a
chiRNA sequence, and an U6 terminator. The Bbsl restriction sites are used to insert the sgRNA sequence into the vector
backbone (source: flycrispr.org).

For this purpose, primers need to be ordered 5’ phosphorylated. They were designed as described in

the following template:

sense oligo: 5’- CTTCG (19 nt) -3’
antisense oligo: 3’-C (19 nt) CAAA -5’
Example:

genomic sequence: 5‘- GATTACCGCTATCAGGTACCTGG -3¢
sense oligo: 5‘- CTTCGATTACCGCTATCAGGTACC -3’
antisense oligo: 3’- CTAATGGCGATAGTCCGTGGCAAA -5’

For reasons of simplicity, only the sgRNAs leading to a successful in-frame sfGFP knock-in will be further

mentioned.



Material & Methods | 36

For sfGFP tagging of SmashPM, following sgRNA was chosen:

Location: chr3R:4698577..4698599, - strand, 0 off targets (high stringency)
Selected target: sgRNA3

CAGCATGACCTCCTGATCAGTGG

Sense oligo: 5'- CTTCGCAGCATGACCTCCTGATCAG -3'
Antisense oligo: 3'- CGTCGTACTGGAGGACTAGTCCAAA -5

For sfGFP tagging of SmashPI, following sgRNA was chosen:

Location: chr3R:4708163..4708185, + strand, 0 off Targets (high stringency)
Selected target: sgRNA7

GATCAACGAAGCTCTTGAATTGG

Sense oligo: 5'- CTTCGATCAACGAAGCTCTTGAAT -3'

Antisense oligo: 3'- CTAGTTGCTTCGAGAACTTACAAA -5'

The donor repair vectors were generated by Gibson assembly using the GeneArt Gibson Assembly®
Cloning kit. Therefore, the corresponding homology arms (app. 1 kb long sequences flanking the
insertion site) for each sgRNA were synthesized from genomic DNA extracted from vasa:Cas9 flies (BL.
#51324). The pScarlessHD-sfGFP-dsRed vector was used in combination with sgRNA7 and its respective
homology arms, while pBlueScriptKS(-) vector was used in combination with sgRNA3 and its respective
homology arms. The pScarlessHD-sfGFP-dsRed vector contains a sfGFP cassette and an additional
dsRed marker cassette for the identification of positive flies. After identification of positive flies, the
dsRed cassette was removed and a sfGFP in-frame insertion remains. Here, only the homology arms
were inserted into the already existent vector backbone. In contrast to this, the multiple cloning site
(MCS) of pBlueScriptKS(-) was used to insert a sfGFP cassette flanked by the homology arms. Positive

flies were identified as described in (Kina et al., 2019) via genotyping.

Both vectors, pScarlessHD-sfGFP-dsRed and pBlueScriptKS(-), were digested with EcoRI. The homology
arms were amplified with appropriate primers, creating overhangs necessary for Gibson assembly. In
addition, the sequence of sfGFP was amplified with appropriate primers, creating overhangs to insert
it into the pBlueScriptKS(-) flanked by the homology arms. pScarlessHD-sfGFP-dsRed was assembled
with the two homology arms, while the pBlueScriptKS(-) was assembled with sfGFP flanked by the

homology arms. Primer information can be found in Table 6.

In a final step, nos::Cas9:mSA (Poernbacher et al., 2019) expressing embryos were injected with

following vector combinations:

1. pU6-Bbsl-chiRNA_sgRNA3 + pBlueScriptKS(-)_sfGFP_sgRNA3
2. pU6-Bbsl-chiRNA sgRNA7 + pScarlessHD-sfGFP-dsRed _sgRNA7

Plasmid maps can be found in the supplementary material.
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2.2.3 Biochemical methods

2.2.3.1 Sample preparation for mass spectrometry (MS)

Embryos of the desired genotype were snap-frozen in liquid nitrogen. Embryos were homogenized in
1 ml of ice-cold RIPA lysis buffer (50 mM Tris-HCI pH 8.0, 150 mM NacCl, 0.5 % sodium deoxycholate,
1 % NP-40, 0.1 % SDS) freshly supplied with protease inhibitors (Pepstatin, Pefablock, Leupeptin and
Aprotinin, dilute 1:500) using a motorized pistil. The protein lysate was incubated for 1 h at 4 °C under
rotation. Afterwards, the lysate was centrifuged for 10 minutes at maximum speed at 4 °C. The
supernatant was transferred into a fresh tube. The protein concentration was determined by using the
Pierce™ BCA Protein Assay Kit. 2 mg of protein in 1 ml of buffer was used for the assay. Protein lysate
was incubated for 1 h at 4 °C with 50 pl equilibrated Pierce™ Streptavidin Agarose (Thermo Fisher
Scientific) beads. After incubation, beads were washed as follows: 1x with RIPA lysis buffer, 3x with
wash buffer 1 (50 mM Tris-HCI pH 8.0, 150 mM NaCl, 0.1 % NP-40), 2x with wash buffer 2 (50 mM Tris-
HCI pH 8.0, 150 mM NacCl, 0.5 mM EDTA). After the last wash, the buffer was completely removed and
the beads were resuspended in 50 pl elution buffer (2 M Urea, 50 mM Tris-HCI pH 8.0, 5 mM DTT).
50 ng of trypsin (provided by CECAD Proteomics Facility) were added to each sample. Samples were
incubated for 30 minutes at RT while shaking gently. Next, 50 ul digestion buffer (2 M Urea, 50 mM
Tris-HCl pH 8.0, 50 mM CAA) was added to each sample. Samples were incubated for 30 minutes in the
dark at RT while shaking gently. After incubation, samples were centrifuged for 2 minutes at 2500 x g
and the supernatant was transferred into a new tube. Additional 50 ul elution buffer was added to the
beads, centrifugation was repeated and both supernatants were combined. 50 ng LysC and 100 ng
trypsin (provided by CECAD Proteomics Facility) were added to the supernatant and the samples were
incubated overnight at 37 °C in the dark while shaking at 1000 rpm. On the following day, samples
were acidified by the addition of 1 % formic acid (FA) and purified by Stage Tip purification according
to the protocol provided by the CECAD proteomics facility. Purified samples were subjected to the

CECAD Proteomics Facility to perform mass spectrometry analysis.

2.2.3.2 Protein extraction from embryos

Embryos were collected from agar apple juice plates, dechorionated, and snap-frozen in liquid
nitrogen. Embryos were homogenized with a pistil in 500 pl ice-cold TNT lysis buffer (50 mM Tris HCI
pH 8.0, 150 NaCl, 1 % Triton X-100, add proteinase inhibitors freshly before use). The samples were
centrifuged for 10 minutes at maximum speed at 4 °C. The supernatant was transferred into a fresh

vial. The samples were directly processed or they were stored at -80 °C until proceeding.
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2.2.3.3 Protein extraction from S2 cells

Cells were transferred from the 6-well plate into a tube. Samples were centrifuged for 5 minutes at
1000 x g and the supernatant was discarded. Cells were washed three times in 1x PBS. Cells were
centrifuged at 1000 x g for 2 minutes and resuspended in 500 pl - 1 mI TNT lysis buffer (50 mM Tris HCI
pH 8.0, 150 NaCl, 1 % Triton X-100, proteinase inhibitors were added freshly before use). The samples
were kept on ice for 30 minutes and gently mixed. Next, the cells were centrifuged for 10 minutes at
13000 rpm at 4 °C to remove the cell debris. The supernatant was transferred into a fresh 1.5 ml tube.

The samples were directly processed or they were stored at -80 °C until proceeding.

2.2.3.4 Determination of protein concentration
The protein concentration of a lysate was determined with the Pierce™ BCA Protein Assay Kit (Thermo

Fisher Scientific) according to the manufacturer’s protocol.

2.2.3.5 Immunoprecipitation

Immunoprecipitation (IP) was performed either on embryonic or S2 cell lysates. Protein lysates were
adjusted to 0.5 -1 mg protein in 500 pl lysis buffer supplemented with proteinase inhibitors. Before IP,
15 pl input sample was taken from the lysate. For IP, 15 pl GFP-Trap® beads (Chromotek) were used
according to the manufacturer’s protocol. Samples were incubated for 1 - 1 % h at 4 °C under rotation.
Samples were centrifuged at 2500 x g for 2 minutes at 4 °C and the supernatant was discarded. Samples
were washed three times with lysis buffer. Afterwards, 15 ul 2x SDS loading dye were added to the
input samples and the beads. Samples were boiled for 10 minutes at 98 °C. Samples were stored at

-20 °C until use. Shortly before use, they were again boiled for 5 minutes at 98 °C.

2X SDS loading dye: 125 mM Tris-HCl pH 6.8

3 mM EDTA

0.05 % Bromophenol blue

10 % B-Mercaptoethanol

5 % SDS

20 % Glycerol
2.2.3.6 SDS-PAGE
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) is used to separate proteins
based on their molecular weight. Thereby, proteins are denatured and supplemented with SDS. SDS
attaches to the unfolded proteins to prevent refolding. Moreover, it decorates the protein with
negative charges, which are required for protein separation. Upon creating an electrical field,
negatively charged proteins migrate towards the positively charged anode. Their migration speed
depends on their molecular weight. Thus, smaller proteins move faster than larger proteins through
the polymerized gel. The migration speed can also be modified by the gel density (Gallagher & Wiley,
2012; Walker, 2002).
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Gels were loaded with protein ruler and samples supplied with 2x SDS loading dye. They were runin a

BioRad Protein Il electrophoresis chamber containing 1x SDS running buffer at 170 V for 1 h.

1x SDS running buffer: 192 mM Glycine

25 mM Tris

0.1 % SDS
2.2.3.7 Western blot
After SDS-PAGE, separated proteins were transferred onto a nitrocellulose membrane by Western
blotting. Therefore, a wet blotting system was used. The protein transfer was performed in a BioRad
system containing 1x Western transfer buffer at 100 V at 4 °C for 1 h. Again, negatively charged
proteins migrate towards the positively charged anode, thus being transferred onto the nitrocellulose
membrane. A successful transfer was confirmed by Ponceau S staining. Next, the membrane was
blocked for 30-60 min in Western blot blocking buffer under slight agitation. Afterwards, the
membrane was incubated overnight at 4°C with the primary antibody in Western blot blocking buffer.
Western blot blocking buffer containing 3 % BSA without skim milk powder was used when a

phosphospecific antibody or a streptavidin-based conjugate was used for detection.

On the next day, the membrane was washed three times for 10-15 minutes with TBST while shaking.
Then, it was incubated with the secondary HRP-conjugated antibody for 2 h at RT under soft agitation.
The membrane was washed again and the proteins were detected by applying a chemiluminescent
reagent (BM Chemiluminescence Blotting Substrate (POD), Boehringer/Roche Diagnostics). The signal

was detected with the ChemoCamlImager by Intas Science Imaging.

Transfer buffer: 25 mM Tris
192 mM Glycine
20 % MeOH
TBST: 20 mM Tris pH 8.0
150 mM NacCl
0.2 % Tween-20
Blocking buffer: 3 % Skim Milk Powder
1 % BSA in TBST
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2.2.3.8 Purification of GST-tagged proteins

BI21 E. coli bacteria were transformed with a vector expressing the protein of interest tagged with a
GST tag. A5 ml preculture was grown overnight at 37 °C under 200 rpm shaking. The next day, 100 ml
of culture was inoculated with the preculture and was grown at 37 °C under 200 rpm shaking until OD
= 0.6 was reached. Protein expression was induced by adding 0.5 mM Isopropyl-B-D-
thiogalactopyranosid (IPTG) and 2% EtOH. Growth was continued overnight at 16 °C under 200 rpm
shaking. The next day, bacteria were harvested by centrifugation for 10 minutes at 4500 x g and the
pellet was frozen in liquid nitrogen. The frozen pellet was resuspended in 5 mL lysis-buffer (50 mM
Tris-HCI, pH 8.0; 100 mM NaCl; 1 mM EDTA; 1 mM EGTA, 5 mM DTT, Pefa Block, Leupeptin, Pepstatin,
Apotinin, lysozyme [1 mg/mL]). Samples were incubated for 1 h on ice. Samples were sonicated on ice.
A Bandelin Sonoplus HD 2070 sonicator was used with the following settings: 80 % intensity, cycle 7,

6 x 10 sec pulse and a 20 sec cooling period in between.

Triton X-100 was added to a final concentration of 1 %. Samples were gently rotated for 30 minutes at
4 °C. Samples were centrifuged at maximum speed for 30 min at 4 °C. The supernatant was transferred
into a fresh tube and incubated with 50 uL equilibrated Pierce™ Glutathione-Agarose (Thermo Fisher
Scientific) for 1 h at 4 °C under rotation. Afterwards, samples were centrifuged for 5 minutes at 2500
x g and the supernatant was again transferred into a fresh tube. The supernatant can be stored at -80
°C and reused again. The beads were washed 4x in 1 mL wash buffer (50 mM Tris-HCI, pH 8.0; 300 mM
NaCl, 1 mM EDTA, Leupeptin, Pepstatin, Apotinin, 5 mM DTT). Samples were centrifuged each time at
500 x g for 5 min. Proteins were eluted from beads 4x with 50 pL elution buffer (50 mM Tris, 300 mM
NaCl, 1 mM EDTA, 1 mM EGTA, 20 mM glutathione pH 7.5, Leupeptin, Pepstatin, Apotinin, 5 mM DTT).
After each elution step, the eluate was transferred into a fresh tube. Eluate was frozen at -80 °C. Pooled
eluate was concentrated to 1 mg/mL with Vivaspin® 20 1000 MWCO PES (SARTORIUS) according to the

manufacturer’s protocol.
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2.2.3.9 Kinase assay

For the kinase assay, GFP-tagged proteins were expressed in S2 cells as described in section 2.2.4.2.
Protein lysates were prepared as described in section 2.2.3.3. In addition to proteinase inhibitors,
phosphatase inhibitors (Pierce™ Phosphatase Inhibitor Mini Tablets, Thermo Fisher Scientific) were
added to the lysis buffer. IP was performed as described in section 2.2.3.5. After the last washing step,
one additional washing step with kinase buffer (50 mM Tris-HCI pH 7.5, 5 mM MgCl;, 1 mM DTT,
protease inhibitors) was performed. Kinase buffer was completely removed from GFP-trap beads. For
the kinase assay, all samples were covered with 17 pl kinase buffer and 1ul of GST:Sgh (1 pg/ul) was
added to each sample. When all tubes were prepared, the reaction was started by adding 2 ul ATP mix
(0.3 ul 10 mM ATP and 1.7 ul kinase buffer per sample). Samples were incubated at 30 °C for 30
minutes. Samples were centrifuged at 2500 x g for 2 minutes at 4 °C. The supernatant was transferred
into a new tube. 20 ul of 2x SDS loading dye was added to the beads and the supernatant. Samples
were boiled for 10 minutes at 98 °C and subjected to SDS-PAGE and Western blot analysis.

2.2.4 Cell culture

2.2.4.1 Cultivation of S2 cells

S2 cells are immortalized cells derived from Drosophila melanogaster late-stage embryos (Schneider,
1972). They were grown at 26 °C in Drosophila Schneider’s medium (Life technologies) supplemented
with fetal bovine serum (FBS, 10%) and antibiotics (50 U Penicillin, 50 pug/ml Streptomycin). Cells were

passaged once a week.

2.2.4.2 Cell transfection

Cells were passaged 3 days before transfection. After 3 days, the cells were counted with a Neubauer
counting chamber. The transfection was performed on a 6-well plate. Each well contains 1x10° cells /
1 ml of medium. A total of 3 ml was used. FUGENE® HD transfection reagent (Promega) was used. The
transfection mix contains 2 pg of each plasmid supplemented with 8 pl FUGENE® (1:4 DNA:FUGENE®

ratio) in a total volume of 150 pl. Cells were incubated for 72 h at 26 °C post-transfection.

For the TurbolD proximity labeling assay, cells were supplemented with a final concentration of 50 uM

biotin.
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2.2.5 Histology

2.2.5.1 Formaldehyde (FA) fixation of embryos

Embryos of the desired genotype were dechorionated with 6.5 % sodium hypochlorite for 3 minutes.
The embryos were washed thoroughly with water and transferred into a vial. They were fixed for 20
minutes in a solution containing an equal amount of heptane and 4 % formaldehyde. Afterwards, the
lower phase of fixation solution was removed and an equal volume of methanol was added. Embryos
were vortexed vigorously to remove the vitelline membrane. The whole solution was discarded and
the embryos were washed three times in methanol. Samples can be stored in methanol at -20 °C until
proceeding with immunofluorescence staining. Critical IF stainings were directly processed without
storage in methanol. This includes the use of a-phosphomyosin light chain antibody and the IF staining

of Ajuba germline clones.

2.2.5.2 Paraformaldehyde (PFA) fixation of embryos
Because some antibodies are sensitive to methanol, paraformaldehyde fixation was used instead of FA
fixation. The procedure is the same. Methanol is replaced by 80 % ethanol and formaldehyde is

replaced by paraformaldehyde. PFA fixation was used in combination with phalloidin.

2.2.5.3 Immunofluorescence (IF) staining of embryos

After fixation, embryos were washed three times for 10 minutes in PBSTx 0.1 % (PBS + 0.1 % Triton X-
100). Next, they were blocked for 30 minutes in blocking buffer (PBSTx 0.1 % + 5 % Normal Horse Serum
[NHS]). Embryos were incubated overnight at 4 °C with the primary antibody in blocking buffer. The
next day, primary antibodies were discarded. The embryos were washed again three times for 10
minutes with PBSTx 0.1 %. Then they were incubated for 2 h at room temperature with secondary
antibodies conjugated to a fluorophore in blocking solution. Subsequently, the embryos were
incubated for 20 minutes in PBSTx 0.1 % containing Hoechst dye (1:1000) followed by two washing
steps for 10 minutes in PBSTx 0.1 %. Embryos were mounted in Vectashield® Antifade Mounting Media

(Vector Laboratories).
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2.2.5.4 Diaminobenzidine tetrahydrochloride (DAB) staining of embryos

Embryos were fixed according to the protocol for FA fixation of embryos. After fixation, embryos were
washed three times for 20 minutes with 0.1 % PBSTx. Embryos were blocked in blocking buffer (0.1 %
PBSTx + 5 % NHS) for 1 h. Embryos were incubated with a-Twist AB in blocking buffer (1:50) overnight
at 4 °C under slight agitation. The next day, embryos were washed three times for 20 minutes with
0.1 % PBSTx. Embryos were incubated with a-rabbit-biotin secondary antibody in 0.1 % PBSTx for 2 h
at RT under slight agitation. Embryos were again washed three times for 20 minutes with 0.1 % PBSTXx.
VECTASTAIN® ABC-HRP Kit was used to detect the biotinylated secondary antibody. ABC mix was
prepared (Solution A and B were diluted 1:50 in PBS) and incubated for 30 minutes at RT. Embryos
were incubated with ABC mix for 30 minutes at RT. Embryos were washed three times for 15 minutes
with 0.1 % PBSTx. Embryos were transferred into a multi-well plate and the remaining solution was
discarded. 160 pl of PBS, 40 ul of DAB and 4 ul of H,0; (0.1 %) were added to the embryos to start the
reaction. To stop the reaction, the solution was discarded and the embryos were washed several times

with 0.1 % PBSTx.

2.2.5.5 Fixation and immunofluorescence staining of ovaries and imaginal discs

Ovaries and imaginal discs from L3 larvae were dissected on ice in 1x PBS. They were transferred into
a 1.5 ml tube and fixed for 10 minutes in 4 % FA at RT under slight agitation. Afterwards, the tissue was
washed three times for 10 minutes in PBSTx 0.3 %. Next, samples were blocked for 30 minutes in
blocking buffer (PBSTx 0.3 % + 5 % NHS). The tissue was incubated overnight at 4 °C with the primary
antibody in blocking buffer. The next day, primary antibodies were discarded. The samples were
washed again three times for 10 minutes with PBSTx 0.3 %. Then they were incubated for 1 h at RT
with secondary antibodies conjugated to a fluorophore in blocking solution. Subsequently, the samples
were incubated for 10 minutes in PBSTx 0.3 % containing Hoechst dye (1:1000) followed by two
washing steps for 10 minutes in PBSTx 0.3 %. Ovaries and imaginal discs were mounted in Vectashield®

Antifade Mounting Media (Vector Laboratories).
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2.2.6 Mass spectrometry data analysis

Data obtained by mass spectrometry was analyzed using Perseus (1.6.15.0). For the analysis, raw data
was uploaded in Perseus. Categorical variables were removed, Label-Free Quantification (LFQ)
intensity values were log, transformed, intensity Based Absolute Quantification (iBAQ) intensity values
were -logio transformed. Technical replicates were annotated as groups. Data was filtered based on
values appearing in at least three out of four replicates in at least one group. Missing values were
imputed from the normal distribution. ANOVA and Student’s T-test were performed using standard
parameters (FDR = 0.05 and SO = 0.2) for statistical analysis. Cut-off lines were modulated by FDR and

SO. Data was exported and used to build figures in RStudio.
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3 Results

3.1 smash®®*™? null allele mutant embryos show early morphogenetic
defects

Multiple aspects of morphogenesis rely on actomyosin contractility, which is regulated by a complex
protein interaction network (Agarwal & Zaidel-Bar, 2019; Miao & Blankenship, 2020). Previous work
identified the LIM domain-containing protein Smash as a novel player within this network regulating
actomyosin contractility (Beati et al., 2018). The importance of Smash during morphogenesis becomes
clear in smash4®*™? null allele mutant embryos, which show severe, in most cases lethal,
morphogenetic defects. Despite of these severe morphogenetic defects, some embryos survive and
develop until adulthood, revealing a highly variable phenotype that is not fully penetrant. A detailed
phenotypic analysis of smash43*™? mutants is required to improve our understanding of Smash
function. To investigate the variability and penetrance of the mutant phenotype, the embryonic
morphology of smash4**™? mutants was observed throughout all developmental stages. To better
visualize the structure of the embryos, a-Twist staining labeling the mesoderm was performed. Figure
15 gives an overview of the variability of the smash®**™? mutant phenotype in different embryonic

stages.

A fraction of embryos showed a WT-like appearance. The other fraction consisted of abnormal
embryos showing defects already very early during morphogenesis. During early embryonic
development stages 5-6, Twist staining was frequently irregular and appeared in a speckled pattern on
the ventral side of the embryos compared to WT-like embryos. A fraction of these early embryos
appeared to have problems in ventral furrow formation with the invagination process being only
partially completed (9/18 embryos showed the described morphogenetic defects). During stages 7-8,
the rapid phase of germ band elongation takes place. Although smash®**™? embryos looked abnormal
because of the irregular Twist staining (12/23 stage embryos), germ band elongation appeared to be
initiated. In stages 9-10, germ band elongation was almost complete, revealing that abnormal embryos
were able to stretch their germ band. Nevertheless, the mesoderm was often not fully invaginated
(20/37 embryos). In stages 11-12, most of the analyzed embryos superficially showed a WT-like
phenotype (14/17 embryos). Later embryonic stages (13-16) usually showed a strongly defective
morphology, for example, irregular segmentation or the formation of abnormal, additional furrows
(23/47 embryos showed morphogenetic defects). A lethality assay revealed that only 9 % (n = 277) of
smash®*™7 null mutants reached the larval stage, whereas no increased lethality was observed in

zygotic smash®® mutants (see supplementary material for further details).
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Stage 5 Stage 6-7 Stage 7-8 Stage 9-10 Stage 11 -12 Stage 13 - 16

WT-like

abnormal

Figure 15: Phenotypic analysis of smash43°m/z mutant embryos. Using single embryos as an example, the phenotypic variability of smash43*m/2mutant embryos is shown in different embryonic stages. Arrows
point to mesoderm, which was not completely invaginated. Stages are indicated above the panels. Staging was performed according to Campos-Ortega & Hartenstein (1997). Embryos were stained with a-

Twist antibody. Scale bar: 100 um.
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3.2 The phosphorylation of Sgh is strongly reduced upon loss of Smash

h%35™2 mutant embryos raise the question: What is the reason

Morphogenetic defects occurring in smas
for these defects? Previous studies showed that actomyosin contractility is reduced in smash®3*™*null
mutant embryos (Beati et al., 2018). Since actomyosin contractility is regulated by the amount of
phosphorylated Sgh (Vasquez et al.,, 2016; Vasquez et al., 2014), we tested whether Sgh
phosphorylation is affected in smash®*™? mutant embryos. The first evidence for this was already
shown in Peek (2019). In w8 embryos, which we used as WT reference, membrane-associated Smash
was detected using an antibody against the N-terminus of Smash. The membrane-associated Smash
signal co-localized with phosphomyosin and E-Cadherin signals (Figure 16). In contrast, the membrane-
associated signal of Smash was abolished in smash®3*™? mutant embryos. Instead, a speckled pattern
appeared that was later found to be caused most likely by cross-reactivity of the a-Smash N-terminal

antibody with Wolbachia bacteria present in the smash?* mutant fly stock. Moreover, the amount of

phosphorylated Sgh was drastically reduced in smash®**™? embryos compared to WT (Figure 16).

Phosphomyosin Smash N-term DECad Merge

WT

smashA35m/z

Figure 16: Phosphomyosin signal is reduced in smash3*™/Z mutant embryos compared to WT. Optical sections above the
ventral midline of stage 8 embryos are depicted. Antibodies used for IF staining are indicated above each panel. Scale bar: 20
pm.

Although the smash®*®* embryonic phenotype could only be observed when maternal and zygotic
Smash was fully depleted, there is evidence that Smash is not a classical maternal gene since paternal
genotype seems to influence the phenotype of the offspring. In embryos from homozygous mutant
mothers that were mated with males heterozygous for the smash®*®* mutation, residual Sgh
phosphorylation was detected. This was correlated with a weak expression of Smash, most likely of
zygotic origin (Figure S 1). A strong reduction of Sgh phosphorylation only occurs in the complete
absence of Smash (Figure 16). In conclusion, the loss of Smash leads to a strong decrease in Sgh

phosphorylation.
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3.3 Smash does not affect the phosphorylation of Sgh in vitro

The strong reduction of Sgh phosphorylation in smash®3*™* mutant embryos is a plausible reason for
the observed morphogenetic defects. Nevertheless, the question remains: Why is there such a strong
decrease in Sqgh phosphorylation level? It was shown that Smash directly interacts with Rok (Peek,
2019). Rok is responsible for Sgh phosphorylation, thereby activating actomyosin contractility (Amano
et al., 1996; Amano et al., 2010; Verdier, Guang Chao, et al., 2006). Moreover, it has been shown that
Shroom, another Smash and Rok binding partner, directly affects Rok activity (Nishimura & Takeichi,
2008; Peek, 2019; Zalewski et al., 2016). Thus, a potential mechanism by which Smash might modify
Sgh phosphorylation level is to act on Rok kinase activity, maybe together with Shroom. To test
whether Smash has a direct effect on Rok kinase activity, an in vitro kinase assay was established in
which the kinase activity of different Rok variants was investigated in the presence and absence of
Smash. For this purpose, full-length GFP:Rok, constitutively active GFP:RokCA, and catalytically inactive
GFP:Rok K116 were co-expressed in S2 cells either with GFP:SmashPM or GFP as a control. Rok kinase
activity was measured by the amount of phosphorylated Sgh. The contribution of Shroom was
neglected in this experiment. Respective input samples are depicted in Figure S 2. Distinct bands in the
presence of constitutively active GFP:RokCA and full-length GFP:Rok were detected (Figure 17). As
expected, the band intensity in GFP:RokCA samples was slightly higher compared to GFP:Rok samples.
In contrast, no or only very weak bands appeared when catalytically inactive GFP:Rok K116 or no Rok
was supplied. The latter two samples served as negative controls. Comparing the band intensity
between samples containing GFP or GFP:SmashPM either in the presence of GFP:RokCA or GFP:Rok,
no significant difference was observed. In conclusion, this assay revealed that Rok kinase activity is

independent of Smash in vitro.

a-PhoSphomyosin | s jss s

GFP - + - + - £ - +
GFP:SmashPM  + - + - + - + -
GFP:RokCA' +  + - - 2 = = =
GFP:Rok| - - + + - - - -
GFP:Rok K116/ - - - - + + - -

GST:Sgh  + + + + + + + +

Figure 17: Smash does not affect the phosphorylation of Sqh in vitro. An in vitro kinase assay was performed to test whether
Smash affects Rok kinase activity. Sgh phosphorylation was used to estimate Rok kinase activity. GFP:RokCA, GFP:Rok, and
GFP:Rok K116 were co-expressed either with GFP:SmashPM or GFP in S2 cell culture. The kinase assay was performed after

enrichment of GFP-tagged proteins from cell lysates.
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3.4 The subcellular localization of Smash is dependent on Rok

The correct subcellular localization of proteins is important for morphogenesis because impaired
subcellular protein localization often leads to morphogenetic defects (Bilder et al., 2003; Simdes et al.,
2010; Wodarz et al., 2000). Beati et al. (2018) and Peek (2019) demonstrated that the subcellular
localization of Baz, Cno, and Sgh was altered during germ band elongation in smash®3*™? mutant
embryos, whereas Rok subcellular localization was unaffected. The opposite way around, the loss of
Baz, Cno, and F-actin led to an abnormal distribution of Smash. The effect upon loss of Sgh or Rok on
the subcellular localization of Smash has not been investigated yet. Since the interaction between
Smash and Rok appears to fulfill an important function in regulating actomyosin contractility during
morphogenesis, this study focused on analyzing the subcellular localization of Smash upon loss of Rok
during germ band elongation. For this purpose, Rok? germline clones were generated to determine the
subcellular localization of Smash. It was reported that the subcellular localization of Al-associated
proteins such as Baz and B-Catenin was disturbed in Rok? germline clones (Simdes et al., 2010).
Therefore, we also investigated the subcellular localization of E-Cadherin, another AlJ-associated

protein. WT embryos were used as control.

The epithelial architecture in Rok? embryos was strongly defective in comparison to WT embryos. The
typical, very regular honeycomb pattern of epithelial cells observed in WT became irregular in size and
shape in Rok? embryos (Figure 18 A). In WT embryos, Smash was significantly enriched at A/P junctions
(Figure 18 A & B) whereas E-Cadherin was significantly enriched at D/V junctions (Figure 18 A & D). In
contrast, Smash and E-Cadherin were equally distributed at A/P and D/V junctions in Rok? embryos
(Figure 18 A, B & D). To compare the distribution of Smash and E-Cadherin between WT and Rok?
embryos, we calculated the mean AP/DV ratio. An AP/DV ratio of 1 means that the protein was equally
distributed at A/P and D/V junctions. An AP/DV ratio > 1 means that the protein was enriched at A/P
junctions and an AP/DV ratio < 1 means that the protein was enriched at D/V junctions. Observed
differences between WT and Rok? embryos in Smash localization were statistically significant (Figure
18 C), whereas the differences in E-Cadherin localization were not statistically significant (Figure 18 E).
From these results, we conclude that Rok regulates the subcellular localization of Smash during germ
band elongation. E-Cadherin localization was also altered in Rok? embryos albeit the observed

differences between WT and Rok? embryos were not statistically significant.
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Figure 18: Smash planar polarized localization is affected in Rok? embryos. (A) An optical section of WT and Rok? embryos
(Stage 8) is depicted. Antibodies used for IF staining are indicated above each panel. Scale bar: 20 um. (B & D) Smash and E-
Cadherin signals were measured at A/P (60 - 90 °) and D/V (0 -25 °) junctions in WT and Rok? embryos (Stage 7 & 8). The
measured signal is given as mean gray value. A Mann-Whitney U test were performed to determine the statistical significance
of the difference between two samples. The significance level is indicated with asterisks. “***’: p < 0.0001; “**’: p < 0.001; ns:
not significant. WT n = 80, RokZn = 120. (C & E) The mean AP/DV ratio was calculated. A Mann-Whitney U test was performed
to identify the statistically significant difference between two samples. The significance level is indicated. “***': p < 0.001; ns:

not significant. WT n = 4, Rok?n = 6.
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3.5 Investigation of Smash sfGFP knock-in lines

As the processes driving morphogenesis are highly dynamic, it is important that the involved
components can continuously sense their environment and quickly react to changes. Therefore, a
dynamic redistribution of proteins is required (summarized in Butler & Wallingford, 2018 and Zallen,
2007). Because Smash apparently functions as an actomyosin regulator, it is expected that Smash is
also behaving in a highly dynamic manner. To gain a deeper insight into the spatiotemporal behavior
of Smash, CRISPR/Cas9 sfGFP knock-in lines were generated to trace Smash during morphogenesis
using live imaging. sfGFP is a derivative of GFP, but compared to GFP, sfGFP has a faster maturation
time and a more robust folding behavior, thus maintaining fluorescent properties of the protein
(Pedelacq et al., 2006). The aim was to generate two fly lines in which sfGFP was inserted to tag the N-
terminal end of either SmashPM or SmashPl. A schematic overview of the CRISPR/Cas9 strategy is

depicted in Figure 19. The detailed experimental design is described in the material & methods section.

Smash-RM Il II - -I.”

SmashPM | | |

SmashP! . |
imNnE NN

sfGFP:SmashPM | | | I

CRISPR sfGFP knock-in 1:

CRISPR sfGFP knock-in 2:

o o .

truncated SmashPM ]]:LS"TOP

SfGFP:SmashPI |:

sfGFP CC domain LIM domain B Myosin binding domain PDZ binding motif (PBM)

Figure 19: CRISPR/Cas9 strategy to generate sfGFP knock-in lines targeting the smash locus. Two independent sfGFP knock-
in approaches were designed. The first approach uses a sgRNA targeting the N-terminus of SmashPM. The second approach
uses a sgRNA targeting the N-terminus of SmashPI, thereby interfering with the reading frame of SmashPM. In addition to
functional sfGFP:SmashP], it is predicted that a truncated version of SmashPM is translated due to an early stop codon. As a
derivative of GFP, sfGFP was used for tagging. The functional domains of Smash and sfGFP are highlighted in different colors.

The color code is indicated.
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3.6 sfGFP:SmashPM resembles the localization pattern of endogenous
SmashPM

Following the strategy summarized in Figure 19, multiple independent fly lines were obtained. These
fly lines were verified by PCR and fully sequenced to check that the sfGFP was inserted in the correct
reading frame. For further details, see material & methods section. Promising fly lines were subjected
to closer analysis by checking the expression pattern of the sfGFP fusion proteins. It is known that
Smash is not only expressed in embryos but also in ovaries, thus making ovaries an additional

interesting organ to study the expression pattern of the sfGFP fusion proteins.

Figure 20 depicts the endogenous expression pattern of SmashPM in WT ovaries. Here, SmashPM was
already expressed in the germarium. From stage 2-4, SmashPM is localized at the apical cortex of
follicle cells. This signal was equally distributed throughout the whole egg chamber. From stage 5-9,
SmashPM signal became polarized as it increased specifically at the interface between follicle cells and
the maturating oocyte at the posterior pole, but SmashPM signal was still detectable at the interface
between follicle and nurse cells. Moreover, SmashPM was also detected at membranes in-between
nurse cells. In stages 10a and 10b, a clear SmashPM signal at the nurse cell membranes was visible. A

faint SmashPM signal was detected in the apical cortex of follicle cells and at the oocyte membrane.
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Figure 20: Endogenous SmashPM expression in WT ovaries. Smash is expressed in all egg chamber stages in WT ovaries.
Stages are indicated above the panels. Antibodies used for IF staining are indicated on the left side of the panels. Sizes of
scale bars are indicated below the scale bars.

The localization pattern of sfGFP:SmashPM (Figure 21) was indistinguishable from the localization
pattern of endogenous SmashPM, which was detected with the a-Smash N-terminal antibody in WT
ovaries. Compared to the signal using the antibody against the N-terminus of Smash, the GFP signal of
sfGFP:SmashPM appeared much stronger, in particular in stage 10a and 10b ovaries (Figure 22 B). This
may be due to penetration problems of the antibody in late-stage egg chambers. Compared to the
endogenous SmashPM signal in WT ovaries, sfGFP:SmashPM signal allowed imaging at higher
resolution. In stage 6 ovaries, sfGFP:SmashPM was detected at the apical cortex of follicle cells and at
the oocyte membrane, creating a signal that appeared as a double line. In contrast, endogenous
SmashPM appeared as a thick, single line in stage 6 WT egg chambers (Figure 22 A). During maturation
of the egg chambers, the follicle cells and the oocyte became more separated from each other by the
development of the vitelline membrane. With progressive maturation of the egg chamber, the

endogenous SmashPM signal appeared more obviously as a double line (Figure 22 B).
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Stage 10a Stage 10b

Figure 21: sfGFP:SmashPM expression in ovaries. sfGFP:SmashPM is expressed in all egg chamber stages. Stages are
indicated above the panels. Antibodies used for IF staining are indicated on the left side of the panels. Sizes of scale bars are

indicated below the scale bars.
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Figure 22: Close-up of egg chambers showing endogenous SmashPM and sfGFP:SmashPM localization pattern. (A) Sagittal
sections of stage 6 WT and sfGFP:SmashPM egg chambers are shown. (B) Sagittal sections of stage 10a WT and
sfGFP:SmashPM egg chambers are shown. (A & B) Antibodies used for IF staining are indicated above each panel. In the right
panel, schematic drawings of egg chambers are shown. The red boxes frame the region that is depicted in the close-up.
Schematic drawings of egg chambers were copied from Duhart et al. (2017). Scale bar: 20 pm.

The detailed expression pattern of SmashPM in embryos has been described earlier in Beati et al.
(2018). SmashPM expression can be detected from stage 5 onwards in all ectodermally derived tissues,
including the epidermis, fore- and hindgut, Malpighian tubules, salivary glands, amnioserosa, and
tracheal tree. Moreover, SmashPM expression was found in the somatic body wall muscles, the
pharynx muscles, and the visceral muscles surrounding the midgut. SmashPM is associated with
adherens junctions and during germ band elongation it is specifically enriched at A/P cell borders. The
expression pattern of SmashPM was first investigated using an antibody against the N-terminus of
Smash. Analyzing the expression pattern of sfGFP:SmashPM revealed that sfGFP:SmashPM precisely
resembles the previously described expression pattern. An example of the sfGFP:SmashPM expression

pattern in embryos (Stage 7 & 8 ) is depicted in Figure 23.
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sfGFP:SmashPM

Figure 23: sfGFP:SmashPM expression in embryos. In stage 7 & 8 embryos, sfGFP:SmashPM is expressed and localizes at the
ZA, resembling the endogenous localization pattern of Smash. Antibodies used for IF staining are indicated above each panel.
Scale bar: 50 um. Scale bar close-up: 20 um.

In addition to ovaries and embryos, sfGFP:SmashPM was also expressed in imaginal discs. The
expression pattern of sfGFP:SmashPM in wing discs is shown as an example (Figure S 3). Similar as in
ovaries and embryos, sfGFP:SmashPM resembled the localization pattern of endogenous SmashPM in

wing discs.
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3.7 sfGFP:SmashPIl is specifically expressed in posterior follicle cells in
ovaries

Similar to the new CRISPR line expressing sfGFP:SmashPM, the expression pattern of sfGFP:SmashPI
was analyzed in detail. In ovaries, the expression pattern of sfGFP:SmashPl was completely different
from endogenous Smash detected with the a-Smash N-terminal antibody and sfGFP:SmashPM. Until
stage 8, sSfGFP:SmashPI was not expressed at all. From stage 9 onwards, sfGFP:SmashP| was expressed
in posterior follicle cells only. Here, sfGFP:SmashPI| was enriched at the apical side of the posterior
follicle cells. To some extent it was also localized in the cytosol (Figure 24). This strictly limited
expression pattern suggests that SmashPl may have a specific function exclusively in posterior follicle
cells. To verify this hypothesis, the expression pattern of sfGFP:SmashPl was analyzed in embryos and
in wing discs. sfGFP:SmashPl was expressed neither in embryos nor in the wing disc (Figure S 3 & S 4).
During the preparation of sfGFP:SmashPI expressing ovaries, an increased appearance of mature egg
chambers was observed. A representative example of this is depicted in Figure S 5. Elaborate statistical
analysis has not been performed yet. Closer observation of sfGFP:SmashPI expressing ovaries revealed
some remaining but aberrant Smash signal throughout all stages when the antibody against the N-
terminus of SmashPM was used. Similar observations were made in embryos. Although no
sfGFP:SmashPI signal was detected (Figure S 4), an aberrant signal appeared when using the antibody

against the N-terminus of SmashPM (Figure 25).
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Figure 24: sfGFP:SmashPI expression in ovaries. The expression pattern of sfGFP:SmashPl is shown in all egg chamber stages.
Using the antibody against the N-terminus of Smash, an aberrant signal for Smash was detected throughout all stages. Stages
are indicated above the panels. Antibodies used for IF staining are indicated on the left side of the panels. Sizes of scale bars

are indicated below the scale bars.
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\

sfGFP:SmashPI™/Z

Figure 25: An aberrant signal was detected in sfGFP:SmashPI™/zembryos when the antibody against the N-terminus of
SmashPM was used. Optical sections of stage 8 embryos above the ventral midline are depicted. Antibodies used for IF
staining are indicated above each panel. Scale bar: 20 um.

As a second independent approach, Western blot analysis was used to determine the expression status
of sfGFP:SmashPM and sfGFP:SmashPI in different tissues (Figure 26). In agreement with the IF
staining, concise bands can be detected in sfGFP:SmashPM embryos and in ovaries. A weak band of
lower molecular weight appeared in sfGFP:SmashPI| ovaries. Again, this finding was in agreement with
the results of IF staining, where sfGFP:SmashP| was detected only in a few cells in late-stage ovaries. A
similar band was also detected in sfGFP:SmashPl embryos. This observation was in contrast to the

results of the IF staining, where no sfGFP:SmashPI was detected in embryos.
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Figure 26: Detection of sfGFP fusion proteins in embryos and ovaries. The presence of sfGFP:SmashPM and sfGFP:SmashPI
in embryos and ovaries was detected by Western blotting using a-GFP antibody. Proteins were enriched by IP against GFP.
WT tissue was used as reference. Protein detection with a-BTub antibody was used as loading control. Predicted molecular
weight of proteins: sfGFP:SmashPI = 128.5 kDa, sfGFP:SmashPM = 195.7 kDa, B-Tubulin = 50.8 kDa.

Closer observation of embryos homozygous for stGFP:SmashPI revealed that these embryos had strong
morphogenetic defects. This phenotype appeared to be even more severe than the one described in
smash®**™? mutant embryos, suggesting that the new allele has a dominant negative effect. Figure 27
provides an overview of the sfGFP:SmashPI™? phenotype. For better visualization of structures,
embryos were stained with a-Twist and arranged by stage. In some stage 5 embryos, an abnormal
Twist signal could be detected in the anterior part of the embryo. During stage 6, ventral furrow
formation was defective. Stage 7-8 embryos showed defects during germ band elongation that went
along with the formation of aberrant, additional furrows on the ventral side of the embryo. In stage 9-
10 embryos, germ band elongation continued to some extent, but the embryos looked abnormal since
the mesoderm was not fully invaginated and they looked somehow twisted. Many embryos had deep,
additional furrows, which made a clear identification of the stage impossible. Putative stage 13-16
embryos looked twisted. Moreover, the usually well-structured tracheal tree was completely

disordered.
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Stage 9-10 Stage 13 - 16

Figure 27: Phenotypic analysis of sfGFP:SmashPI™/z embryos. Using single embryos as an example, the phenotypic variability of sSfGFP:SmashPI™z embryos is shown in different embryonic stages. Stages are
indicated above the panels. Staging was performed according to Campos-Ortega & Hartenstein (1997). Embryos were stained with a-Twist antibody. Arrows point to regions where abnormalities occur (e. g.

mesoderm mislocalization or aberrant furrow formation). Scale bar: 100 um.
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3.8 smash®**™/? and sfGFP:SmashPI™? embryos show impaired germ band
elongation

Both smash®*®™? and sfGFP:SmashPI™? embryos showed very severe morphogenetic defects
throughout all developmental stages. It was reported that smash®**™? mutant embryos have PCP
defects during germ band elongation (Beati et al., 2018). Whether PCP is also affected in
sfGFP:SmashPI™? has not been analyzed yet. Defective PCP often results in impaired germ band
elongation (Blankenship et al., 2006; Sawyer et al., 2011; Simdes et al., 2010; Simdes et al., 2014). To
investigate how the complete loss of Smash or the dominant negative effect of the new allele affects
germ band elongation, live imaging was performed using smash®>**™? and sfGFP:SmashPI™? embryos.
WT embryos were used as reference. Embryos were recorded by brightfield microscopy for 1 hour

after the onset of germ band elongation.

Figure 28 illustrates the germ band elongation (GBE) behavior of single embryos in each genotype
relative to their body length. Already on the first view, it became apparent that there was a greater
variation between single embryos in smash®*™* and sfGFP:SmashPI™? compared to WT control
embryos. In both genotypes, some embryos performed almost as good as WT, while others had strong

difficulties to elongate their germ band.
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Figure 28: Relative germ band elongation in WT, smash435m/z, and sfGFP:SmashPI™/z embryos. GBE was recorded for 1 h
after onset. Single embryo recordings are represented in different colors. GBE was normalized against embryo body length.
WT n =16, smash435m/zn = 6, sfGFP:SmashPI™zn = 12,

In Figure 29, exemplary embryos of each genotype during different time points of live imaging are

illustrated.
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Figure 29: Live imaging of WT, smash435m/z, and sfGFP:SmashPI™/z embryos. Screen shots of time-lapse live imaging

recordings of WT, smash43°m/z and sfGFP:SmashPI™Z embryos are shown at 0 s, 1800 s and 3600 s after germ band elongation

onset. Pole cells were used as a reference point to measure germ band elongation. The arrows point to the tip of the
elongating germ band. Scale bar: 100 um.

For better comparison of genotypes, the mean GBE [%] was calculated (Figure S 6 & S 7). Table 7

compares the mean GBE of the three genotypes after 1800 s and 3600 s. After 1800 s, GBE relative to
embryo body length in WT has reached 41.1 % ending with 51.9 % after 3600 s. After both measured

timepoints, neither smash®3*™* nor sfGFP:SmashPI™? embryos reached a comparable length as WT

embryos. Statistical analysis revealed that those differences in length were significant (Table S 1).

Table 7: Summary mean GBE in WT, smash?35m/z, and sfGFP:SmashPI™/2 embryos. Mean GBE was measured after 1800 s and

3600 s. SD: standard deviation. WT n = 16, smash43°™/zn = 6, sfGFP:SmashPI™zn = 12

Mean A35m/z . m/z|
GBE [%] WT smash sfGFP:SmashP!I
after 1800s | 41.4(SD+3.12) |30.3(SD+12.6)|26.8 (SD *+ 7.45)

after 3600s |51.9 (SD +(2.93)

38.6 (SD £ 13.9)

36.4 (SD +11.4)
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In addition, the measured data was used to calculate the speed of GBE in all three genotypes (Figure
30). Again, there was a high variability between single smash®**™? and sfGFP:SmashPI™? embryos
during the whole recording. This was also true for WT embryos during the first 1800 s of recording.
After this timepoint, variability decreased. Using the calculated mean speed, a statistical test to
determine the significance of the differences between genotypes was performed (Figure S8 & S 9,
Table S 2). At the beginning of the measurements, no significant difference was observed. From 360 s
onwards, the mean GBE speed of smash®3*™* embryos was significantly lower compared to WT. This
was also true for sfGFP:SmashPI™? embryos but from 840 s onwards. No statistically significant

difference between smash®**™*and sfGFP:SmashPI™? embryos was observed.

WT smashA35m/z sfGFP:SmashP|™/2
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Figure 30: Relative germ band elongation speed in WT, smash235m/z, and sfGFP:SmashPI1™/2 embryos. GBE speed of single
embryos is represented in different colors. WT n = 16, smash435m/zn = 6, sfGFP:SmashPI™zn = 12,

The low number of recorded smash®**™?embryos resulted from a remarkably high number of embryos
that did not undergo cellularization. Out of all recorded embryos, 10 % of WT did not undergo
cellularization. This amount drastically increased up to 78 % in smash®*™? mutants. 65 % of
sfGFP:SmashPI™?embryos did not undergo cellularization. To sum up, live imaging revealed that germ

band elongation and probably also cellularization were impaired in smash®3*™? and sfGFP:SmashPI™?

embryos.
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3.9 SmashPM N-term has a reduced ability to promote F-actin enrichment

Although smash®**™7 and sfGFP:SmashPI™? embryos both showed morphogenetic defects, their
phenotypic appearance was not the same since the defects in sfGFP:SmashPI™?embryos appeared to
be more severe and more penetrant than the ones occurring in smash®**™?mutant embryos. The major
difference between these two genotypes was that smash®**™is a null allele. Hence, no Smash protein
was expressed at all. In contrast, a signal with abnormal subcellular localization was detected in
sfGFP:SmashPI™?embryos using the antibody against the N-terminus of Smash (Figure 25). Due to an
out-of-frame insertion of sfGFP into the SmashPM reading frame, a premature stop codon is predicted,
creating a truncated version of SmashPM that is likely to produce this abnormal fluorescence signal. In
the following, this truncated version of SmashPM will be called SmashPM N-term. As depicted in Figure
19, SmashPM N-term carries the myosin binding domain and two coiled coil domains. It is possible that
these domains are still functional. This leads to a scenario in which SmashPM N-term can still engage
in some protein-protein interactions but probably in an unregulated manner because functionally
important domains of SmashPM located at the C-terminus are missing due to the early stop codon.
Another possible scenario is that SmashPM N-term is non-functional because of misfolding. Based on
the severity and penetrance of morphogenetic defects occurring in sfGFP:SmashPI™? embryos, we

hypothesize that SmashPM N-term is still functional but in an unregulated manner.

In order to clarify whether SmashPM N-term has maintained residual function, an overexpression
experiment in the follicle epithelium was performed. In addition to SmashPM N-term, full-length
SmashPM and SmashPM mut, which carries mutations in the predicted myosin binding domain, were
used for overexpression. As a non-functional membrane-bound protein, mCD8 was included as
negative control. To visualize the proteins, they were tagged with eGFP. For tissue-specific
overexpression in the follicle epithelium, the tj::Gal4 driver line was used. In this experiment, full-
length SmashPM functioned as positive control. A previous experiment in the follicle epithelium
showed that SmashPM overexpression resulted in strong apical constriction, demonstrating that
Smash is involved in the regulation of actomyosin contractility in the apical cell cortex (Beati et al,
2018; Peek, 2019). SmashPM overexpression was accompanied by the enrichment of F-actin in the
apical cell cortex, suggesting that Smash induces actomyosin-driven apical constriction by promoting
F-actin enrichment. Similar findings were reported in Matsuda et al. (2022). They reported that
Xenopus LMO7 facilitates actomyosin filament assembly to drive apical constriction. This was
demonstrated by mutating the myosin binding domain of Xenopus LMO?7 in such a way that it could
no longer bind to the NMIIHC. As a result, mutated Xenopus LMO7 was no longer able to promote
actomyosin filament assembly (Matsuda et al., 2022). Based on the sequence information of Xenopus
LMO7, the homologous site for myosin binding was identified and mutated in Smash. In our
experiment, SmashPM mut was used to investigate more closely the contribution of the myosin

binding domain of Smash regarding its function to promote actomyosin contractility. If SmashPM N-
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term retained some residual function, we hypothesize that it should be able to promote apical F-actin
enrichment, resulting in apical constriction. The main results of the overexpression experiment in the

follicle epithelium are summarized in Figure 31.
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Figure 31: Overexpression of mCD8:eGFP, eGFP:SmashPM, eGFP:SmashPM N-term, and eGFP:SmashPM mut in the follicle
epithelium. Sagittal sections of stage 10a ovaries are shown. mCD8:eGFP (A’-A”"’), eGFP:SmashPM (B’-B"”’), eGFP:SmashPM
N-term (C’-C""”’), and eGFP:SmashPM mut (D’-D"”’) were overexpressed under the control of the traffic jam (tj) Gal4. For
intensity profiles (a-d), the fluorescence intensity of a representative cell of each genotype was measured perpendicular to
the apical follicle cell membrane from the cytosol to the oocyte using Imagel. The intensities of GFP (A’, B’, C' & D’, green line
in intensity profile), phalloidin (A”, B”, C” & D”, magenta line in intensity profile) and DIg (A", B, C"” & D’”’, cyan line in
intensity profile) signals were measured. Scale bar: 30 um.

All four eGFP fusion proteins were successfully overexpressed in the follicle epithelium (Figure 31 A,
B’, C' & D’). These proteins showed different subcellular localizations. The mCD8:eGFP control was
associated with the apical and basolateral plasma membrane and was also present in the cytosol
(Figure 31 A’). A very similar pattern was observed for eGFP:SmashPM N-term (Figure 31 C'). In sharp
contrast, eGFP:SmashPM and eGFP:SmashPM mut were enriched at the ZA of the follicular epithelium,
close to the apical membrane. Almost no cytosolic signal was detected (Figure 31 B’ & D’). Since
Xenopus LMO7 was described to promote actomyosin filament assembly (Matsuda et al., 2022), the
amount and the distribution of F-actin were examined by phalloidin staining in ovaries overexpressing
the eGFP fusion proteins in the follicle epithelium (Figure 31 A”, B”, C’ & D”). Myosin Il was not
analyzed. mCD8:eGFP control ovaries showed a weak phalloidin signal in the apical cortex of follicle
cells. Moreover, a weak phalloidin signal was detected at the oocyte membrane (Figure 31 A” & Figure
S 10). A similar distribution and intensity of phalloidin signal was observed in eGFP:SmashPM N-term

and eGFP:SmashPM mut overexpressing ovaries (Figure 31 C” & D"’ & Figure S 10). In contrast, the
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phalloidin signal in eGFP:SmashPM overexpressing ovaries appeared much stronger compared to the

other genotypes (Figure 31 B”” & Figure S 10).

Intensity profiles visualize the intensity of fluorescence signals measured in a representative follicle
cell of each investigated genotype (Figure 31 a-d). In general, only one prominent peak occurred for
eGFP-tagged fusion proteins that were enriched at the apical cell cortex, but two prominent peaks
occurred for the phalloidin signal because F-actin was enriched at the apical cortex of follicle cells and
at the oocyte membrane (Figure 31 A”-D”’ & Figure S 10). The intensity of the Dlg signal was constantly
low throughout all measurements, missing any obvious peaks. In the following, the focus will be on
overlapping peaks representing GFP and phalloidin signals measured at the apical cortex in follicle cells.
In mCD8:eGFP overexpressing control ovaries, peaks for GFP and phalloidin signals were both rather
low (Figure 31 a). In contrast to control ovaries, the peaks for GFP and phalloidin signal in
eGFP:SmashPM overexpressing ovaries were both quite high (Figure 31 b). In eGFP:SmashPM N-term
overexpressing ovaries, the phalloidin peak was slightly higher than the GFP peak (Figure 21 c). An
opposite effect was seen in eGFP:SmashPM mut overexpressing ovaries. In this case, the GFP peak was
much higher compared to the phalloidin peak (Figure 31 d). These initial trends were verified by a
detailed analysis, in which the fluorescence signals of GFP and phalloidin were measured in multiple
follicle cells in different ovaries of each genotype. The fluorescence signals were measured at the apical

cell cortex and in the cytosol. The results are illustrated in Figure 32-34 and Figure S 11-S 15.

First, the subcellular localization of the different eGFP-tagged fusion proteins was analyzed more
closely. The distribution of the eGFP-tagged fusion proteins was quantified by a membrane/cytosol
ratio (Figure 32) which was calculated from measured fluorescence intensities at the apical cell cortex
and in the cytosol (Figure S 11 & S 12). A membrane/cytosol ratio of 1 would indicate an equal protein
distribution of the proteins at the apical membrane and in the cytosol. The membrane/cytosol ratio
for each investigated genotype is greater than 1, indicating that all proteins are enriched at the apical
cell cortex. Nevertheless, there are striking differences between the genotypes. While mCD8:eGFP and
eGFP:SmashPM N-term overexpressing ovaries had a comparably low GFP membrane/cytosol ratio
indicating a weak apical membrane enrichment, eGFP:SmashPM and eGFP:SmashPM mut
overexpressing ovaries showed a comparably high GFP membrane/cytosol ratio indicating a strong

apical membrane enrichment. The differences between these two groups were statistically significant.
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Figure 32: GFP membrane/cytosol ratio in follicle cells. mCD8:eGFP, eGFP:SmashPM, eGFP:SmashPM N-term, and
eGFP:SmashPM mut overexpressing ovaries were examined. The straight-line tool in ImageJ was used for analysis. The mean
gray value was used for calculations. A value of 1 would mean an equal GFP intensity at the apical membrane and in the
cytosol. The color code represents the replicate to which a data point belongs to. n = 60 (4 replicates, 15 cells per replicate).
Kruskal-Wallis test and a post hoc Dunn test were performed to identify the statistically significant difference between two
samples. Compact letter display (CLD) is used to visualize a statistically significant difference. Same letters mean that samples

do not differ in a statistically significant manner from each other. For more details on the significance level, see Table S 5.

Next, the phalloidin signal was investigated in detail. Figure 33 shows the intensity of the phalloidin
signal at the apical cortex in follicle cells of each genotype. Phalloidin intensity in eGFP:SmashPM
overexpressing ovaries was the highest among all tested genotypes, followed by eGFP:SmashPM N-
term overexpressing ovaries. The lowest phalloidin intensity was found in eGFP:SmashPM mut and

mCD8:eGFP overexpressing ovaries. The latter two were not significantly different from each other.
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Figure 33: Phalloidin intensity at the apical cell cortex of follicle cells. mCD8:eGFP, eGFP:SmashPM, eGFP:SmashPM N-term,
and eGFP:SmashPM mut overexpressing ovaries were examined. The straight-line tool in ImageJ was used for analysis. The
mean gray value was used for calculations. The color code represents the replicate to which a data point belongs to. n = 60
(4 replicates, 15 cells per replicate). Kruskal-Wallis test and a post hoc Dunn test were performed to identify the statistically
significant difference between two samples. Compact letter display (CLD) is used to visualize a statistically significant
difference. Same letters mean that samples do not differ in a statistically significant manner from each other. For more details
on the significance level, see Table S 6.

In general, cytosolic phalloidin intensity was significantly lower compared to apical phalloidin intensity
in each genotype (Figure S 15). Although the cytosolic phalloidin signal is generally low, slight
differences were observed between genotypes (Figure S 14). The cytosolic phalloidin signal in
eGFP:SmashPM overexpressing ovaries was significantly increased compared to mCD8:eGFP control
ovaries whereas cytosolic phalloidin signal in eGFP:SmashPM mut overexpressing ovaries was
significantly decreased compared to control. No statistically significant difference in cytosolic

phalloidin intensity was observed between eGFP:SmashPM N-term and mCD8:eGFP control ovaries.
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Since we aimed to investigate the ability of the different Smash fusion proteins to induce F-actin
enrichment at the apical cell cortex, we finally summarized our results to draw a correlation between
GFP and phalloidin fluorescence intensities at the apical membrane (Figure 34). A moderate GFP and
phalloidin signal was detected at the apical cortex of follicle cells in mCD8:eGFP overexpressing ovaries.
In contrast, apical GFP and phalloidin signals in eGFP:SmashPM overexpressing ovaries occurred both
at a comparable level and were much higher than the signals in mCD8:eGFP control. In eGFP:SmashPM
N-term overexpressing ovaries, GFP signal at the apical cortex in follicle cells was as low as in
mCD8:eGFP control. Even though the localization pattern of eGFP:SmashPM N-term did not resemble
the localization pattern of eGFP:SmashPM, the phalloidin signal in eGFP:SmashPM N-term
overexpressing ovaries was slightly increased compared to the mCD8:eGFP control. In contrast,
phalloidin signal in eGFP:SmashPM mut overexpressing ovaries was not increased compared to the
mCD8:eGFP control, although eGFP:SmashPM mut mimicked the eGFP:SmashPM localization pattern

as the GFP intensity for eGFP:SmashPM mut and eGFP:SmashPM were at a comparably high level.
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Figure 34: Correlation between apical GFP and phalloidin signal in follicle cells. mCD8:eGFP, eGFP:SmashPM,
eGFP:SmashPM N-term, and eGFP:SmashPM mut overexpressing ovaries were examined. The straight-line tool in Imagel
software was used for analysis. The mean gray value was used for calculations. The color code represents the replicate to
which a data point belongs to. n = 60 (4 replicates, 15 cells per replicate). No further statistics were performed since this
figure is just summarizing Figure 33 & S 11. For statistical analysis, refer to Table S 3 & Table S 6.

In summary, full-length Smash was enriched at the apical cortex. There, it promoted F-actin
enrichment in a manner dependent on the myosin binding domain. SmashPM mut, which lacked the
myosin binding domain, was no longer able to promote F-actin enrichment. SmashPM N-term failed
to localize properly within the cell. Nevertheless, it retained some ability to promote F-actin

enrichment at the apical cortex, albeit to a lower extent than full-length SmashPM.
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During preparation of the ovaries, morphological abnormalities were observed in ovaries
overexpressing full-length eGFP:SmashPM (Figure 35). In single ovarioles, young egg chamber stages
were present and did not show any abnormalities, whereas later egg chamber stages and embryos
formed tubular-like structures. In general, eGFP:SmashPM overexpressing ovarioles appeared to be
more flexible and resilient against mechanically applied stretching compared to control. We wondered
whether these drastic changes in the tissue might influence the egg-laying efficiency of female flies.
We tested our hypothesis by measuring the egg-laying rate of the different genotypes. Indeed, the
egg-laying rate of eGFP:SmashPM overexpressing flies was only 12.7 % of the egg-laying rate of
mCD8:eGFP overexpressing control flies. eGFP:SmashPM overexpressing embryos often looked
abnormal since the formation of dorsal appendages was defective. No larvae hatched. eGFP:SmashPM
N-term and eGFP:SmashPM mut overexpressing ovaries did not show obvious defects. The egg-laying
rate in these two genotypes was slightly reduced compared to control but not as strong as in
eGFP:SmashPM overexpressing flies. Relative to mCD8 control, the egg-laying rate was 84.5 % in

eGFP:SmashPM N-term and 78.0 % in eGFP:SmashPM mut overexpressing flies.
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Figure 35: Abnormal morphology in eGFP:SmashPM overexpressing ovaries. Ovaries overexpressing mCD8:eGFP,
eGFP:SmashPM, eGFP:SmashPM N-term, and eGFP:SmashPM mut under the control of tj:G4 are shown. Scale bar: 500 um.
Another striking observation was that embryos developing from ovaries overexpressing
eGFP:SmashPM N-term appeared shorter in length but larger in width compared to control embryos
(Figure 36 C). To quantify this observation, length and width of respective embryos were measured.
Embryos developing from eGFP:SmashPM overexpressing ovaries were not investigated since no
properly shaped embryos were formed. Indeed, embryos developing from eGFP:SmashPM N-term
overexpressing ovaries were shorter in length (average length: 398 um + 15 um) and larger in width
(average width: 188 um = 20 um) compared to mCD8 control embryos (average length: 419 um + 35
um, average width: 149 um + 20 um) (Figure 36). Interestingly, embryos developing from ovaries
overexpressing eGFP:SmashPM mut were larger in length (average length: 445 um + 27 pum) and in

width (average width: 171 um £ 20 um) compared to mCD8 control embryos.
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Figure 36: Determination of embryo length and width. (A & B) Embryos developing from mCD8:eGFP, eGFP:SmashPM N-
term, and eGFP:SmashPM mut overexpressing ovaries were investigated. The straight-line tool in Image) was used for
analysis. Genotypes were labeled in different colors (color code is indicated on the right in panel B). ANOVA analysis and a
post hoc Tukey HSD test were performed to identify the statistically significant difference between two samples. Compact
letter display (CLD) is used to visualize a statistically significant difference. Same letters mean that samples do not differ in a
statistically significant manner from each other. n=50, p < 0.0001. (A) The embryo length of the different genotypes is shown.
(B) The embryo width of the different genotypes is shown. (C) An exemplary embryo of each genotype is shown. Scale bar:

100 pm.
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3.10 Overexpression of SmashPM and SmashPM N-term induces cell shape
changes

Overexpression experiments in the follicle epithelium revealed that Smash promoted F-actin
enrichment in the apical cortex of follicle cells, presumably through its myosin binding domain.
SmashPM N-term also promoted F-actin enrichment in the apical cortex of follicle cells but to a much
lower extent. Apical enrichment of actomyosin filaments is a requirement for apical constriction
(Coravos & Martin, 2016; Martin et al., 2009; Young et al., 1991). Previous overexpression studies had
already demonstrated the ability of SmashPM to induce apical constriction (Beati et al., 2018; Peek,
2019). To figure out whether SmashPM N-term retains some residual function, we focused on the
guestion whether overexpression of Smash N-term affects cell morphology. Since SmashPM N-term
promotes apical F-actin enrichment in follicle cells, we hypothesized that SmashPM N-term might also
be able to induce apical constriction. Based on the data by Matsuda et al. (2022), we assumed that
SmashPM mut is no longer able to induce apical constriction. To study the effect of the different Smash
variants on cell morphology, a heat-shock inducible FLP/FRT system to induce stochastic
overexpression of proteins in the follicle epithelium was used. eGFP-tagged mCD8, SmashPM,
SmashPM N-term and SmashPM mut were overexpressed under the control of hsflp;; act<CD2<G4 as

driver line.

Stochastic overexpression of the different eGFP fusion proteins was observed in single follicle cells
(Figure 37 A-D). mCD8:eGFP was localized at the plasma membrane but also in the cytosol (Figure 37
A). A very similar pattern was observed for eGFP:SmashPM N-term (Figure 37 C). In contrast,
eGFP:SmashPM and eGFP:SmashPM mut were enriched at the apical cortex (Figure 37 B & D). Almost
no cytosolic signal was detected. In eGFP:SmashPM overexpressing cells, strong shrinkage of the apical
cell diameter was observed (Figure 37 B). These cell shape changes also affected the positioning of the
nuclei. In cells overexpressing eGFP:SmashPM, the nucleus was localized more basally compared to
cells that did not overexpress eGFP:SmashPM. On the first view, no obvious cell shape changes were
detected in mCD8:eGFP, eGFP:SmashPM N-term, and eGFP:SmashPM mut overexpressing cells (Figure
37A,C&D).
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Figure 37: Stochastic overexpression of SmashPM variants in the follicle epithelium. (A) mCD8:eGFP, (B) eGFP:SmashPM, (C) eGFP:SmashPM N-term, and (D) eGFP:SmashPM mut overexpression in single
follicle cells was induced by 10 min heat-shock treatment at 37°C. Ovaries were dissected and stained the following day. Genotypes of the respective female flies are indicated on the top left of each panel.
Sagittal and superficial sections of stage 10a ovaries are shown. White arrow heads point to GFP-negative cells. Yellow arrow heads point to GFP-positive cells. For further details on the experiment, see material

& methods section. Scale bar: 30 um, scale bar close-up: 20 um.
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To quantify the effect of SmashPM variants on cell morphology, the apical cell area of GFP-negative

and GFP-positive cells was measured (Figure 38).
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Figure 38: Apical cell area in follicle epithelium upon stochastic overexpression of mCD8:eGFP, eGFP:SmashPM,
eGFP:SmashPM N-term, and eGFP:SmashPM mut. The apical cell area of GFP-positive and GFP-negative follicle cells in
immediate vicinity to GFP-positive cells was measured in mCD8:GFP, GFP:SmashPM, GFP:SmashPM N-term, and
GFP:SmashPM mut overexpressing ovaries using Imagel. Only GFP-negative cells adjacent to at least one GFP-positive cell
were scored. Kruskal-Wallis test and a post hoc Dunn test were performed to determine the statistical significance of the
difference between two samples. Compact letter display (CLD) is used to visualize a statistically significant difference. Same
letters mean that samples do not differ in a statistically significant manner from each other. For more details on the
significance level, see Table S 8. The different symbols of data points correspond to a single replicate. n = 60.

As Figure 37 already suggested, overexpression of eGFP:SmashPM had a strong effect on the apical
cell area. Compared to eGFP:mCD8 overexpressing cells, the apical cell area in eGFP:SmashPM
overexpressing cells was drastically reduced. The apical cell area of GFP-negative cells adjacent to
eGFP:SmashPM overexpressing cells was significantly larger compared to GFP-negative mCD8 control
cells. A similar trend was observed in eGFP:SmashPM N-term overexpressing ovaries. In this case, GFP-
positive cells had a significantly smaller cell area compared to GFP-negative cells. In contrast to
eGFP:SmashPM overexpressing ovaries, the difference in cell area between eGFP:SmashPM N-term
ovaries and eGFP:mCD8 control ovaries was not statistically significant. The cell area in eGFP:SmashPM
mut overexpressing ovaries was comparable to eGFP:mCD8 overexpressing ovaries in both GFP-
positive and GFP negative cells. In summary, | conclude that overexpression of full-length SmashPM
had a clear effect on cell morphology as strong apical constriction was induced. SmashPM N-term was

also capable to induce this response but to a lesser extent, whereas overexpression of SmashPM mut

did not affect the apical cell area.
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3.11 Identification of novel Smash interaction partners by biotin proximity
labeling

According to our current state of knowledge, we can state that Smash is an actomyosin-associated
protein important for planar cell polarity and for epithelial morphogenesis. Nevertheless, the
knowledge about how Smash provides its function is quite limited. To improve our understanding of
Smash function, unbiased identification of potential Smash interaction partners would help to
complete the picture of the Smash interaction network. To discover new Smash-interacting proteins,
a biotin proximity labeling assay was used. Here, a more efficient and faster version of the biotin ligase
BirA, namely TurbolD (Branon et al., 2018), was fused to the N-terminal end of SmashPM. SmashPM
and TurbolD served as controls. For visualization of the proteins, they were tagged with eGFP. Using a
maternal a-Tubulin67C Gal4 driver line, these fusion proteins were expressed in embryos under the

control of an UASp promoter. Details on cloning are provided in the material & methods section.

In short, this approach works as follows: upon supply of biotin, proteins in close proximity to the
TurbolD fusion protein become biotinylated. After cell lysis, biotinylated proteins are efficiently
enriched by affinity purification using streptavidin agarose beads. Enriched proteins are processed for
mass spectrometry analysis. Compared to a classical co-IP approach, harsh lysis conditions without the
need to preserve intact protein complexes can be used. The advantage of this system is that even weak
and transient interactions can be detected. The disadvantage is that not all potential interacting
proteins might be labeled because of the steric properties of the fusion protein. Moreover, there is the
possibility of obtaining false-positive candidates. However, false-positive candidates can be identified
and eliminated by including appropriate controls. In Figure 39, the workflow is schematically

summarized.
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Figure 39: Workflow of the biotin proximity labeling assay. The TurbolD fusion protein was expressed in embryos under the
control of UASp promoter using a maternal a-Tubulin67C Gal4 driver. Upon supply of biotin, TurbolD starts labeling all
proteins in close proximity. Protein lysates were prepared from embryos. The biotinylated proteins were enriched by using

streptavidin agarose beads. Enriched proteins were trypsin digested, purified, and subjected to MS analysis.
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To test the functionality of the TurbolD fusion proteins, they were transfected into S2 cells (Figure 40).
GFP:TurbolD:SmashPM and GFP:SmashPM were both enriched at the membrane, thus showing the
same localization. In contrast, GFP:TurbolD and GFP were both distributed in the whole cell. Cells
expressing TurbolD:GFP and GFP:TurbolD:SmashPM underwent strong biotinylation (biotin signal was
visualized with streptavidin, which specifically binds biotin), whereas in cells expressing GFP:SmashPM
or GFP a weak biotin signal was detected, most likely due to biotinylation processes occurring under
normal physiological conditions. The signal of TurbolD fusion proteins co-localized with the biotin

signal.

GFP:TurbolD:
SmashPM TurbolD:GFP

GFP:SmashPM

GFP

Figure 40: Expression of TurbolD fusion proteins in S2 cells. TurbolD:GFP, GFP:TurbolD:SmashPM, GFP:SmashPM, and GFP
were expressed in S2 cell culture under the control of the Act5c promoter. Cells were supplied with 50 mM biotin directly
after transfection. Antibodies and conjugated affinity proteins used for IF staining are indicated above each panel. Scale bar:
5 uM.

TurbolD:GFP, GFP:TurbolD:SmashPM, GFP:SmashPM, and GFP expressing cells were further analyzed
by Western blotting to determine the biotinylation efficiency of TurbolD. In Figure 41, multiple bands
of various sizes were detected in the presence of TurbolD, indicating efficient biotinylation. In contrast,
only two clear bands appear in the absence of TurbolD. Because these two bands appeared in all
samples, it is likely that this is just unspecific background signal probably originating from proteins that

always undergo strong biotinylation.
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Figure 41: Efficient biotinylation occurs in S2 cells expressing TurbolD fusion proteins. TurbolD:GFP, GFP:TurbolD:SmashPM,
GFP:SmashPM, and GFP were expressed in S2 cell culture under the control of the Act5c promoter. Cells were supplied with
50 mM biotin directly after transfection. Cells were used to prepare whole cell lysate for Western blotting. To detect
biotinylation, streptavidin coupled to horse reddish peroxidase (HRP) was used.

After verifying the functionality of TurbolD fusion proteins in cell culture, we generated transgenic flies
expressing the respective eGFP-tagged fusion proteins. A prerequisite for a functional proximity
labeling assay is that eGFP:TurbolD:SmashPM is active in the correct place. Thus, the subcellular
localization of the fusion proteins was investigated in the embryonic epithelium. Figure 42 shows that
eGFP:TurbolD:SmashPM was localized at the membrane perfectly reflecting the localization of
eGFP:SmashPM without the TurbolD fusion. In contrast, TurbolD:eGFP was distributed throughout the

whole cell.

TurbolD:eGFP, Dig eGFP:TurbolD:SmashPM eGFP:SmashPM

Figure 42: Subcellular localization of fusion proteins in the embryonic epithelium. Expression of UASp::TurbolD:eGFP,
UASp:eGFP:TurbolD:SmashPM, and UASp:eGFP:SmashPM was induced by using a maternal a-Tubulin67C Gal4 driver. Optical
sections of stage 8 embryos above the ventral midline are depicted. a-GFP antibody was used for IF staining to visualize the

eGFP fusion proteins. a-Dlg antibody was used for IF staining to mark the cell borders. Scale bar: 20 uM.
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Although the subcellular localization of eGFP:TurbolD:SmashPM looked promising, it was not clear
whether this fusion protein was functional with respect to the biotinylation of proteins in its vicinity.
To test the functionality of the TurbolD fusion proteins, the biotinylation efficiency was again
investigated by Western blotting. Before this could be done, however, it had to be clarified how the
biotin could efficiently be supplied to the embryo. Unfortunately, only few data have been published
on biotin proximity labeling experiments in flies. Branon et al. (2018) reported about the use of TurbolD
in D. melanogaster and C. elegans but without specifically targeting a protein of interest. Mannix et al.
(2019) successfully uncovered new ring canal-associated proteins by using APEX. Zhang et al. (2021)
were interested in cytoophidia-associated proteins. In the latter paper, experiments were done on
larvae, pupae, and adult flies but not on embryos. Thus, it has not been reported yet how biotin can
be efficiently delivered to the embryo. Since embryos are covered with the chorion and the vitelline
membrane to protect them from the environment, it was not clear whether and how an easy and

sufficient external biotin supply could be provided.

First test experiments to establish the final protocol were performed on ovaries because they are
easier to access than embryos. Therefore, flies expressing TurbolD fusion proteins were fed overnight
with yeast paste, a biotin-rich food, and ovaries were dissected the next day. One set of ovaries was
not further treated. Two other sets of ovaries were incubated in Schneider’s Medium containing 1 mM
biotin for either 10’ or 30’ minutes. Surprisingly, no striking difference was observed between the
samples. These observations led to the following hypothesis: TurbolD is so fast and efficient that the
smallest amounts of biotin are sufficient to induce efficient biotinylation in a very short period of time.
If the smallest amounts of biotin are already sufficient for efficient biotinylation in ovaries, could it be
enough to feed the parental generation with biotin-supplemented food to ensure adequate biotin
delivery to the embryo? Indeed, this was the case. Because standard fly food already contains a high
concentration of biotin, it was not even necessary to prepare a special biotin-supplemented food.
Figure 43 displays the efficient biotinylation of proteins in the presence of TurbolD in embryos. In
comparison, the amount of biotinylated proteins is much lower in eGFP:SmashPM expressing control
embryos. Furthermore, it can be seen that eGFP:TurbolD:SmashPM and TurbolD:eGFP underwent self-
biotinylation (Figure 43). We conclude that, with respect to proper subcellular localization and efficient

biotinylation of target proteins, the eGFP:TurbolD:SmashPM fusion protein is apparently functional.
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Figure 43: TurbolD efficiently biotinylates proteins in embryos. Expression of UASp:TurbolD:eGFP,
UASp:eGFP:TurbolD:SmashPM, and UASp:eGFP:SmashPM was induced in embryos by using a maternal a-Tubulin67C Gal4
driver. Embryos were used to prepare protein lysates. Whole embryo lysates were used for immunoprecipitation against GFP.
Input and immunoprecipitated samples were analyzed by Western blotting. The respective bands for TurbolD:eGFP and
eGFP:TurbolD:SmashPM were outlined with boxes. To detect biotinylation, streptavidin coupled to HRP was used. Predicted

molecular weight of proteins: TurbolD:eGFP = 64.3 kDa, eGFP:SmashPM:TurbolD = 233.0 kDa.
After verifying the functionality of the TurbolD fusion proteins, embryos expressing either
eGFP:TurbolD:SmashPM, eGFP:SmashPM, or TurbolD:eGFP were processed for mass spectrometry

analysis. Further details on the procedure can be found in material & methods section. The results of

the mass spectrometry analysis are depicted in Figure 44.



Results | 81

A
3 =
v
< TurbolD:eGFP
2 eGFP:TurbolD:SmashPM
xX
< ° O eGFP:SmashPM
i
o
S o o8
=i
' T . T T T T T T T
-20 -10 0 10 20
PC1 (66.8 % variance)
B C
8.
8- o
Actn
71 1
Dys
L]
61 6+ z
Lasp Lasp
— L —_—
2] alpha-Spec <] e
r_ju 51 Dys ° f—i 54 glpha-Spec S
> 2 > Actn
o =3 y Cogd.
o ® o zip ® shi
6o 4 o PRZ. $ ap 41
i? tud €G9951 s % 3
.° ® . [ o tud
34 pnut o5 8 31 Adi®
b RpL37A jub @
® L]
24 24 dsh sera /F’
Se
cesc%?/
11 17 %
01 01
7 6 5 4 3 2 -4 0 1 2 3 4 5 6 -5 4 3 =2 4 0 1 2 3 4
Difference (TurbolD:eGFP — eGFP:TurbolD:SmashPM) Difference (eGFP:SmashPM — eGFP:TurbolD:SmashPM)

Figure 44: Proteomic analysis identifies novel, potential Smash-interacting proteins. (A) Principal component analysis (PCA)
of protein profiles detected in TurbolD:eGFP, eGFP:TurbolD:SmashPM, and eGFP:SmashPM. PC1 captures 66.8 % variance
and PC2 captures 16.9 % variance across the different genotypes. (B) Volcano plot showing significant differences in protein
abundance between TurbolD:eGFP and eGFP:TurbolD:SmashPM. (C) Volcano plot showing significant differences in protein
abundance between eGFP:SmashPM and eGFP:TurbolD:SmashPM. (B & C) The X-axis depicts the difference in protein
abundance, which is given in log, fold change, and Y-axis shows the significance level (p-value) in -logi scale. The black cut-
off lines represent the threshold that indicates whether the protein abundance is significantly different. Significantly
decreased protein abundance is highlighted in dark or light blue, and significantly increased protein abundance is highlighted
in red or pink. Grey dots represent non-significant scores. The names of the genes encoding the proteins that show a
significantly decreased protein abundance in both comparisons were indicated in dark blue. These proteins were considered

as high-confidence interaction partner of Smash. For more details on data analysis, see material & methods section.
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The MS results revealed that the expressed TurbolD fusion proteins were enriched in all respective
samples, consistent with the observed self-biotinylation of the TurbolD fusion proteins expressed in
embryos (Figure 43). The technical replicates of each genotype clustered together in the PCA, revealing
similarities within and differences across the genotypes (Figure 44 A). The volcano plots compare the
protein abundance in the different genotypes. Thereby, TurbolD:eGFP and eGFP:SmashPM
overexpressing embryos were separately compared to eGFP:TurbolD:SmashPM overexpressing
embryos (Figure 44 B & C). In both cases, proteins that were statistically significantly enriched against
eGFP:TurbolD:SmashPM (red and pink dots) were not further investigated because these are likely to
be unspecific background. Interesting candidates are the ones that were statistically significantly
decreased compared to eGFP:TurbolD:SmashPM (dark and light blue dots). For those candidates, GO
term analysis was performed to get an idea about the characteristics of the identified proteins (Chen
et al., 2013; Kuleshov et al., 2016) (Figure S 16 & S 17). In both cases, actin binding, tubulin binding,
and microtubule binding proteins make up the top three categories when sorted by molecular
function. Upon sorting by biological processes, cytoskeleton organization, morphogenesis of an
epithelium, and actomyosin contractile ring assembly built the top three categories when
TurbolD:eGFP was compared to eGFP:TurbolD:SmashPM. The top three categories sorted by biological
processes when comparing eGFP:SmashPM to eGFP:TurbolD:SmashPM were nuclear export, RNA
export from nucleus, and protein localization to nucleus. Additional information on the GO term
analysis can be found in Table S 9-9. For further analysis, only the proteins whose abundance was
significantly decreased in both cases (TurbolD:eGFP — eGFP:TurbolD:SmashPM and eGFP:SmashPM —
eGFP:TurbolD:SmashPM) were considered as potential, high-confidence interaction partner of Smash.
These candidates were labeled with their respective gene names and marked as dark blue dots. Table
8 gives an overview of the identified, potential interaction partners of Smash and a brief functional
description of each (source: https://flybase.org/).

Table 8: New Smash-interacting proteins identified by biotin proximity labeling. Potential Smash-interacting proteins are
listed with their gene name and a brief functional description (source: https://flybase.org/).

N° | Interacting protein Genes | Function

a-Actinin encodes an actin cross-linking protein with muscle and non-
muscle specific isoforms, which are produced by alternative splicing. The

1 a-Actinin Actn muscle isoform has a role in muscle development while the non-muscle
isoform localizes to ovarian ring canals and has a role in cytoskeletal
remodeling of follicle cells.

5 Alcohol Adh Alcohol dehydrogenase encodes an alcohol and acetaldehyde
dehydrogenase dehydrogenase involved in alcohol and acetaldehyde metabolism.

a-Spectrin encodes an essential protein that interacts with the products
of B-Spectrin to form a heterotetramer. It is believed to function in
asymmetric division of germ line stem cells via cytoplasmic structures
called spectrosomes and fusomes.

3 | a-Spectrin a-Spec

Conserved oligomeric
4 | Golgi complex subunit | Cog3 Involved in ER-Golgi transport.
3


http://flybase.org/search/%CE%B2-Spec
http://flybase.org/search/%CE%B2-Spec
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N° | Interacting protein Genes | Function
5 Peroxisomal acyl- CG5009 Catalyzes the desaturation of acyl-CoAs to 2-trans-enoyl-CoAs. First
coenzyme A oxidase 1 enzyme of the fatty acid beta-oxidation pathway.
Required to establish coherent arrays of polarized cells and segments in
Polarity protein embry.os. Plays a rolt? in wingless (wg) signaling, possibly th.rou.gh 'Fhe
6 . dsh reception of the wg signal by target cells and subsequent redistribution
Dishevelled of Arm protein in response to that signal in embryos. This signal seems
to be required to establish planar cell polarity and identity.
Dystrophin encodes a cytoplasmic protein that connects the actin
cytoskeleton to the extracellular matrix via the receptor encoded by Dg.
7 Dystrophin, isoforms Dys In addition, the product of Dys serves as a cytoplasmic scaffold for the
A/C/F/G/H membrane localization of different signaling factors, including nos,
which regulates expression of miRNAs to adapt cellular homeostasis to
changes induced by stress and dystrophy.
LIM domain- Ajuba LIM protein encodes a LIM domain-containing protein that binds
8 containing protein jub to and inhibits activation of the Hippo pathway kinase encoded by wts.
Ajuba It localizes to adherens junctions in a tension-dependent manner.
Lasp encodes a member of the nebulin family. It plays subtle roles in
LIM and SH3 domain ! modulating the actin cytoskeleton in ovaries, testes, and muscles, by
9 protein Lasp asp serving as a scaffold protein binding multiple partners, especially actin
and myosin.
Moesin encodes an Ezrin, Radixin, Moesin (ERM) protein involved in
10 | Moesin Moe cortic'al cytoskele.ton stability. 'It reg'ula'tes FIrb and R.ho.l. Moe
contributes to apical-basal polarity, mitotic spindle organization and
epithelial integrity.
11 Nucleoporin Nup54 Nup54 Compon'enjc of the nuclear pore complex (NPC), a complex required for
the trafficking across the nuclear envelope.
peanut encodes a protein that belongs to the septin family of
12 | Peanut pnut polyr'neri.zing GTPases. Tc?gether with the 'p.roduct? of Septin.l and
Septin2, it forms the septin complex. It participates in cytokinesis and
other processes that involve organization of the cell cortex.
Likely to act as a downstream effector of Cdc42 during dorsal closure,
Tyrosine protein PR2 acting in a kinase independent manner with the other ACK family
13 kinase PR2 member Ack to positively regulate expression of zip by promoting the
endocytosis of EGFR in the amnioserosa.
scra encodes a homolog of Anilin, a conserved pleckstrin homology
14 Actin-binding protein scra domain (PLEKH) containing protein that binds actin, non-muscle myosin
Anilin Il and microtubules. It stabilizes the contractile ring and is required for
completion of cytokinesis.
Microtubule-associated force-producing protein which is involved in the
15 | Dynamin shi production of microtubule bundles, and which can bind and hydrolyze
GTP. Implicated in endocytic protein sorting.
16 Maternal protein tud Required during oogerﬁesis for the fc?rmation of primordial germ cells
Tudor and for normal abdominal segmentation.
Non-muscle myosin I . Non-muscle myosin appears to be responsible for cellularization.
17 Zlp Required for morphogenesis and cytokinesis.

heavy chain Zipper


http://flybase.org/search/Dg
http://flybase.org/search/Dys
http://flybase.org/search/nos
http://flybase.org/search/wts
http://flybase.org/search/Rho1
http://flybase.org/search/Moe
http://flybase.org/search/Septin1
http://flybase.org/search/Septin2
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3.12 Smash interacts with Ajuba

The proximity labeling assay uncovered 17 new, potential Smash-binding proteins. Among these, a
promising candidate is Ajuba (Jub), an adherens junction-associated, tension-sensitive, LIM domain-
containing protein (Razzell et al., 2018; Schimizzi & Longmore, 2015). To confirm the interaction
between Smash and Jub, an in vitro co-IP experiment was performed. For this purpose, GFP:SmashPM
and Myc:Ajuba fusion proteins were co-expressed in S2 cells with corresponding controls. Figure S 18
shows that GFP:SmashPM and Myc:Ajuba co-localize in S2 cells. The results of the co-IP are illustrated
in Figure 45. After co-IP against GFP, proteins were detected with a-GFP and a-Myc antibodies. Protein
detection using the a-GFP antibody shows distinct bands in each sample, indicating that GFP:SmashPM
and GFP were enriched. Protein detection with the a-Myc antibody revealed a single band in the
sample in which GFP:SmashPM and Myc:Ajuba were co-expressed in S2 cells but not in controls. Thus,
Myc:Ajuba co-immunoprecipitated with GFP:SmashPM, suggesting an interaction of both proteins

with each other.
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Figure 45: Myc:Ajuba co-immunoprecipitated with GFP:SmashPM. Indicated fusion proteins were co-expressed in S2 cells.
Protein lysates from S2 cells were used for IP against GFP. The respective bands for Myc:Ajuba, GFP:SmashPM, and GFP were
outlined with boxes. Antibodies used for protein detection are indicated on the right of the panels. Predicted molecular

weight of proteins: GFP:SmashPM = 197.8 kDa, GFP = 26.9 kDa, Ajuba:Myc = 88.9 kDa, mCD8:Myc = 36.4 kDa.
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While our TurbolD and co-IP data revealed a physical interaction between Smash and Jub, it was not
clear whether this interaction was functionally relevant. Since Smash was demonstrated to be involved
in the regulation of PCP, we wanted to know whether Jub PCP was dependent on Smash and vice versa.
First, Smash PCP was analyzed upon loss of Jub in Jub®* and Jub" germline clones (Das Thakur et al.,
2010; Razzell et al., 2018). Here, we encountered the technical problem that IF staining of these
embryos using the antibody against the N-terminus of Smash created an unspecific dotted pattern
superimposed with the specific junctional signal of Smash. This phenomenon was only observed in
some fly strains and resembled the pattern described in embryos infected with Wolbachia bacteria
(Veneti et al., 2004). About 30% of all Bloomington fly strains carry these bacteria (Clark et al., 2005).
In fact, antibiotic treatment as described in (Fry & Rand, 2002) abolished the occurrence of dots,
strongly indicating that these dots are caused by cross-reactivity of our a-Smash N-term antibody
serum with Wolbachia bacteria. Despite the presence of the dotted Wolbachia pattern, the
membrane-associated Smash signal was strong enough to be measured. Figure 46 depicts the Smash
fluorescence signal detected in Jub®* germline clones. A similar pattern was observed in Jub" germline

clones.

Smash N-term DECad Merge

Smash N-term DECad Merge

Ajuba®*

Figure 46: Nonspecific dots appeared in Jub%* germline clones when the antibody against the N-terminus of Smash was
used. Optical sections of stage 8 embryos above the ventral midline are depicted. Antibodies used for IF staining are indicated

above each panel. Scale bar: 20 um.



Results | 86

Smash PCP was quantified in Jub®* and Jub" germline clones. WT was used as reference. We found that
Smash was significantly enriched at A/P junctions in WT, Jub®*, and Jub" stage 7-8 embryos (Figure 47
A). To compare protein localization between genotypes, the mean AP/DV ratio was calculated for each
genotype. An AP/DV ratio of 1 means that the protein was equally distributed at A/P and D/V junctions.
The AP/DV ratio of Smash in Jub®® and Jub" germline clones was not statistically significantly different
compared to WT (Figure 47 B), suggesting that the loss of Jub did not affect Smash PCP. Whether Jub

PCP is dependent on Smash is still unclear since this experiment has not been completed yet.
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Figure 47: The planar polarity of Smash is unaffected in Jub germline clones compared to WT. (A) The mean gray value of
the Smash signal at A/P (60-90 °) and D/V (0 -25 °) oriented axes measured in WT, Jub®4, and Jub' stage 7-8 embryos is shown.
Kruskal-Wallis test and a post hoc Dunn test were performed to determine the statistical significance of the difference
between two samples. The significance level is indicated with asterisks. “****’: p < 0.0001; ‘***’: p < 0.001. WT n = 100, Jub>*
n =80, Jub"n = 60. (B) The mean AP/DV ratio was calculated. A Kruskal-Wallis test was performed to identify the statistically

significant difference between two samples. The significance level is indicated. ns: not significant. WT n =5, Jub%* n = 4, Jub"
n=3.
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3.13 Smash co-localizes with Lasp in ovaries and embryonic epithelium

A second promising potential interacting protein of Smash, which was identified in the proximity
labeling assay, is Lasp. Lasp was described to function as actomyosin scaffolding protein in ovaries,
testis, and muscles (Fernandes & Schock, 2014; Lee et al., 2008; Suyama et al., 2009). Moreover, it was
reported that Lasp is required to tether oskar mRNA at the posterior pole of the oocyte (Suyama et al.,
2009). The posterior localization of Lasp and oskar mRNA in the oocyte is reminiscent of the highly
specific expression pattern of SmashPl in the posterior follicle cells, thus raising the question whether
Smash might participate in this important step of early polarity establishment. To better understand
the relationship between Lasp and Smash, their expression patterns were studied in ovaries as well as
in embryos (Figure 48 & 49). In ovaries, Smash and Lasp co-localize at the nurse cell and the oocyte
membrane. In addition, Smash was localized at the apical cortex in follicle cells, while Lasp was not. In

embryonic epithelium, both proteins were associated with membranes and co-localized at Als.

sfGFP:SmashPM

Figure 48: sfGFP:SmashPM partially co-localizes with Lasp in ovaries. A sagittal section of a stage 10a ovary is depicted.
sfGFP:SmashPM was detected with an a-GFP antibody. Lasp was detected with an antibody against the N-terminus of Lasp.

Scale bar: 50 um, scale bar close-up: 20 um.
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matG4 >> UAS::GFP:Lasp

Figure 49: SmashPM co-localizes with GFP:Lasp in embryonic epithelium. UAS:GFP:Lasp was overexpressed in embryonic

epithelium using the maternal a-Tubulin67C Gal4 driver line. In the upper panel, an optical section of a stage 8 embryo above
the ventral midline is depicted. In the lower panel, a cross-section of a stage 13 embryo is shown. Yellow arrow heads point
to Als where Smash and Lasp co-localized. Antibodies used for IF staining are indicated above the panels. Scale bar upper

panel: 30 um, scale bar lower panel: 10 pm.

In summary, Lasp and Smash showed partial co-localization in ovaries and overexpressed GFP:Lasp co-

localized with Smash in the embryonic neuroectodermal epithelium.
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4 Discussion

4.1 Course and objective of the discussion

In the following sections, | will discuss the results of this study and highlight new insights. First, | will
discuss the detailed analysis of the smash®**™? embryonic phenotype, stressing the possibly
responsible molecular mechanism. Next, | will point out the insight we could gain from the newly
generated sfGFP knock-in fly strains. Afterwards, | will discuss the role of the potential new Smash-
interacting proteins identified by the biotin proximity labeling assay. Finally, | will summarize my key

findings and propose future research questions.

4.2 Description of the smash4**™Z embryonic phenotype

A prerequisite for morphogenesis is the accurate regulation of actomyosin contractility to enable cell
shape changes (Guillot & Lecuit, 2013; Heer & Martin, 2017; Perez-Vale & Peifer, 2020; Pilot & Lecuit,
2005). Thereby, the subcellular localization of the actomyosin network is important. Smash was
described to modify actomyosin contractility directly and to regulate the correct subcellular
localization of different actomyosin-associated proteins, thus being an important player during

morphogenesis (Beati et al., 2018; Peek, 2019).

The importance of Smash during morphogenesis becomes clear in smash®**™? mutant embryos since
these embryos show strong morphogenetic defects. This study shows that the morphogenetic defects
occurring in smash®*®™? mutant embryos appear already during early development. Live imaging of
smash®**™7 embryos revealed that there might be defects occurring already during cellularization, an
early actomyosin driven process during epithelial morphogenesis (Sokac & Wieschaus, 2008a, 2008b),
since there was a remarkably high number of smash®¥*™? embryos that did not undergo cellularization.
Out of all recorded embryos, 10 % of WT did not undergo cellularization, most likely due to
inappropriate handling prior to recording. This amount drastically increased up to 78 % in smash?3™*
mutants. All embryos were treated the same, thus ruling out the possibility of bias during preparation.
Defects continued during development as labeling of the mesoderm in fixed smash®*™? embryos
revealed abnormal ventral furrow formation (Figure 15). Moreover, live imaging analysis showed that
germ band elongation was impaired in smash®**™? mutant embryos. We demonstrated that GBE was
reduced in length and speed (Figure 28, 30, S 6-S 9). As live imaging was only performed over a limited
time period, it is not clear how these embryos would have developed further. By combining live
imaging data of early embryonic stages and the phenotypes observed in fixed smash®3*™ embryos
throughout all developmental stages, a broad variety of phenotypic defects was observed. As Smash
was reported to regulate actomyosin contractility (Beati et al., 2018; Peek, 2019), these findings are
not unexpected, considering that major aspects of epithelial morphogenesis are actomyosin-driven
processes. The high lethality rate observed in smash®*™? embryos (91 %) is most likely caused by a

combination of morphogenetic defects. For more clarity, live imaging of several, single embryos would
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be necessary to identify whether there is a certain timepoint at which development arrests or whether
embryos could complete embryogenesis but finally die from the severity of accumulated defects. In

conclusion, our results suggest that Smash function is required during several stages of embryogenesis.

The defects in smash®**™* embryos, which are described in this study, are most likely caused by the
strong reduction in Sgh phosphorylation level (Figure 16). The phosphorylation of Sgh is necessary to
enable actomyosin filament assembly and contraction (Tan et al., 1992; Watanabe et al., 2007).
Because Sgh phosphorylation was decreased in smash***™? embryos, actomyosin filament assembly
was impaired, resulting in reduced junctional tension (Beati et al., 2018). We assume that coordinated

h?35™2 embryos, resulting in the described

cell shape changes were strongly impaired in smas
morphogenetic defects. To verify this hypothesis, future experiments should study the cellular defects
occurring during morphogenesis through live imaging. The analysis of cell intercalation events during

GBE would be worthwhile since these are likely to be abnormal in smash®3*™? mutant embryos.

Reduced phosphorylation of Sgh is most likely one of the major causes of the smash?**™? embryonic
phenotype. However, it is not clear what causes this strong reduction. Since Sqh is phosphorylated by
Rok, a simple explanation could be a change in Rok kinase activity (Amano et al., 1996; Amano et al.,
2010). Shroom, another Smash-binding protein (Peek, 2019), was reported to promote Rok kinase
activity (Zalewski et al., 2016). Therefore, we asked whether Smash might have a similar function as
Shroom and could directly affect Rok kinase activity. To test this hypothesis, an in vitro kinase assay
was performed. No direct effect of Smash on Rok kinase activity was observed (Figure 17), leaving the

possibility of an alternative mechanism to modulate Rok kinase activity.

Another possible mechanism by which Smash could affect Rok kinase activity is that Smash provides
scaffolding functions for Rok and its substrates. It is not trivial to directly prove a scaffolding function,
but we have several lines of evidence supporting this hypothesis. The different functional domains of
Smash serve as interface for various protein-protein interactions. Due to its structural properties,
Smash fulfills important requirements to be able to function as a scaffold. Moreover, it was shown that
Smash directly binds to Rok, Shrm, Baz, and maybe Sgh (Peek, 2019). While Shrm interacts with Rok to
promote its kinase activity (Bolinger et al., 2010; Nishimura & Takeichi, 2008; Zalewski et al., 2016),
Baz and Sqgh are phosphorylation targets of Rok (Amano et al., 1996; Amano et al., 2010; Simdes et al.,
2010) meaning that Rok must come in close vicinity to these proteins to catalyze the phosphorylation
reaction. We have evidence suggesting that Smash is required for the efficient phosphorylation of Sgh
and Baz. We have already discussed that the phosphorylation of Sqgh is abolished upon loss of Smash
(Figure 16). From this finding, we conclude that Smash is necessary to bring Rok and Sgh closely
together to enable Sgh phosphorylation. In the case of Baz, it was reported that Baz is mislocalized in
smash®*™? embryos (Beati et al., 2018; Peek, 2019). The phosphorylation of Baz by Rok is necessary
for proper Baz planar polarized localization at D/V junctions during GBE (Simdes et al., 2010). In

smash®*™?embryos, Baz is enriched at A/P junctions, suggesting that Baz is no longer phosphorylated
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by Rok (Beati et al., 2018; Peek, 2019). Further experiments need to be conducted to prove this
assumption, but in general, the mislocalization of Baz in smash®**™?embryos is another, indirect proof
that Smash might provide scaffolding function for Rok and its phosphorylation targets. In future
experiments, mass spectrometry can be used to investigate the phosphorylation status of several Rok
target proteins in smash®*™? embryos. If our hypothesis turns out to be true and Smash provides
scaffolding function for Rok and its phosphorylation targets, we hypothesize that protein
phosphorylation by Rok is reduced or even completely abolished in smash®**™? embryos. Moreover, it
could be interesting to investigate whether Smash is also phosphorylated by Rok since the
phosphorylation of Smash by Rok could serve as another possible mechanism to regulate Smash

function, localization, or both.

As it has been shown for Baz subcellular localization (Simdes et al., 2010), this study demonstrated that
the subcellular localization of Smash is dependent on Rok (Figure 18). The mechanism by which Rok
regulates the subcellular localization of Smash has not been investigated yet. As already discussed, it
is a reasonable hypothesis that Smash localization might be dependent on phosphorylation by Rok.
Considering that Smash might act as a scaffold for Rok to provide substrate specificity, it is also possible
that Rok recruits Smash through direct interaction at A/P junctions, where both proteins co-localize
during GBE (Beati et al., 2018; Peek, 2019). Furthermore, we analyzed the subcellular localization of
the AJ protein E-Cadherin in Rok? embryos. We found that the distribution of E-Cadherin was slightly
altered in Rok? compared to WT embryos, although the differences were not statistically significant.
These results are in contrast with Simdes et al., (2010) who showed that the subcellular localization of
the AJ protein B-Catenin is strongly impaired upon loss of Rok. A possible explanation for these
different results could lie in the properties of these two adherens junction-associated proteins. While
B-Catenin is a cytosolic protein that can be easily redistributed in the cell, E-Cadherin is an integral

plasma membrane protein, limiting its ability to move.

In summary, we provided evidence that Smash regulates morphogenesis by modifying actomyosin
contractility, which is determined by the Sqgh phosphorylation level. We suggest that Smash regulates
the phosphorylation level of Sgh by modulating Rok kinase activity, possibly by providing scaffolding
function for Rok and its substrates, including Sgh. However, the exact mechanism by which Smash
modulates Rok kinase activity remains to be elucidated. Figure 50 visualizes our preliminary model for
the molecular working mechanism of Smash. In the course of the discussion, we will refer to this model

and develop it further.



Discussion

92

" — N | ——aar)

RLC phosphorylationl v

Actomyosin filament v
assemblyl %

smash?sm'z

@—» Rok —l

no RLC phosphorylation

v

No actomyosin filament assembly

\

Abnormal embryonic morphology

57 Smallish recsostomness F-aCtin ) Myosin I

P

Phosphorylation

Figure 50: The molecular working mechanism of Smash — Model No. 1. In WT embryos, Smash interacts with Baz, Shrm, Rok,

and Myosin Il. Shrm promotes Rok kinase activity. Rok in turn binds and phosphorylates Baz and Sgh. Upon Sgh

phosphorylation, actomyosin filament assembly is induced. The actomyosin network drives changes in cell architecture.

Therefore, the tight regulation of actomyosin filament assembly is crucial for proper morphogenesis. In smash43°™zembryos,

Sgh phosphorylation is drastically reduced, resulting in impaired actomyosin filament assembly. Consequently, membrane

tension is decreased in smash43°™/z embryos, which finally causes the abnormal embryonic morphology. Unless otherwise

stated, arrows between proteins indicate a direct interaction between these proteins. The dashed arrow indicates a possible

protein-protein interaction. Scale bar: 100 pm.
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4.3 A CRISPR/Cas9 approach reveals new insight into Smash function

Studying the spatiotemporal behavior of Smash during embryogenesis would improve our
understanding of Smash function. For this purpose, we generated Smash sfGFP knock-in flies using
CRISPR/Cas9 technology. A novel fly strain expressing sfGFP:SmashPM resembles the endogenous
Smash expression pattern based on what is known from IF staining using an antibody against the N-
terminus of Smash (compare Figure 20, 21, and 22 for expression pattern in ovaries, compare Figure
23 and Beati et al. (2018) for expression in embryos, see Figure S 3 for expression pattern in wing discs).
This novel fly strain is a great addition to our molecular toolkit to study the spatiotemporal behavior
of Smash during morphogenesis in future experiments. In addition, this fly strain enables us to
overcome typical problems occurring during IF staining, such as non-specific antibody binding or

insufficient penetration of the antibody into the tissue.

The generation of a sfGFP knock-in fly line to tag the shorter isoform SmashPl has led to insightful new
findings. We demonstrated that sfGFP:SmashPI| was expressed in a highly specific pattern in posterior
follicle cells in egg chambers from stage 9 onwards (Figure 24). sfGFP:SmashPI was neither expressed
in embryos nor in imaginal discs, raising the possibility that sfGFP:SmashPl is exclusively expressed in
posterior follicle cells (Figure S 3 & S 4). For a definitive statement, the expression pattern of
sfGFP:SmashPl must be analyzed in all remaining tissues that have not been investigated yet, e. g. the

brain or the gut in larvae and adult flies.

During stages 7-10 of oogenesis, the last steps to establish an anterior-posterior polarity axis in the
oocyte take place (Milas & Telley, 2022). During this process, the posterior follicle cell fate is
determined by the ligand Gurken. Posterior follicle cells receive the Gurken signal from the oocyte,
which leads to the activation of epidermal growth factor receptor (EGFR) signaling, which in turn is
necessary for cell fate determination (Gonzales-Reyes et al., 1995; Neuman-Silberberg & Schupbach,
1993; Roth et al., 1995). Moreover, EGFR signaling is required for the asymmetric distribution of
polarity determinants within the oocyte. Accordingly, bicoid mRNA is delivered to the anterior pole,
while oskar mRNA is delivered to the posterior pole via microtubule-dependent transport (Frohnhofer
& Nusslein-Volhard, 1986; Gonzales-Reyes et al., 1995; Lehmann & Nusslein-Volhard, 1986). The latter
process takes place during stage 10a, exactly the stage in which sfGFP:SmashPI expression is detected,
raising the possibility that SmashPl might be involved in oocyte polarization. Further experiments are
required to test this hypothesis. In general, one could investigate the posterior enrichment of oskar

mRNA in the oocyte in smash**

mutants. However, this experiment would not unravel the isoform-
specific contribution within this process. To identify the isoform-specific contribution in tethering oskar
mRNA to the posterior pole of the oocyte, the respective isoforms need to be expressed separately in

smash®*

mutant background. Another way to study the effect of SmashPl on tethering oskar mRNA to
the posterior pole of the oocyte would be to specifically knock out SmashPl in an otherwise wild-type

background expressing SmashPM.
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Another prominent characteristic of the sfGFP:SmashPI knock-in fly strain is the occurrence of severe
morphogenetic defects during embryogenesis in embryos from homozygous mothers (Figure 27)
which appear to be even stronger and more penetrant than the defects occurring in smash3™*
embryos. Live imaging analysis revealed that sfGFP:SmashPI™? embryos show similar defects
comparable to smash®**™? embryos during early development. 65 % of sfGFP:SmashPI™?and 78 % of
smash®**™2 embryos did not undergo cellularization. Furthermore, GBE length and speed in both
sfGFP:SmashPI™? and smash®*™? embryos were reduced compared to WT. Compared to WT, a
generally higher variability of phenotypic defects occurred within sfGFP:SmashPI™? and smash?®3°™/*
embryos. This variability is reflected in the size of the error bars (Figure S6 & S 8). The higher variability
between embryos within the same genotype can be interpreted as an indication for a less robust
system. Due to the high number of embryos that died before cellularization, the sample size that makes
up our data set is quite low (smash®**™? embryos n = 6, sfGFP:SmashPI™? embryos n = 12). Since the
variability between the embryos within the same genotype is very high, this small sample size might
not be sufficient to fully cover the whole variety of defects that occur. To obtain a more representative

data set, the present data set should be expanded in the future.

A closer look at the sfGFP:SmashPI™? embryonic phenotype reveals a strong similarity to folded
gastrulation (fog) mutants (Sweeton et al.,, 1991). fog mutants have defects in ventral furrow
formation (irregular and delayed but occurs) and posterior gut fold formation (Costa et al., 1994).
Moreover, and as the name already suggests, a concomitant phenomenon during gastrulation in fog
mutants is the formation of additional, aberrant furrows. Interestingly, a very similar phenomenon was
described in lung tumor formation in LMO7 knock-out mice, where the bronchiolar epithelium forms
apical protrusions and invaginates at the basement membrane (Tanaka-Okamoto et al., 2009). More
recently, it was found that Fog also affects cell intercalation during GBE (Kerridge et al., 2016). The
similarity of sfGFP:SmashPI™?and fog mutant embryonic phenotype suggests that Smash may act on
Rok kinase activity by interfering with the Fog signaling pathway, e. g. by regulating the subcellular
localization of Rok upstream activators. Because the activation of Fog signaling is locally restricted,
mislocalization of single components within the pathway might already be sufficient to disrupt the

signaling cascade.
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To further investigate whether Smash interferes with Fog signaling and thereby indirectly regulates
Rok kinase activity, future experiments could analyze the embryonic phenotype of double mutants
(fog, smash®* and fog, sfGFP:SmashPI). If both proteins are active in the same pathway, the phenotype
would not be stronger in the double mutant compared to the single mutants. If both proteins would
act in two parallel pathways, we would expect enhanced morphogenetic defects in doubly mutant
embryos. In addition, the subcellular localization of Fog signaling components could be studied in
smash4**™Z mutant embryos. If Smash interferes with the Fog signaling pathway, we expect that some
Fog signaling components will mislocalize and therefore Fog signaling will be disturbed. The potential

involvement of Smash in Rok upstream signaling is implemented in our model, as visualized in

Figure 51.
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Figure 51: The molecular working mechanism of Smash — Model No. 2. In WT embryos, Smash interacts with Baz, Shrm, Rok,
and Myosin Il. Rok is activated by Fog signaling. Smash could interfere with Fog signaling to regulate Rok kinase activity.
Moreover, Shrm promotes Rok kinase activity. Rok in turn binds and phosphorylates Baz and Sgh. Upon Sgh phosphorylation,
actomyosin filament assembly is induced. The actomyosin network drives changes in cell architecture. Therefore, the tight
regulation of actomyosin filament assembly is crucial for proper morphogenesis. In smash435m/zembryos, Sqh phosphorylation
is drastically reduced, most likely because of impaired Rok kinase activity. Defective actomyosin filament assembly results in
reduced membrane tension, which finally causes the abnormal embryonic morphology. Unless otherwise indicated, arrows
between two proteins indicate a proven interaction. The dashed arrows indicate a potential interaction between two

proteins. Scale bar: 100 pm.
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After comparing the smash®3*™? with sfGFP:SmashPI™? embryonic phenotype, we wondered why the
sfGFP:SmashPI™? embryonic phenotype is more severe and more penetrant compared to the
smash®*™? embryonic phenotype. In this study, we demonstrated that sfGFP:SmashPI™? embryos do
neither express sfGFP:SmashPI (Figure S 4) nor full-length SmashPM but showed some abnormal signal
when the antibody against the N-terminus of Smash was used (Figure 25), indicating that a truncated
version of SmashPM (SmashPM N-term) is still expressed in embryos. We propose that this truncated,
mislocalized SmashPM protein is not fully functional as it lacks conserved domains, including the LIM
domain and PDZ binding motif at the C-terminus, but it may have a dominant negative effect because
it could still engage in protein-protein interactions, for instance via the myosin binding domain or the
two coiled coil domains. Consequently, we suggest that the stronger and more penetrant phenotype
of sfGFP:SmashPI™? embryos compared to smash®**™Z null mutant embryos where no Smash protein
is expressed is caused by a dominant-negative effect of the mislocalized N-terminal fragment of
SmashPM. In Beati et al. (2018) stochastic overexpression in the follicle epithelium revealed that full-
length SmashPM modifies cell architecture by promoting F-actin enrichment at the apical cell cortex,

which induces apical constriction.

In our study, we combined stochastic overexpression and overexpression in the whole follicle
epithelium to investigate the effect of SmashPM N-term on the actomyosin network and on cell
architecture. We showed that SmashPM N-term was strongly mislocalized compared to SmashPM,
probably due to the missing C-terminus (Figure 31 & 32). Compared to SmashPM, SmashPM N-term
was significantly less enriched at the apical cell cortex (Figure 32). Nevertheless, the subtle localization
of SmashPM N-term at the apical cell cortex was correlated with a slight enrichment of F-actin
compared to the mCD8 control (Figure 33 & 34). Despite the fact that SmashPM N-term was strongly
mislocalized, F-actin was not enriched in the cytosol (Figure S 14) suggesting that SmashPM N-term is
able to recruit or stabilize F-actin in a junction-dependent manner. In agreement with these findings,
SmashPM N-term overexpressing cells induce a weak apical constriction response, albeit to a lower
extent compared to cells overexpressing full-length SmashPM, suggesting that not only F-actin but also

myosin filaments are likely to be involved.

Matsuda et al. (2022) reported that the myosin binding domain and the a-Actinin binding domain in
Xenopus LMOQ?7 are sufficient to promote actomyosin filament assembly to induce apical constriction,
whereas the myosin binding domain alone could not induce apical constriction. Interestingly,
truncated Xenopus LMO7 variants did not show obvious localization defects since they were still
enriched at the apical membrane. Thus, the contribution of protein localization to induce apical
constriction was not investigated in Matsuda et al. (2022), whereas we assume that mislocalization of
SmashPM N-term is an important factor explaining the reduced ability of SmashPM N-term to promote
apical constriction. We speculate that the scaffolding function of SmashPM N-term might be impaired

because of mislocalization or because of missing protein interaction domains. Both possible causes are
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mutually dependent on each other since missing protein interaction domains might cause
mislocalization and mislocalization might prevent protein interactions because SmashPM N-term is not

acting in the right place.

Matsuda et al. (2022) stated that apical constriction is inhibited upon mutating the myosin binding
domain in full-length Xenopus LMO7. Consistent with this finding, we demonstrated that mutating the
myosin binding site of Smash was sufficient to completely abolish its ability to induce apical
constriction (Figure 37 & 38). We did not observe F-actin enrichment at the apical cell cortex in follicle
cells expressing SmashPM mut, indicating that F-actin enrichment is dependent on the myosin binding
domain (Figure 33). We did not investigate the localization of myosin filaments, but based on the
findings in Matsuda et al. (2022), we suggest that the myosin binding domain is necessary to recruit
both F-actin and myosin, thus promoting the formation of actomyosin filaments at the apical cell
cortex. Since actomyosin filament assembly is dependent on the phosphorylation of Sgh by Rok, we
propose that Smash binds to Myosin Il via its myosin binding domain and there it provides scaffolding
function for Rok. Since vertebrate LMO7 binds a-Actinin (Ooshio et al., 2004), it is likely that Smash
also binds a-Actinin. Assuming that Smash interacts with a-Actinin, Smash may support the
crosslinking function of a-Actinin to stabilize the actomyosin network. As the whole process appears
to take place in a junction-dependent manner, we assume that Smash serves as linker between the

actomyosin cytoskeleton and Als, presumably also together with a-Actinin.

Comparable to the observations described in Beati et al. (2018), we demonstrated that apically
enriched full-length SmashPM can reinforce apical F-actin localization, thus inducing a strong apical
constriction response in follicle cells (Figure 33 & 38). Interestingly, F-actin was not only enriched in
follicle cells but also at the oocyte membrane (Figure 31). Other studies found that actomyosin
subcellular localization can be regulated by mechanical cues (Fernandez-Gonzalez et al., 2009; Pouille
et al., 2009). We assume that overexpression of SmashPM produces additional tension at the apical
cell cortex of follicle cells, which is then transferred to the oocyte. This mechanical cue might promote
the enrichment of F-actin at the oocyte membrane to provide more stiffness and prevent squeezing of
the oocyte. In contrast to the results reported in Beati et al. (2018), we observed that eGFP-negative
cells adjacent to eGFP-positive cells in ovaries stochastically overexpressing eGFP:SmashPM are
significantly larger compared to mCD8:eGFP control ovaries. These differences probably arose from
different ways of evaluating and presenting the data. We argue that our obtained data appear logical
since adjacent eGFP-negative cells need to expand their surface to compensate for the drastic
shrinkage of eGFP-positive cells overexpressing eGFP:SmashPM to prevent premature tissue rupture

of the follicle epithelium.
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In summary, this experimental series demonstrated that SmashPM is able to promote actomyosin
filament assembly at the apical cell cortex in a junction-dependent manner via the myosin binding
domain. We propose a mechanism in which Smash provides scaffolding function for Myosin Il and Rok
to promote Sgh phosphorylation, thereby inducing actomyosin filament assembly, which finally results
in tissue deformation. A scaffolding function of Smash to bring Rok and Sgh together is very likely since
Smash was shown to interact with both proteins (Peek, 2019). In addition, future experiments must
explore whether the enhanced actomyosin filament assembly observed upon eGFP:SmashPM
overexpression is indeed dependent on Rok. eGFP:SmashPM overexpression in combination with Rok
knock-out using RNAi against Rok will either verify or reject this hypothesis. The subcellular localization
of SmashPM is considered to be important for apical constriction, since mislocalized SmashPM N-term
showed a reduced ability to promote apical constriction. Based on these results, we can conclude that
SmashPM N-term retains some functionality, which might promote the severity of occurring
morphogenetic defects in sfGFP:SmashPI™? embryos compared to smash®**™* embryos. We suggest
that properly regulated actomyosin filament assembly is impaired in sfGFP:SmashPI™? embryos due to
mislocalization of SmashPM N-term, resulting in uncoordinated cell shape changes. In addition, further
factors that were not investigated yet cannot be excluded. For example, there is the possibility that
SmashPM N-term influences the subcellular localization of other actomyosin-associated proteins.
Resulting defects in PCP might have an additional, negative impact on morphogenesis. The main results

of this experiment are summarized in Figure 52.
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Figure 52: Graphical summary of overexpression experiments in the follicle epithelium. In eGFP:SmashPM overexpressing cells (upper panel, left) eGFP:SmashPM interacts with Myosin |l via its myosin binding
domain (purple). Smash provides scaffolding function for Rok and Myosin Il, thereby facilitating Sgh phosphorylation, resulting in increased actomyosin filament assembly. If Smash interacts with a-Actinin, it
is conceivable that Smash also functions as a scaffold between Actin filaments and between the actomyosin network and AJs. In eGFP:SmashPM N-term overexpressing cells (upper panel, right), eGFP:SmashPM
N-term is not enriched at the apical cell cortex, thereby preventing eGFP:SmashPM N-term from acting as a scaffold for Rok and Myosin I, which led to a reduced actomyosin filament assembly. In
eGFP:SmashPM mut overexpressing cells (lower panel, left) eGFP:SmashPM mut cannot interact with Myosin Il because of its mutated myosin Il binding domain. Smash does not provide scaffolding function
for Rok and Myosin Il. Consequently, Rok cannot catalyze the phosphorylation of Myosin Il and no increased actomyosin filament assembly occurs. In each scenario, actomyosin filaments are assembled in a

junction-dependent manner. The dashed arrows indicate a potential interaction between Smash and a-Actinin.



Discussion | 100

Towards the end of oogenesis, rupture of the follicle epithelium is required for ovulation, a process in
which the mature oocyte is released into the oviduct (Deady et al., 2015). Follicle epithelium rupture
is dependent on Rok-activated actomyosin contractility (not published, personal communication Stella
Eun Cho, Jianjun Sun Lab, University of Connecticut). Since Smash is expressed in the follicle
epithelium, it is highly likely that Smash contributes to the actomyosin-driven rupture of the follicle
epithelium. We have several lines of evidence supporting this hypothesis. The first evidence can be
found in the ovarian morphology of sfGFP:SmashPI flies. Although an elaborate statistical analysis is
still outstanding, sfGFP:SmashPI ovaries appeared to accumulate mature egg chambers (Figure S 5).
The accumulation of more than two mature egg chambers in an ovariole, which is often observed in
sfGFP:SmashPl ovarioles, is described as egg-retention phenotype. An egg-retention phenotype could
point to ovulation defects (Beard et al., 2023). However, it must be considered that this is not
necessarily the case, as the egg-retention phenotype can also result from a general blockage in the
egg-laying process itself. Beard et al. (2023) proposes a robust assay that is composed of a series of
different experimental approaches to reliably identify ovulation defects. To investigate whether
sfGFP:SmashPI flies have ovulation defects, future experiments based on the guidelines in Beard et al.
(2023) will be conducted.

The second evidence that Smash might be involved in follicle epithelium rupture at the end of
oogenesis is the phenotype observed in eGFP:SmashPM overexpressing ovaries. Overexpression of
eGFP:SmashPM in the follicle epithelium led to abnormal morphology in late egg chamber stages
(Figure 35) and the egg-laying rate in these flies was drastically reduced compared to control flies. A
milder but nonetheless striking phenotype was observed in ovaries overexpressing eGFP:SmashPM N-
term in the follicle epithelium. Embryos developing from these ovaries were significantly shorter in
length and larger in width compared to control embryos (Figure 36). A preliminary experiment
revealed that the egg-laying rate in flies overexpressing eGFP:SmashPM N-term was slightly reduced
compared to mCD8:eGFP control flies, but a more elaborate statistical analysis needs to be performed
to determine statistically significant differences in the egg-laying rates between genotypes. In
conclusion, these experiments provide evidence that Smash might be involved in ovulation and in the

hA35

regulation of the oocyte architecture. Future experiments using smas ovaries could provide a

deeper insight into the involvement of Smash within this process.
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4.4 TurbolD proximity labeling assay identifies novel Smash interaction
partners

The regulation of actomyosin dynamics is dependent on a complex protein interaction network.
Together with proven binding partners such as Rok, Baz, Cno, Shrm, and Moe, Smash represents a
component of this network. To obtain a better understanding of how Smash provides its function,
investigating the Smash interaction network could help to determine the hierarchical order of Smash
within the network. To identify new Smash-interacting proteins, a biotin proximity labeling assay was
performed. Using this unbiased assay, 17 novel, potential Smash interaction partners were identified
(Figure 44, Table 8). In the following section, | will briefly describe the characteristics of these potential
Smash-interacting proteins. | will discuss which role these proteins might play in morphogenetic and
cell polarity-related processes. Moreover, | will highlight additional processes Smash might be involved
in. Finally, I will outline open questions and what future experiments could be performed to verify and

qualify the novel protein interactions with Smash.

Ajuba:

Among potential Smash-interacting proteins, the tension-sensitive, LIM domain-containing protein
Ajuba is a promising candidate (Razzell et al., 2018; Schimizzi & Longmore, 2015). Similar to Smash,
Ajuba contains a LIM domain, which serves as protein-protein interaction domain often providing
scaffolding function (Kadrmas & Beckerle, 2004). Smash-Jub interaction was verified by in vitro co-IP
experiments. It is not unlikely that Smash and Jub might interact with each other via their LIM domains.
Experimental proof for this still has to be provided. Both proteins are enriched at A/P junctions during
germ band elongation (Beati et al., 2018; Razzell et al., 2018). Due to Jub’s tension-sensitive properties
(Razzell et al., 2018), it is highly likely that its subcellular localization is dependent on Smash since
Smash regulates junctional tension. To investigate whether Jub’s localization is dependent on Smash,
the PCP of Jub in smash43*™? embryos will be investigated. Results are still outstanding. We do know
though that Smash PCP was not affected in Jub germline clones (Figure 47). Beati et al. (2018)
performed similar experiments in which Smash PCP was investigated. The determined AP/DV ratio for
Smash in WT embryos was much higher in Beati et al. (2018) compared to this study. This deviation

was most likely caused by differences during sample preparation or data evaluation.

Lasp:

Another potential interaction partner for Smash is Lasp. Lasp encodes a member of the nebulin family
in Drosophila and is the homolog of human Lasp-1. Lasp contains two nebulin repeat domains
comprising a conserved actin-binding motif, a LIM and a Src homology 3 (SH3)-protein binding domain.
Lasp was described to play a role in cytoskeleton remodeling by providing scaffolding function for F-
actin and Myosin Il (Fernandes & Schock, 2014). Interestingly, Lasp is important for efficient anchoring
of oskar mRNA via F-actin at the posterior pole of the oocyte in Drosophila (Suyama et al., 2009). We

demonstrated that Lasp co-localizes with Smash in embryonic epithelium and partially in ovaries,
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pointing to a biologically relevant interaction between these two proteins. In stage 10a ovaries, both
proteins are localized at the nurse cell and oocyte membrane. Additionally, Smash localizes at the
apical cell cortex in follicle cells but Lasp does not (Figure 48). The ability of Smash to promote F-Actin
enrichment at the oocyte membrane was demonstrated by overexpressing SmashPM in follicle cells
(Figure 31 & S 10). These findings raise the possibility that Smash might be involved in tethering oskar
mRNA via F-actin at the posterior pole of the oocyte. The highly specific localization pattern of
sfGFP:SmashPI in posterior follicle cells further strengthens this assumption. At this point, it must be
mentioned that it is not yet clear what role SmashPI could play in this process. Unlike SmashPM,
SmashPIl does not have a myosin binding domain. Therefore, SmashPl is not able to promote
actomyosin filament assembly. Because of its C-terminal LIM domain, we suggest that SmashPl might
fulfill either a regulatory or a scaffolding function. Whether any of the Smash isoforms is really involved
in polarization of the mature oocyte by tethering oskar mRNA at the posterior oocyte pole remains to

be further elucidated.

o-Actinin:

Another potential interacting protein identified by the TurbolD assay is a-Actinin. a-Actinin is required
for crosslinking of F-actin filaments and for linking actin filaments to adherens junctions (Sjoblom et
al., 2008). The vertebrate homologue of Smash, LMO7, was reported to interact with a-Actinin via its
a-Actinin binding domain (Ooshio et al., 2004). An in vitro co-IP experiment will verify whether Smash
can also bind a-Actinin. An a-Actinin binding domain in Smash has not been identified yet. Using the
sequence information of vertebrate LMO7 could help to identify such a domain. It is conceivable that
Smash incorporates its function together with a-Actinin in two different ways: either by promoting F-
actin filament crosslinking or by coupling F-actin to adherens junctions. To examine the biological
relevance of the interaction between Smash and a-Actinin in Drosophila embryos, further
experiments, such as co-localization studies, need to be conducted. Beati et al. (2028) already
demonstrated that Smash and a-Actinin co-localize at myotendinous junctions of somatic muscles

suggesting a physiological relevant interaction these two proteins for muscle development.

a-Actinin belongs to the spectrin protein superfamily. Proteins within this family are characterized by
the presence of spectrin repeats (SRs). Thereby, the number of SRs within the different proteins can
vary considerably. Moreover, several proteins have been described that carry both an actin-binding
calponin homology domain (ABD) and a calcium-binding EF-hand motif. In this respect, known
vertebrate variants of a-Actinin carry a total of four SRs, an N-terminal ABD, and a C-terminal EF hand
motif. There is evidence showing that an a-Actinin like precursor gave rise to the other proteins
nowadays belonging to the spectrin superfamily (Broderick & Winder, 2005; Pascual et al., 1997;
Thomas et al., 1997).
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a-Spectrin:

As the name already suggests, Spectrin is another member of the spectrin superfamily. Spectrin forms
large heterotetramers comprising two o and two B subunits. a-Spectrin contains 20 SRs, while B-
Spectrin contains 17 SRs. SRs are involved in the formation of tetramers and they serve as a binding
interface for multiple protein interactions to build a membrane-bound cytoskeleton that maintains cell
shape (Bennett & Baines, 2001; Machnicka et al., 2012). Unlike a-Actinin or B-Spectrin, a-Spectrin does
not have an ABD. Instead, it contains a SH3 domain. SH3 domains mediate protein-protein interactions
and contribute to actin cytoskeleton remodeling or cell proliferation, respectively (Kurochkina & Guha,
2013). In agreement, a-Spectrin was described to be important for regulating the cell cycle and actin
dynamics (Metral et al., 2009). One way how a-Spectrin can modify actin dynamics was reported in
Bialkowska et al. (2005). They showed that the SH3 domain of a-Spectrin is crucial for the activation of
RhoGTPase Rac, a well-known cytoskeleton regulator. Taking these findings into account, it is not very
surprising that a-Spectrin was identified as a further potential Smash-interacting protein (Figure 44).
It remains to be investigated whether and how Smash and a-Spectrin interact with each other to
modify actin dynamics. In vitro co-IP experiments and in vivo localization studies can provide initial
evidence whether Smash interacts with a-Spectrin and whether this interaction has biological

relevance.

Dystrophin:

Another putative interacting protein of Smash, which also belongs to the spectrin superfamily, is
Dystrophin. In Drosophila, different isoforms of Dystrophin are encoded. They comprise a highly
conserved N-terminal ABD followed by SRs and a cysteine-rich C-terminus (Neuman et al., 2001).
During embryogenesis, the isoform DLP2 is expressed in the visceral mesoderm, in muscle attachment
sites, in muscle fibers, and in the gut (van der Plas et al., 2006), thus sharing a partially overlapping
expression pattern with Smash (Beati et al., 2018). Dystrophin does not act on its own, but it is
incorporated into the so-called dystrophin glycoprotein complex (DGC). DGC is a membrane-spanning
complex with extra- and intracellular domains. The extracellular domains link the muscle cell
membrane to the extracellular matrix, while the intracellular domains are connected with the
cytoskeleton, thus providing muscle membrane stability. Thereby, Dystrophin serves as intracellular
binding interface for several cytoskeletal components, such as F-actin, intermediate filaments, and
microtubules (Gao & McNally, 2015). As Smash modulates the actomyosin dynamics in epithelial cells
and was shown to be expressed in myotendinous junctions of somatic muscles (Beati et al., 2018), it is
conceivable that Smash is involved in the organization of F-actin filaments during somatic muscle
development. Furthermore, the scaffolding properties of Smash could be involved in mediating the
binding between Dystrophin and F-actin. Future research will address these open questions to better
understand the potential involvement of Smash in somatic muscle development. This is of special

interest since mutations in dystrophin were found to cause Duchenne and Becker muscular dystrophy,
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a muscle-degenerating disease (Hoffman et al., 1987). A similar effect can be seen in Drosophila larvae
and adults when DLP17 is mutated (van der Plas et al., 2007) making Drosophila an appropriate model
to study. Thus, understanding the interaction between Smash and Dystrophin is important because it

might have clinical relevance.

Moesin:

Peek (2019) demonstrated a direct binding between Smash and Moe in vitro. Finding Moe as an already
verified Smash-interacting protein in our biotin proximity labeling assay reinforces the functionality of
our assay. Moe and Smash are both enriched at the apical cortex in epithelial cells, where they control
the apical cell perimeter (Beati et al., 2018; McCartney & Fehon, 1996; Polesello et al., 2002; Salis et
al., 2017). Moe inhibits Rho1l, thereby acting as negative regulator of Rok (Speck et al., 2003). A possible
involvement of Smash in regulating Rok upstream signaling has already been discussed. In contrast to
Moe, we hypothesize that Smash functions as Rok activator because the loss of Smash led to a strong
reduction in Sgh phosphorylation (Figure 16). Consequently, we assume that Rok kinase activity was
impaired in smash®*™? embryos. Since Moe is also a phosphorylation target of Rok (Matsui et al.,
1998), we hypothesize that the loss of Smash might impair Moe function. To what extent Moe function

will be impaired by the loss of Smash must be investigated in future experiments.

As the TurbolD screen reveals a-Spectrin as potential Smash-interacting protein, we hypothesize that
Smash might modulate actin dynamics together with a-Spectrin. Similarly, Moe was suggested to
function as linker between Crumbs and B-Spectrin (Medina et al., 2002). Moreover, Moe is important
to establish the anterior-posterior polarity axis in the oocyte as failure of proper oskar mRNA
localization upon loss of Moe occurs (Polesello et al., 2002). Similar defects can be seen in DRok?
mutant oocytes (Verdier, Johndrow, et al., 2006). Milder but comparable defects can be seen upon
loss of Lasp (Suyama et al., 2009). A contribution of Smash in establishing oocyte polarity by regulating
the localization of oskar mRNA was already discussed in this work. Considering that several Smash-
interacting proteins are involved in regulating oskar mRNA localization in the oocyte, it becomes even

more likely that Smash contributes to this process.

More recently, Moe was reported to have nuclear activity as it was shown to be involved in mRNA
export (Kristo et al., 2017). Today, it is known that many cytoskeleton-associated proteins can play an
important role in the nucleus (Kristo et al., 2016; Percipalle & Vartiainen, 2019). Studying their role in
the nucleus is challenging, because gene knock-out would not only affect the nuclear protein
population but also the cytosolic one. Therefore, the effect of nuclear Moe was studied in flies only
expressing Moe which was tagged to a nuclear export sequence (NES), constantly removing Moe from
the nucleus. These flies show various abnormalities such as delayed development, decreased lifespan,
egg production, and climbing ability, as well as male genitalia rotation (Bajusz et al., 2021). Closer
analysis revealed that the nuclear export of Moe led to a drastic change in gene expression, most likely

causing the observed defects. Similar to Drosophila Moe, the vertebrate homolog of Smash, LMO7,
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can shuttle between the cytoplasm and the nucleus, where it was shown to regulate gene expression

of emerin, which encodes a nuclear membrane protein (Holaska et al., 2006).

Nup54:

So far, there has been no evidence that Smash has a nuclear function. Thus, it was very exciting to find
Nup54 in the TurbolD assay. Nup54 is a component of the nuclear pore complex (NPC) which is
required for trafficking across the nuclear envelope. Moe was also found to interact with components
of the NPC, namely Nup98 (Kristo et al., 2017). In accordance with these findings, GO term analysis
revealed that TurbolD:SmashPM targeted several proteins that can be associated with nuclear export,
RNA export from the nucleus or protein localization to the nucleus, for example Nup98 and its binding
partner Moe (Figure S 17 & Table S 13). Taken together, these findings raise the question whether
Smash might have some nuclear activity like vertebrate LMO7 and its binding partner Moe. First, the
interaction between Smash and Nup54 or Nup98 should be verified. Second, a careful re-analysis of
the Smash localization pattern should be performed. It should be investigated whether a nuclear-
associated localization of Smash can be detected. Under normal conditions, the a-Smash N-terminal
antibody does not detect nuclear Smash signal, maybe because the signal is below the detection level.
Perhaps there are some external cues that can promote Smash localization into the nucleus. Third, by
tagging Smash with an NES, a similar approach as described in Bajusz et al. (2021) can be performed

to study Smash nuclear activity.

Dishevelled:

Dishevelled (Dsh) is a highly conserved, cytosolic protein that is part of both the canonical, B-catenin-
dependent and non-canonical Wnt signal transduction pathway. In the non-canonical branch of the
pathway, a member of the Frizzled receptor family receives Wnt signals, which are transduced via Dsh
to the downstream effectors Rhol, Rac, and Cdc42. These downstream effectors all belong to the Rho
GTPase protein family, whose activation results in cytoskeleton remodeling (Etienne-Manneville &
Hall, 2002; Sit & Manser, 2011). Dsh was identified as another potential Smash-interacting protein
(Figure 44), raising the possibility that Smash controls actomyosin filament assembly by interfering
with Rho GTPase signaling pathways. A similar hypothesis was already discussed when Smash was
suggested to regulate components of the Fog signaling pathway in which Rhol is involved. The
interaction with Dsh provides further evidence supporting this hypothesis. To investigate the
physiological relevance of Smash-Dsh binding, a detailed characterization of this interaction should be
conducted in the future. Moreover, it should be tested whether Smash affects Rho1l, Rac, or Cdc42
activity, e. g. by regulating their subcellular localization. A special focus should be on Rho1 since Rhol
is an effector of both the Fog and non-canonical the Wnt signaling pathway. In addition, the fact that
Rho1 signaling is supposed to act antagonistically to Moe makes it interesting to study. Maybe Smash

acts as a mediator between those two opposing pathways.
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Scraps & Peanut:

scraps (scra) encodes a homolog of Anilin. It was described to be involved in cellularization and
cytokinesis, both processes requiring ingression of the plasma membrane (Field & Alberts, 1995; Field
et al., 2005; Oegema et al., 2000). Anilin is supposed to act as a scaffolding protein for cleavage furrow
components as it is enriched at furrow ingression sites where it interacts with F-actin, myosin, Peanut
(Pnut) and other septins (Field & Alberts, 1995; Kinoshita et al., 2002; Straight et al., 2005). Pnut
belongs to the septin protein family and together with Anilin it promotes furrow ingression (Adam et
al., 2000; Field et al., 2005; Maddox et al., 2007; Neufeld & Rubin, 1994). Anilin and Pnut were
identified as potential Smash-interacting proteins. At first glance, an interaction between Smash and
Anilin or Pnut seems a bit counterintuitive because Smash is excluded from the contractile ring during
cytokinesis (Beati et al., 2018). However, it is not unusual that interacting proteins are not co-localizing.
Sometimes, mutual regulation by excluding each other from a certain domain is necessary for proper
cellular function. Many examples of this can be found in the regulation of cell polarity (Flores-Benitez
& Knust, 2016). To name just one concrete example: the interaction between Baz and Rok. Although
Baz and Rok are interacting proteins, regarding their planar polarized distribution they are enriched at
opposing surfaces. Rok is enriched at A/P junctions where it actively excludes Baz by phosphorylation,
resulting in Baz enrichment at D/V junctions (Simdes et al., 2010). In addition, Rok enrichment at A/P
junctions is maintained by the Crumbs complex which exclude Rok from D/V junctions (Sidor et al.,
2020). In conclusion, just because Smash is not localized at the contractile ring, this does not
necessarily mean that Smash is not important for this process. To investigate whether Smash is
involved in furrow ingression, cytokinesis events and cellularization should be carefully studied in
smash4**™7 null mutant embryos. Live imaging already revealed that a significant high fraction of

smash43m/z

null mutant embryos did not undergo cellularization. Whether this was just a secondary
effect caused by e. g. inappropriate handling of the embryos or whether Smash is indeed important

for cellularization needs to be investigated in future experiments.
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Shibire:

Among all novel identified potential Smash interaction partners, there is one very interesting
candidate, namely shibire (shi), encoding Drosophila Dynamin, a large GTPase required for endocytic
vesicle fission (Chappie et al., 2011; Chen et al., 1991; Ferguson & De Camilli, 2012). During vesicle
fission, F-actin filaments are enriched at the sites of vesicle budding (Collins et al., 2011). Dynamin
itself was reported to modify the actin cytoskeleton during vesicle fission to promote its own
recruitment (Taylor et al., 2012). Although many morphogenetic processes depend on endocytosis-
driven membrane remodeling (Fabrowski et al., 2013; Lee & Harland, 2010; Lepage & Bruce, 2014),
the capability of Dynamin to modify the actin cytoskeleton was found to be not restricted to vesicle
fission. Instead, Dynamin was shown to have a global role in regulating the actin cytoskeleton in
epithelial cells, as the loss of Dynamin leads to drastic defects in cell polarity (Chua et al., 2009). It was
suggested that Dynamin can modulate the actin cytoskeleton by interacting with different actin-
regulating effector proteins (Gu et al., 2010). These findings raise the question whether Smash is one
of the proteins that interact with Dynamin to modulate the actin cytoskeleton. To gain more insight
about a potential Smash-Dynamin interaction, Dynamin subcellular localization could be investigated

in smash43™2 null mutant embryos.

Tudor:

Tudor (Tud) is a maternal gene that is required for germ cell determination and abdominal segment
formation during oogenesis (Ephrussi & Lehmann, 1992). Together with oskar mRNA, Tud is localized
at the posterior pole plasm of the oocyte but functions downstream of oskar (Anne, 2010; Bardsley et
al., 1993; Ephrussi & Lehmann, 1992). A role of Smash in tethering oskar mRNA to the posterior pole
of the oocyte was already discussed in this study. Since Tud is co-localizing with oskar mRNA, a

participation of Smash in tethering Tud to the posterior pole of the oocyte is conceivable.

Zipper:

Another newly identified candidate to interact with Smash is Zipper (Zip). zip encodes the non-muscle
myosin || heavy chain in Drosophila. Recently, Xenopus LMO7 was described to interact with NMIIHC,
thereby promoting actomyosin filament assembly (Matsuda et al., 2022). Overexpression experiments
in the follicle epithelium performed in this study (Figure 31-38 and Figure S 11-S 15) prove the
importance of the myosin binding domain of Smash in regulating actomyosin contractility. Taking these
new findings into account, one must reconsider previous findings in which Smash is supposed to
interact with non-muscle myosin Il regulatory light chain Sqgh (Beati et al., 2018; Peek, 2019). Peek
(2019) claimed that the co-IP of Sgh was not very well reproducible, thus making these results
debatable. As possible explanation, it was suggested that the Smash-Sgh interaction is indirect. Having
these new findings, Smash-Sgh interaction indeed might be indirect since Smash could bind Zip via its
myosin binding domain. Experimental proof for this is still outstanding. However, it was shown that

Smash modifies Sqgh PCP during germ band elongation (Beati et al., 2018; Peek, 2019). A possible
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explanation is that Sgh and Zip assemble to form one functional myosin unit (Brito & Sousa, 2020).
Therefore, it can be assumed that Sgh and Zip are always co-localizing. Even though Smash most likely

regulates the subcellular localization of Zip, this will indirectly affect the localization of Sgh.

PR2:

Finally, PR2 was identified as another potential Smash-interacting protein. PR2 belongs to the activated
Cdc42 kinase (Ack) gene family, comprising an N-terminal SAM (sterile a-motif), a tyrosine kinase, a
SH3 domain, a CRIB (Cdc42/Rac interactive binding) domain, a proline-rich region, and C-terminal
ubiquitin-associating domains (Abdallah et al., 2013). Interestingly, PR2 was described to be involved
in promoting the expression of zip during dorsal closure (Zahedi et al., 2008). The mechanism by which
PR2 activates zip expression is not known yet. Now that there is some evidence that Smash might have
nuclear activity, is it possible that Smash itself can regulate zip expression, e. g. by promoting PR2
import into the nucleus? How Smash interacts with PR2 and whether Smash can promote zip

expression will be further elucidated.

Adh, Cog3 & ACOX1:
Alcohol dehydrogenase, conserved oligomeric Golgi complex subunit 3 (Cog3) and peroxisomal acyl-
coenzyme A oxidase 1 (ACOX1) were not further discussed as potential Smash-interacting proteins

because there is no obvious link to Smash function.

General evaluation of the TurbolD assay:

Already known interacting partners of Smash, such as Rok, Baz, Cno, or Shrm could not be identified
within this screen. A possible explanation for this can be found in the artificial properties of the
technique. Due to the steric properties of the TurbolD fusion protein, not all Smash-interacting
proteins will be labeled with biotin, thus missing a portion of potential candidates. It should be noted
again that all identified proteins within this screen are only potential Smash-interacting proteins.
Whether Smash indeed interacts with these proteins and whether this binding has physiological
relevance needs to be investigated in future experiments. For this purpose, the Al system AlphaFold,
an extremely powerful tool to predict protein’s 3D structure based on its amino acid sequence, can be
used to investigate the potential interaction between Smash and the candidates, which were identified

by the TurbolD screen (Jumper et al., 2021; Varadi et al., 2022).

In contrast to a classical co-IP experiment to identify interacting proteins, the proximity labeling
technique carries a higher risk of identifying false-positive proteins because all proteins in close
proximity will be labeled, but just because proteins are in close proximity, this does not necessarily
mean that these proteins bind each other. To distinguish false-positive from real candidates,
appropriate controls have to be included. In this study, we decided to include two controls:
eGFP:SmashPM and TurbolD:eGFP expressing embryos. The first control, eGFP:SmashPM expressing
embryos, was used to determine the biotinylation background. Proteins whose abundance was

significantly enriched in eGFP:TurbolD:SmashPM expressing embryos compared to eGFP:SmashPM
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expressing embryos were considered to be high-confidence Smash interaction candidates. The second
control, TurbolD:eGFP expressing embryos, was used to determine unspecific biotinylation of TurbolD.
In contrast to eGFP:TurbolD:SmashPM, TurbolD:eGFP was distributed throughout the whole cell.
Therefore, we assume that proteins in the whole cell were potential biotinylation targets. This data set
alone is not very meaningful, but in comparison with the data obtained from eGFP:TurbolD:SmashPM
expressing embryos, specific targets of eGFP:TurbolD:SmashPM were identified. Proteins whose
abundance was significantly enriched in eGFP:TurbolD:SmashPM expressing embryos compared to
TurbolD:eGFP expressing embryos were considered to be high-confidence interactors of Smash.
Combining both controls provides a stringent screening method to identify potential new Smash-
interacting proteins. Thus, only those proteins that came up as high-confidence interactors in both
assays (eGFP:TurbolD:SmashPM vs. eGFP:SmashPM and eGFP:TurbolD:SmashPM vs. TurbolD:eGFP)
were discussed here and considered for further analysis. For a lower screening stringency, one can
consider to include only one of the mentioned controls. Altogether, we conclude that the biotin
proximity labeling assay was an effective and reliable technique to successfully identify novel Smash-
interacting proteins. The insight we gained from this assay were implemented in our final model that

visualizes our current understanding of the molecular working mechanism of Smash (Figure 53).
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Figure 53: The molecular working mechanism of Smash — Final Model. The TurbolD proximity labeling assay identified many
potential Smash-interacting proteins that need to be verified in future experiments. In combination with already known
Smash-interacting proteins, such as Baz, Cno, Jub, Moe, Shrm, and Rok, we suggest a model in which Smash interacts with
many actomyosin-associated proteins to modulate cell architecture by regulating actomyosin contractility. Actomyosin
contractility is determined by Rok kinase activity and in turn Rok kinase activity is controlled by Fog and Wnt upstream
signaling pathways. It is possible that Smash interferes with both upstream signaling pathways to regulate Rok kinase activity,
most likely by providing scaffolding function for proteins, e. g. for Dsh and RhoGTPase or for RhoGTPase and Rok. Moreover,
we suggest that Smash provides scaffolding function for Rok and its phosphorylation targets, including Baz, Moe, and Myosin
1. Although not directly proven yet, we have evidence that Smash binds to Myosin |l via its heavy chain encoded by zipper.
Upon actomyosin filament assembly, Smash might fulfill further scaffolding functions. Together with Cno, Jub, Moe, and
possibly also Lasp, Smash might connect the actomyosin network to AJs. Moreover, Smash may facilitate actomyosin network
stability together with a-Actinin by interlinking actin filaments. Many more potential Smash-interacting proteins were
identified by the TurbolD proximity labeling assay. From these novel, potential Smash-interacting proteins, new implications
about the involvement of Smash in regulating oocyte polarity, ovulation, muscle development, gene expression, and
cytokinesis can be drawn. Arrows between two proteins indicate a proven interaction. Dashed arrows indicate a potential
interaction between two proteins. Ovulation scheme was copied from Deady et al. (2017). Cytokinesis scheme was copied

from Lens & Medema (2019).
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4.5 Conclusion

Smash was reported to have an important function during epithelial morphogenesis since Smash
actively promotes actomyosin contractility (Beati et al., 2018; Peek, 2019). There are several lines of
evidence indicating that Smash acts within a large protein interaction network to regulate actomyosin

contractility. However, how Smash functions at the molecular level is not fully understood yet.

This work provides new insight into the molecular working mechanism of Smash. Detailed analysis of
smash®®*™7null allele mutant embryos revealed that Smash is probably involved in several actomyosin-
driven processes occurring early during development, such as cellularization, ventral furrow formation,
and germ band elongation. Future live imaging experiments of smash®**™ null allele mutants at the

cellular level will help to further investigate the contribution of Smash within these processes.

The spatiotemporal behavior of Smash during epithelial morphogenesis has not been investigated yet.
Instead, however, the basis for this was created. Two novel, isoform-specific fly lines expressing either
sfGFP:SmashPM or sfGFP:SmashP| were generated using CRISPR/Cas9 technology. In this work, the
expression pattern of both sfGFP fusion proteins was documented in detail. From this study, we
conclude that sfGFP:SmashPM precisely resembles the previously reported expression pattern and
subcellular localization of endogenous Smash, thus being a great gain for our molecular toolkit.
sfGFP:SmashPM expressing flies can be used in future experiments to analyze the spatiotemporal
behavior of SmashPM in living embryos. Using the sfGFP:SmashPI expressing flies, it was possible for

the first time to show an isoform-specific localization pattern.

Furthermore, this work provides several lines of evidence on how Smash functions to regulate
actomyosin contractility. Actomyosin contractility is dependent on the phosphorylation level of Sqgh.
We demonstrated that Smash affects Sgh phosphorylation since Sgh phosphorylation is strongly
reduced, almost completely abolished, in smash®**™7 mutants. The mechanism by which Smash
regulates Sgh phosphorylation is probably indirect since Smash did not affect Rok kinase activity in
vitro. Overexpression experiments in the follicle epithelium revealed a distinct physiological relevance
of the myosin binding domain of Smash in regulating actomyosin contractility since this domain was
necessary to promote F-actin enrichment in an AJ-dependent manner, thereby enabling tissue
deformation. As Smash binds Rok and most likely Myosin Il via its myosin binding domain, we suggest
that Smash mediates an interaction between Rok and Myosin Il to catalyze the phosphorylation of Sgh.
In addition, we suggest that Smash regulates Rok kinase activity by interfering with Rok’s upstream
activators, as the dominant negative characteristics of the sfGFP:SmashPI™? fly strain cause an

embryonic phenotype that was reminiscent of fog mutant embryos.
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The newly found, potential Smash-interacting proteins support a model in which Smash regulates the
actomyosin cytoskeleton to drive tissue remodeling, presumably by providing various scaffolding
functions. Moreover, these candidates improve our understanding of Smash since there are new
implications about the involvement of Smash in regulating oocyte polarity, ovulation, muscle
development, cytokinesis, and possibly gene expression (Figure 53). This data provides important,
game-changing insights that will guide future experiments. For example, the subcellular localization of
these proteins can be studied in smash4**™? mutants and vice versa, Smash localization can be
investigated upon loss of the respective protein to check whether the protein localization is dependent

on each other.

In summary, this work supports and expands our current knowledge on Smash function. Several lines
of evidence demonstrate the importance of Smash in regulating morphogenesis by actively modifying
actomyosin contractility. Finally, this work proposes exciting questions that should be explored in

future research.
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Supplementary material

To determine the lethality rate of smash4® mutants, a lethality assay was performed. For this purpose,

the following cross was set up:
Fo: smash®**/TM6B x smash***/TM6B

Following Mendelian rules, the genotypes in the offspring should be distributed as follows: 25 %
smash®3>/ smash®3, 25 % TM6B/TM6B and 50 % smash®**/TM6B. Assuming that the smash®*®* mutation
has no effect on viability, the expectation is that 75 % of embryos should hatch as larvae. 25 % should
not hatch because of lethality factors on TM6B. Hatched larvae were used for further analysis. The
portion of Tubby* (Tb*) and Tubby (Tb") pupae and Antp* and Antp"™ adults was counted. Assuming
that the smash®* mutation has no effect on viability, the expectation is that 66.7 % of larvae should

be Th” while 33.3 % should be Tb*. Accordingly, 66.7 % of adults should be Antp" and 33.3 % Antp*.

The following observations were made in the F; generation and the corresponding likelihoods were

calculated:

N° of embryos Hatched Not hatched  Chi? test (p-value)

590 488 (82.7 %) 102 (17.3 %) 1.51854E-05
N° of pupae Th* Tb Chi? test (p-value)
254 77 (30.31%) 177 (69.69 %) 0.310549
N° of adults Antp* Antp" Chi? test (p-value)
246 71(28.86 %) 175(71.14 %) 0.13710519

Chi? test was performed to investigate whether the observed data is statistically significant different
from the expected data. p-value < 0,05 means that the observed value is different from the expected
value.

For Chi? test calculations, following expected likelihoods were used:

N° of embryos Hatched Not hatched

590 443 (75 %) 147 (25 %)
N° of pupae Tb* Tb

254 85(33.3%) 169 (66.7 %)
N° of adults Antp* Antp"

246 82(33.3%) 164 (66.7 %)

More embryos hatched as expected. The observed ratio of Tb* and Tb™ pupae and Antp* and Antp"“
adult flies was not different from the expectation, suggesting no increased lethality in the F;

generation.
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To calculate the lethality rate of smash®3*™? mutants, the following cross was set up

The following observations were made in the F, generation:

N° of embryos  Hatched  Not hatched
277

26(9.4%) 251 (90.6 %)

If the smash®** mutation would not affect viability, the theoretical likelihood for lethality is 0 %. In
a strong increase in lethality.

contrast to the expectation, the observed lethality is 90.6 %. Thus, smash®**™? mutant embryos show
Phosphomyosin Smash N-term

Arm

Merge

smash435m

Figure S 1: A weak Smash signal was detected in smash43> maternal mutant embryos. Complete loss of Smash occurs only
in smash435> maternal and zygotic mutants. The shown optical section was obtained from a stage 8 embryo, which is maternal

mutant only. Homozygous smash?3> mothers were mated with males that were heterozygous for the smash43*> mutation, thus

potentially providing a WT copy of Smash. The weak Smash expression coincides with a weak phosphomyosin signal.
Antibodies used for IF staining are indicated above each panel. Scale bar: 20 pm.
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Figure S 2: Detection of GFP fusion proteins used for the in vitro kinase assay. Indicated proteins were expressed in S2 cells.
Cell lysates were used to enrich GFP-tagged proteins for the kinase assay. The presence of GFP-tagged fusion proteins in input
(IN) and immunoprecipitated (IP) samples was verified by Western blotting. Proteins were detected with an a-GFP antibody.
Predicted molecular weight of proteins: GFP:SmashPM = 197.8 kDa, GFP = 26.9 kDa, GFP:RokCA = 92.4 kDa, GFP:Rok = 189.2
kDa, GFP:Rok K116 = 189.2 kDa.
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Smash N-term

sfGFP:SmashPM

sfGFP:SmashPI

Figure S 3: Expression pattern of endogenous SmashPM, sfGFP:SmashPM, and sfGFP:SmashPl in wing disc. While
sfGFP:SmashPM reflects the endogenous localization pattern of SmashPM, which was visualized with the antibody against
the N-terminus of Smash, sfGFP:SmashPI is not expressed in wing discs. Used antibodies for IF staining are indicated above

each panel. Scale bar: 50 um.

GFP Dlg Merge

sfGFP:SmashP|™/z

Figure S 4: sfGFP:SmashPI™/zis not expressed in embryos. A whole mount stage 8 embryo is shown. IF staining was performed

using indicated antibodies. Scale bar: 100 um.
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sfGFP:SmashPI

Figure S 5: Comparison of WT and sfGFP:SmashPl ovarian morphology. A characteristic example of a WT and a
sfGFP:SmashPI ovary is shown. sfGFP:SmashP| ovaries showed an egg-retention phenotype (described in Beard et al. (2023)).
The stars denote mature oocytes. Ovaries were dissected from 1 week old flies kept at 25 °C. Flies were fed with yeast paste.

Images were taken by brightfield microscopy. Scale bar: 500 um.
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Figure S 6: Mean GBE in WT, smash435/z, and sfGFP:SmashPI™/z embryos. Mean and error bars were generated based on

the data shown in Figure 28. Corresponding statistics can be found in Table S 1.
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Figure S 7: Direct comparison of mean GBE in WT, smash235m/z, and sfGFP:SmashPI™/zembryos. The mean was calculated

based on the data shown in Figure 28. Corresponding statistics can be found in Table S 1.

Table S 1: Statistical test to determine the significance of the differences between WT, smash435m/2, and sfGFP:SmashPI™/z

relative GBE. SPSS software was used to calculate statistics. A nonparametric test based on a Kruskal-Wallis ANOVA was

performed to test whether there is a statistically significant difference between samples. Pairwise comparison was performed

to investigate which samples were different from each other. The p-value was adjusted by Bonferroni correction. The

difference between samples was measured for each time point separately. The significance level is indicated with asterisks.

“*p<0.05, ** p<0.01, “*** p <0.001, 'ns' not significant.

Time | Pairwise comparison p-value adjusted Significance level
sfGFP:SmashPI™ — smash43™/* 1 ns
-240 | sfGFP:SmashPI™? — WT 0.359 ns
smash43™7 — \WT 0.835 ns
sfGFP:SmashPI™ — smash43*™/ 1 ns
-120 | sfGFP:SmashPI™? — WT 1 ns
smash4®m7 —\WT 1 ns
sfGFP:SmashPI™? — smashAa35m/ 1 ns
0 sfGFP:SmashPI™? — WT 0.239 ns
smash4®m7 — \WT 1 ns
sfGFP:SmashPI™? — smashAa35m/ 1 ns
120 sfGFP:SmashPI™Z — WT 1 ns
smash4®m7 — \WT 1 ns
sfGFP:SmashPI™? — smasha3>m/ 1 ns
240 | sfGFP:SmashPI™z — WT 1 ns
smash4®m7 — \WT 1 ns
sfGFP:SmashPI™? — smasha3>m/ 0.875 ns
360 sfGFP:SmashPI™? — WT 0.312 ns
smash43™ —\WT 1 ns
sfGFP:SmashPI™? — smash43°™/ 1 ns
480 sfGFP:SmashPI™Z — WT 0.122 ns
smash43™ —\WT 0.392 ns
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Time | Pairwise comparison p-value adjusted Significance level
sfGFP:SmashPI™? — smasha35m/ 1 ns
600 sfGFP:SmashPI™* — WT 0.044 *
smash43™7 — \WT 0.166 ns
sfGFP:SmashPI™? — smash43°™/ 1 ns
720 sfGFP:SmashPI™Z — WT 0.042 *
smash4%m™z — \WT 0.041 *
sfGFP:SmashPI™? — smash43°™/ 1
840 sfGFP:SmashPI™Z — WT 0.016 *
smash4%mz — WT 0.088 ns
sfGFP:SmashPI™? — smasha35m/ 1 ns
960 sfGFP:SmashPI™* — WT 0.005 *x
smash4®m7 — \WT 0.062 ns
sfGFP:SmashPI™? — smasha35m/ 1 ns
1080 | sfGFP:SmashPI™?—WT 0.002 ok
smash4%™ — \WT 0.046 *
sfGFP:SmashPI™? — smash43™/* 1 ns
1200 | sfGFP:SmashPI™Z —WT 0.001 ok
smash43m™7 — \WT 0.08 ns
sfGFP:SmashPI™? — smash43°™/ 1 ns
1320 | sfGFP:SmashPI™Z—WT 0 ok
smash43™: — \WT 0.042 *
sfGFP:SmashPI™? — smasha35m/* 1 ns
1440 | sfGFP:SmashPI™? —WT 0 ok ok
smash43™: — \WT 0.044 *
sfGFP:SmashPI™? — smashAa35m/ 1 ns
1560 | sfGFP:SmashPI™? —WT 0 Ak
smash43m™7 — \WT 0.025 *
sfGFP:SmashPI™ — smash43™/* 1 ns
1680 | sfGFP:SmashPI™Z—WT 0 ok
smash43™7 — \WT 0.024 *
sfGFP:SmashPI™ — smash43*™/ 0.83 ns
1800 | sfGFP:SmashPI™Z —WT 0 ok
smash4%m™z — \WT 0.039 *
sfGFP:SmashPI™? — smashAa35m/ 0.97 ns
1920 | sfGFP:SmashPI™? —WT 0 Ak
smash4%™z — \WT 0.032 *
sfGFP:SmashPI™? — smash43°™/ 0.852 ns
2040 | sfGFP:SmashPI™? —WT 0 Hokk
smash4®m7 — \WT 0.04 *
sfGFP:SmashPI™? — smasha3>m/ 0.97 ns
2160 | sfGFP:SmashPI™? — WT 0 ok,
smash4®m7 — \WT 0.039 *
sfGFP:SmashPI™? — smasha3>m/ 1 ns
2280 | sfGFP:SmashPI™? — WT 0 ok
smash4%m™z — \WT 0.019 *
sfGFP:SmashPI™? — smash43°™/ 1 ns
2400 | sfGFP:SmashPI™? —WT 0 ok
smash4%m™z — \WT 0.02 *
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Time | Pairwise comparison p-value adjusted Significance level
sfGFP:SmashPI™? — smasha35m/ 1 ns
2520 | sfGFP:SmashPI™? — WT 0 kel
smash4%m™z — \WT 0.021 *
sfGFP:SmashPI™? — smash43°™/ 1 ns
2640 | sfGFP:SmashPI™? —WT 0 ok
smash4%m™z — \WT 0.028 *
sfGFP:SmashPI™? — smash43°™/ 1 ns
2760 sfGFP:SmashPI™? — WT 0 *okk
smash43™: — \WT 0.027 *
sfGFP:SmashPI™? — smasha35m/ 1 ns
2880 | sfGFP:SmashPI™? — WT 0 *kk
smash43™: — \WT 0.024 *
sfGFP:SmashPI™? — smasha35m/ 1 ns
3000 | sfGFP:SmashPI™? —WT 0 Ak
smash4%™ — \WT 0.026 *
sfGFP:SmashPI™? — smash43™/* 1 ns
3120 | sfGFP:SmashPI™? —WT 0 ok
smash4%™ — \WT 0.026 *
sfGFP:SmashPI™? — smash43°™/ 1 ns
3240 | sfGFP:SmashPI™? — WT 0 ok
smash4®m7 — \WT 0.019 *
sfGFP:SmashPI™? — smasha35m/* 1 ns
3360 | sfGFP:SmashPI™z — WT 0 Ak
smash43™: — \WT 0.014 *
sfGFP:SmashPI™? — smashAa35m/ 1 ns
3480 | sfGFP:SmashPI™? — WT 0 Ak
smash43m™7 — \WT 0.017 *
sfGFP:SmashPI™ — smash43™/* 1 ns
3600 | sfGFP:SmashPI™?—WT 0 ok
smash43™7 — \WT 0.013 *
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Figure S 8: Mean GBE speed in WT, smash?35m/z, and sfGFP:SmashPI™/zembryos. Mean and error bars were generated based

on the data shown in Figure 30. Corresponding statistics can be found in Table S 2.
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Figure S 9: Direct comparison of mean GBE speed in WT, smash35m/z, and sfGFP:SmashPI™/z embryos. The mean was

calculated based on the data shown in Figure 30. Corresponding statistics can be found in Table S 2.
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Table S 2: Statistical test to determine the significance of the differences between WT, smash435m/z, and sfGFP:SmashPI™/z
GBE speed. SPSS software was used to calculate statistics. A nonparametric test based on a Kruskal-Wallis ANOVA was
performed to test whether there is a statistically significant difference between samples. Pairwise comparison was performed
to investigate which samples were different from each other. The p-value was adjusted by Bonferroni correction. The
difference between samples was measured for each time point separately. The significance level is indicated with asterisks.

“*''p<0.05, ** p<0.01, “*** p <0.001, 'ns' not significant.

Time | Pairwise comparison p-value adjusted | Significance level
sfGFP:SmashPI™? — smash435m/ 1 ns
0 | sfGFP:SmashPI™?— WT 1 ns
smash43>™7 — \WT 1 ns
sfGFP:SmashPI™? — smash43°m/z 0.275 ns
120 | sfGFP:SmashPI™z — WT 1 ns
smash43™7 — \WT 0.454 ns
sfGFP:SmashPI™? — smash43*m/* 0.364 ns
240 | sfGFP:SmashPI™z —WT 1 ns
smash43m7 — \WT 0.217 ns
sfGFP:SmashPI™? — smash43°m/* 0.156 ns
360 | sfGFP:SmashPI™?—WT 1 ns
smash43m7 — \WT 0.038 *
sfGFP:SmashPI™? — smash435™/* 0.282 ns
480 | sfGFP:SmashPI™? — WT 0.94 ns
smash4¥m™ — \WT 0.032 *
sfGFP:SmashPI™? — smash435™/* 0.396 ns
600 | sfGFP:SmashPI™? — WT 0.233 ns
smash43*™7 — \WT 0.009 *
sfGFP:SmashPI™? — smash43*m/? 0.724 ns
720 | sfGFP:SmashPI™?—WT 0.057 ns
smash43m7 — \WT 0.006 %
sfGFP:SmashPI™? — smash43*m/? 1 ns
840 | sfGFP:SmashPI™?—WT 0.009 ok
smash43m7 — \WT 0.007 *¥
sfGFP:SmashPI™? — smash435™/* 1 ns
960 | sfGFP:SmashPI™? — WT 0.003 ok
smash43™7 — \WT 0.007 *
sfGFP:SmashPI™? — smash435™/* 1 ns
1080 | sfGFP:SmashPI™? — WT 0.001 ok
smash4®m7 — \WT 0.009 * %
sfGFP:SmashPI™? — smash435m/ 1 ns
1200 | sfGFP:SmashPI™Z — WT 0 okl
smash43>™7 — \WT 0.012 *
sfGFP:SmashPI™? — smash435m/ 1 ns
1320 | sfGFP:SmashPI™Z — WT 0 okl
smash4¥m™ — \WT 0.004 ok
sfGFP:SmashPI™? — smash43°m/ 1 ns
1440 | sfGFP:SmashPI™?—WT 0 ok ok
smash4®m7 — \WT 0.002 * %
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Time | Pairwise comparison p-value adjusted | Significance level
sfGFP:SmashPI™? — smash435m/ 1 ns
1560 | sfGFP:SmashPI™Z — WT 0 laka
smash4¥m™ — \WT 0.002 ok
sfGFP:SmashPI™? — smash435™/ 1 ns
1680 | sfGFP:SmashPI™z — WT 0 lak
smash4¥m™ — \WT 0.003 ok
sfGFP:SmashPI™? — smash43°m/ 1 ns
1800 | sfGFP:SmashPI™?—WT 0 ok
smash43m7 — \WT 0.003 *o*
sfGFP:SmashPI™? — smash43°m/ 1 ns
1920 | sfGFP:SmashPI™?—WT 0 ok
smash43m7 — \WT 0.004 o
sfGFP:SmashPI™? — smash435™/* 1 ns
2040 | sfGFP:SmashPI™z — WT 0 ok
smash4¥m™z — \WT 0.004 ok
sfGFP:SmashPI™? — smash435™* 1 ns
2160 | sfGFP:SmashPI™? — WT 0 ok
smash4¥m™ — \WT 0.004 ok
sfGFP:SmashPI™? — smash43°m/* 1 ns
2280 | sfGFP:SmashPI™? — WT 0 ok
smash43m7 — \WT 0.002 *
sfGFP:SmashPI™? — smash43°m/* 1 ns
2400 | sfGFP:SmashPI™? — WT 0 ok
smash43m7 — \WT 0.002 *
sfGFP:SmashPI™? — smash435™/* 1 ns
2520 | sfGFP:SmashPI™? — WT 0 ook
smash43*™7 — \WT 0.002 *
sfGFP:SmashPI™? — smash435™/* 1 ns
2640 | sfGFP:SmashPI™? — WT 0 ook
smash43™7 — \WT 0.002 *
sfGFP:SmashPI™? — smash43*m/ 1 ns
2760 | sfGFP:SmashPI™? — WT 0 ok
smash43m7 — \WT 0.002 *¥
sfGFP:SmashPI™? — smash43*m/ 1 ns
2880 | sfGFP:SmashPI™? — WT 0 ok
smash43m7 — \WT 0.001 *¥
sfGFP:SmashPI™? — smash43°m/ 1 ns
3000 | sfGFP:SmashPI™? — WT 0 ok ok
smash4®m7 — \WT 0.001 * %
sfGFP:SmashPI™? — smash43°m/ 1 ns
3120 | sfGFP:SmashPI™? — WT 0 ok ok
smash4®m7 — \WT 0.001 * %
sfGFP:SmashPI™? — smash435m/ 1 ns
3240 | sfGFP:SmashPI™? —WT 0 ko
smash4¥m™ — \WT 0.001 ok
sfGFP:SmashPI™? — smash435m/ 1 ns
3360 | sfGFP:SmashPI™?—WT 0 ke
smash4¥m™ — \WT 0.001 ok
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Time | Pairwise comparison p-value adjusted | Significance level
sfGFP:SmashPI™? — smash435m/ 1 ns
3480 | sfGFP:SmashPI™? — WT 0 *kk
smash4¥m™ — \WT 0.001 ok
sfGFP:SmashPI™? — smash435™/ 1 ns
3600 | sfGFP:SmashPI™? — WT 0 *kk
smash4¥m™ — \WT 0.001 ok
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Figure S 10: Close-up of phalloidin signal in ovaries overexpressing mCD8:eGFP, eGFP:SmashPM, eGFP:SmashPM N-term,
and eGFP:SmashPM mut. Overexpression was driven under the control of traffic jam (tj) Gal4. The phalloidin signal appeared
as a double line since it was detected at the apical cortex of follicle cells and at the oocyte membrane in all samples. The

respective genotypes are indicated on the left of each ovary. Scale bar: 30 um, scale bar close-up: 20 um.
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Figure S 11: GFP intensity at the apical cell cortex of follicle cells. mCD8:eGFP, eGFP:SmashPM, eGFP:SmashPM N-term, and
eGFP:SmashPM mut overexpressing ovaries were examined. The straight-line tool in ImageJ was used for analysis. The mean
gray value was used for calculations. The color code represents the replicate to which a data point belongs to. n = 60 (4
replicates, 15 cells per replicate). A Kruskal-Wallis test and a post hoc Dunn test were performed to identify the statistically
significant difference of two samples. Compact letter display (CLD) is used to visualize a statistically significant difference.
Same letters mean that samples do not differ in a statistically significant manner from each other. For more details on the

significance level, see Table S 3.

Table S 3: Statistical test to determine the significance of the differences in GFP intensity at the apical cortex of follicle cells
between mCD8:eGFP, eGFP:SmashPM, eGFP:SmashPM N-term, and eGFP:SmashPM mut overexpressing ovaries. RStudio
software was used to calculate statistics. A Kruskal-Wallis ANOVA was performed to test whether there is a statistically
significant difference between samples. A post hoc Dunn test for pairwise comparison was performed. The p-value was
adjusted by Bonferroni correction. The significance level is indicated with asterisks. ‘*’ p < 0.05, “**' p < 0.01, ***' p < 0.001,

“k%%% 0 < 0.0001, 'ns' not significant.

eGFP:SmashPM N-term

eGFP:SmashPM mut

1.279486E-18

Group 1 Group 2 p-value adjusted | Significance level
mCD8:eGFP eGFP:SmashPM 2.095103E-20 HokEx
mCD8:eGFP eGFP:SmashPM N-term | 0.018737 *
mCD8:eGFP eGFP:SmashPM mut 8.645022E-09 HokEx
eGFP:SmashPM eGFP:SmashPM N-term | 1.524782E-34 HokEx
eGFP:SmashPM eGFP:SmashPM mut 0.004103 o

3 3k %k %k
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Figure S 12: GFP intensity in the cytosol of follicle cells. mCD8:eGFP, eGFP:SmashPM, eGFP:SmashPM N-term, and
eGFP:SmashPM mut overexpressing ovaries were examined. The straight-line tool in ImageJ was used for analysis. The mean
gray value was used for calculations. The color code represents the replicate to which a data point belongs to. n = 60 (4
replicates, 15 cells per replicate). A Kruskal-Wallis test and a post hoc Dunn test were performed to identify the statistically
significant difference of two samples. Compact letter display (CLD) is used to visualize a statistically significant difference.
Same letters mean that samples do not differ in a statistically significant manner from each other. For more details on the

significance level, see Table S 4.

Table S 4: Statistical test to determine the significance of the differences in GFP intensity in the cytosol of follicle cells
between mCD8:eGFP, eGFP:SmashPM, eGFP:SmashPM N-term, and eGFP:SmashPM mut overexpressing ovaries. RStudio
software was used to calculate statistics. A Kruskal-Wallis ANOVA was performed to test whether there is a statistically
significant difference between samples. A post hoc Dunn test for pairwise comparison was performed. The p-value was
adjusted by Bonferroni correction. The significance level is indicated with asterisks. ‘*’ p < 0.05, “**' p < 0.01, ***' p < 0.001,

“k%%¥ 0 < 0.0001, 'ns' not significant.

Group 1 Group 2 p-value adujsted | Significance level
mCD8:eGFP eGFP:SmashPM 0.141120 ns

mCD8:eGFP eGFP:SmashPM N-term | 3.229900E-10 ok x
mCD8:eGFP eGFP:SmashPM mut 4.858054E-10 HokEx
eGFP:SmashPM eGFP:SmashPM N-term | 0.000105 Hokk
eGFP:SmashPM eGFP:SmashPM mut 0.000138 Hokk
eGFP:SmashPM N-term | eGFP:SmashPM mut 1 ns
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Figure S 13: Comparison of GFP intensities at the apical cell cortex with GFP intensities in the cytosol of follicle cells.

mCD8:eGFP, eGFP:SmashPM, eGFP:SmashPM N-term, and eGFP:SmashPM mut overexpressing ovaries were examined. The

straight-line tool in Image) was used for analysis. The mean gray value was used for calculations. The color code represents

the replicate to which a data point belongs to. n = 60 (4 replicates, 15 cells per replicate). A Kruskal-Wallis test and a post hoc

Dunn test were performed to identify the statistically significant difference of two samples. The significance level is indicated

with asterisks. ‘****’ p < 0.0001.

Table S 5: Statistical test to determine the significance of the differences in GFP membrane/cytosol ratio mCD8:eGFP,

eGFP:SmashPM, eGFP:SmashPM N-term, and eGFP:SmashPM mut overexpressing ovaries. RStudio software was used to

calculate statistics. A Kruskal-Wallis ANOVA was performed to test whether there is a statistically significant difference

between samples. A post hoc Dunn test for pairwise comparison was performed. The p-value was adjusted by Bonferroni

correction. The significance level is indicated with asterisks. “*’ p < 0.05, “**' p < 0.01, “***' p <0.001, **** p < 0.0001, 'ns'

not significant.

eGFP:SmashPM N-term

eGFP:SmashPM mut

1.152735E-20

Group 1 Group 2 p-value adjusted | Significance level
mCD8:eGFP eGFP:SmashPM 3.230929E-20 owkok
mCD8:eGFP eGFP:SmashPM N-term | 1 ns
mCD8:eGFP eGFP:SmashPM mut 3.781492E-17 ke
eGFP:SmashPM eGFP:SmashPM N-term | 5.009187E-24 oAk
eGFP:SmashPM eGFP:SmashPM mut 1 ns

3 3k %k %k
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Table S 6: Statistical test to determine the significance of the differences in apical phalloidin intensity between mCD8:eGFP,
eGFP:SmashPM, eGFP:SmashPM N-term, and eGFP:SmashPM mut overexpressing ovaries. RStudio software was used to
calculate statistics. A Kruskal-Wallis ANOVA was performed to test whether there is a statistically significant difference
between samples. A post hoc Dunn test for pairwise comparison was performed. The p-value was adjusted by Bonferroni
correction. The significance level is indicated with asterisks. “*’ p < 0.05, “**' p < 0.01, “***' p < 0.001, “**** p < 0.0001, 'ns'

not significant.

Group 1 Group 2 p-value adjusted | Significance level
mCD8:eGFP eGFP:SmashPM 1.518483E-27 koK
mCD8:eGFP eGFP:SmashPM N-term | 1.712987E-07 Ak
mCD8:eGFP eGFP:SmashPM mut 1 ns
eGFP:SmashPM eGFP:SmashPM N-term | 2.453029E-07 koK
eGFP:SmashPM eGFP:SmashPM mut 6.322484E-23 koK
eGFP:SmashPM N-term | eGFP:SmashPM mut 0.000032 kK
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Figure S 14: Phalloidin intensity in the cytosol of follicle cells. mCD8:eGFP, eGFP:SmashPM, eGFP:SmashPM N-term, and
eGFP:SmashPM mut overexpressing ovaries were examined. The straight-line tool in Image) was used for analysis. The mean
gray value was used for calculations. The color code represents the replicate to which a data point belongs to. n = 60 (4
replicates, 15 cells per replicate). A Kruskal-Wallis test and a post hoc Dunn test were performed to identify the statistically
significant difference of two samples. Compact letter display (CLD) is used to visualize a statistically significant difference.
Same letters mean that samples do not differ in a statistically significant manner from each other. For more details on the

significance level, see Table S 7.
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Table S 7: Statistical test to determine the significance of the differences in cytosolic phalloidin intensity between
mCD8:eGFP, eGFP:SmashPM, eGFP:SmashPM N-term, and eGFP:SmashPM mut overexpressing ovaries. RStudio software
was used to calculate statistics. A Kruskal-Wallis ANOVA was performed to test whether there is a statistically significant
difference between samples. A post hoc Dunn test for pairwise comparison was performed. The p-value was adjusted by
Bonferroni correction. The significance level is indicated with asterisks. ‘*' p < 0.05, **' p < 0.01, ‘***' p < 0.001, ‘**** p <

0.0001, 'ns' not significant.

Group 1 Group 2 p-value adjusted | Significance level
mCD8:eGFP eGFP:SmashPM 5.017838E-09 oAk
mCD8:eGFP eGFP:SmashPM N-term 1 ns

mCD8:eGFP eGFP:SmashPM mut 0.004983 ok
eGFP:SmashPM eGFP:SmashPM N-term | 2.199994E-08 ok
eGFP:SmashPM eGFP:SmashPM mut 1.521113E-20 owkok
eGFP:SmashPM N-term | eGFP:SmashPM mut 0.002048 *ok
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N-term mut
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Figure S 15: Comparison of phalloidin intensities at the apical cell cortex with phalloidin intensities in the cytosol of follicle
cells. mCD8:eGFP, eGFP:SmashPM, eGFP:SmashPM N-term, and eGFP:SmashPM mut overexpressing ovaries were examined.
The straight-line tool in Imagel) was used for analysis. The mean gray value was used for calculations. The color code
represents the replicate to which a data point belongs to. n = 60 (4 replicates, 15 cells per replicate). A Kruskal-Wallis test and
a post hoc Dunn test were performed to identify the statistically significant difference of two samples. The significance level

is indicated with asterisks. “****’ p < 0.0001.
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Table S 8: Statistical test to determine the significance of the differences in cell area between mCD8:eGFP, eGFP:SmashPM,

eGFP:SmashPM N-term, and eGFP:SmashPM mut overexpressing ovaries. RStudio software was used to calculate statistics.

A Kruskal-Wallis ANOVA was performed to test whether there is a statistically significant difference between samples. A post

hoc Dunn test for pairwise comparison was performed. The p-value was adjusted by Bonferroni correction. The significance

level is indicated with asterisks. ‘*’ p < 0.05, “**’ p < 0.01, “*** p < 0.001, “****' p < 0.0001, 'ns' not significant.

p-value Significance
Group 1 Group 2 adjusted level
mCD8:eGFP, GFP-negative mCD8:eGFP, GFP-positive 1 ns
mCD8:eGFP, GFP-negative eGFP:SmashPM, GFP-negative 0.022882 *

. . 0.284078
mCD8:eGFP, GFP-negative eGFP:SmashPM, GFP-positive E-14 folololol
mCD8:eGFP, GFP-negative eGFP:SmashPM mut, 1 ns

GFP-negative
mCD8:eGFP, GFP-negative eGFP:SrT?a.shPM mut, 1 ns
GFP-positive
mCD8:eGFP, GFP-negative eGFP:Sma§hPM N-term, 0.252454 ns
GFP-negative
mCD8:eGFP, GFP-negative eGFP:SrT?a.shPM N-term, 1 ns
GFP-positive
mCD8:eGFP, GFP-positive eGFP:SmashPM, GFP-negative 0.260086 ns
mCD8:eGFP, GFP-positive eGFP:SmashPM, GFP-positive 2;139187 folololol
mCD8:eGFP, GFP-positive eGFP:Sma§hPM mut, 1 ns
GFP-negative
mCD8:eGFP, GFP-positive eGFP:SmashPM mut, 0.234809 ns
GFP-positive
mCD8:eGFP, GFP-positive eGFP:Sma§hPM N-term, 1 ns
GFP-negative
mCD8:eGFP, GFP-positive eGFP:SmashPM N-term, GFP- | ) 302948 ns
positive
eGFP:SmashPM, GFP-negative | eGFP:SmashPM, GFP-positive 5;229194 folololol
eGFP:SmashPM, GFP-negative eGFP:Sma§hPM mut, 0.026615 *
GFP-negative
. , eGFP:SmashPM mut, 4.561005 I
eGFP:SmashPM, GFP-negative GFP-positive E.06
eGFP:SmashPM, GFP-negative eGFP:Sma§hPM N-term, 1 ns
GFP-negative
eGFP:SmashPM, GFP-negative eGFP:SrT?a'shPM N-term, 0.000011 ok ok
GFP-positive
) o eGFP:SmashPM mut, 3.043530 N
eGFP:SmashPM, GFP-positive GFP-negative E-14
) o eGFP:SmashPM mut, 3.281486 N
eGFP:SmashPM, GFP-positive GFP-positive E-08
) o eGFP:SmashPM N-term, 9.696492 N
eGFP:SmashPM, GFP-positive GFP-negative E25
) o eGFP:SmashPM N-term, 1.077370 N
eGFP:SmashPM, GFP-positive GFP-positive E.08
eGFP:SmashPM mut, eGFP:SmashPM mut, 1 ns
GFP-negative GFP-positive
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p-value Significance

1 2
Group Group adjusted level
eGFP:SmashPM mut, eGFP:SmashPM N-term,
GFP-negative GFP-negative 0.285316 ns
eGFP:SmashPM mut, GFP- eGFP:SmashPM N-term, GFP- 1 ns
negative positive
eGF-P-:SmashPM mut, GFP- eGFP:‘SmashPM N-term, GFP- 0.000189 .
positive negative
eGFP:SmashPM mut, GFP- eGFP:SmashPM N-term, GFP- 1 ns
positive positive
eGFP:?mashPM N-term, GFP- eGF.P.:SmashPM N-term, GFP- 0.000425 .
negative positive

Table S 9: List of input genes for GO term analysis. Genes encoding proteins whose abundance was statistically significantly

increased in eGFP:TurbolD:SmashPM expressing embryos compared to TurbolD:eGFP or eGFP:SmashPM expressing embryos

were used as input genes for GO term analysis.

Comparison

Input genes

TurbolD:eGFP —
eGFP:TurbolD:SmashPM

Zip, Actn, Dys, alpha-Spec, Lasp, tud, jub, PR2, His3, RpL37A, Cog3,
pnut, RpS29, scra, Moe, CG9951, Top2, CG5009, Nup54, CG7065,
dsh, hyd, shi, Adh

eGFP:SmashPM —
eGFP:TurbolD:SmashPM

Nup358, lig, Actn, Lasp, Nmt, CG11148, pAbp, Dys, Rpn11, Edc3,
CG8635, Sir2, Nup50, MED6, betaCop, Argk, alpha-Spec, elF3-54-
1, zip, elF-4E, Trx-2, TER94, elF3-5S10, Atx2, Lsd-2, cup, bel,
CG13900-RA, Nup54, Nup214, Vha55, elF-3p66, FKBP59, CG5110,
mask, Hsp70Bb, Rpt6, GlyP, CG3760, Ahcyl3, Zw, sle, Cog3,
Prosalphaé6, sqd, lap, CG6621, wupA, CG16742, Srp68, Sap47, SmB,
Map205, Mtap, CIAPIN1, CG10336, RpA-70, rudhira, Prosalphal,
Hrb27C, faf, Capr, RpLP1, egg, CtBP, me31B, larp, dgt6, Pp2B-14D,
Eflbeta, jub, CG1458, HIP-R, gw, CG8858, sta, tud, Pen, mgr, elF-
2alpha, elF-3p40, Clbn, dsh, Nlp, Hel25E, CG17683, Lam, pont, elF-
5A, elF3-55-1, Nup98-96, Vha68-2, Eno, Sod, Prosalpha3, dgt5,
CG1354, viaf, RnrL, Adh, scra, shi, Mtor, CG11505, Ptp61F, Moe,
Hsc70-4, Nup62, Usp7, Rpn8, RanGAP, scu, RhoGAP92B, elf-
2gamma, elF3-S6, Trxr-1, CG5009, wibg, Cypl, enc, ras,
RpS27A;Ubi-p63E, Rpn2, Aats-cys, Nurf-38, Rackl, Pkn, Jupiter,
Aats-ala, PR2, CG2263, Gl, msps, elF3-S8, Akap200, RpS19a, Tppll,
poe, Eflalpha48D;Eflalphal00E, pnut, Aats-glupro, RpLPO, RpS21,

MED1, T-cp1, mit(1)15, Yp1
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GO term molecular function
p-value ranking TurbolD:eGFP — eGFP:TurbolD:SmashPM
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Figure S 16: GO term analysis sorted by molecular function. FlyEnrichr (Chen et al., 2013; Kuleshov et al., 2016) was used for
GO term analysis. Input genes indicated in Table S 9 were used for analysis. Results are depicted as p-value ranking. The p-
values are indicated on the left side of each bar. The length of the bar represents the significance of a specific term. The

brighter the color, the more significant that term is. For more information, see Table S 10 & S 11.
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Table S 10: Go term molecular function TurbolD:eGFP — eGFP:TurbolD:SmashPM. Additional information, such as how many

and which of the input genes can be assigned to a GO term, are listed. The p-value and the adjusted p-value indicate the

significance of a specific term. The p-value was used to generate the bar graph depicted in Figure S 16.

p-value
Term Overla -value . Genes
P P adjusted
actin binding (GO:0003779) 9/116 6.582970E-15 | 3.094E-13 Moe; Actn; shi; Lasp; jub;
pnut; scra; alpha-Spec; Dys
tubulin binding (G0:0015631) 5/120 2.774223E-07 | 4.34628E-06 g’)‘z shi; pnut; scra; alpha-
. L Moe; shi; pnut; scra; alpha-
microtubule binding (GO:0008017) 5/111 1.879058E-07 4.34628E-06 Spec
ubiquitin-ubiquitin ligase activity
(G0:0034450) 1/6 7.179329E-03 0.042580236 hyd
phosphatidic acid binding
(GO:0070300) 1/6 7.179329E-03 0.042580236 dsh
acyl-CoA oxidase activity
(GO:0003997) 1/7 8.371072E-03 0.043715596 CG5009
oxidoreductase activity, acting on the
CH-CH group of donors, oxygen as 1/9 1.075044E-02 0.044060305 CG5009
acceptor (G0O:0016634)
four-way junction DNA binding
(GO:0000400) 1/9 1.075044E-02 0.044060305 Top2
phosphatidylinositol-4,5-
1/11 1.312435E-02 .044 M
bisphosphate binding (G0:0005546) | */ 3124356-02 | 0.044060305 oe
myosin light chain binding .
1/1 1.549279E-02 .04551 4
(G0:0032027) /13 549279E-0 0.04551006 zip

Table S 11: Go term molecular function eGFP:SmashPM — eGFP:TurbolD:SmashPM. Additional information, such as how

many and which of the input genes can be assigned to a GO term, are listed. The p-value and the adjusted p-value indicate

the significance of a specific term. The p-value was used to generate the bar graph depicted in Figure S 16.

-value
Term Overlap p-value P . Genes
adjusted
actin binding (GO:0003779) 10/116 1.41876-08 | 1.872726-06 | V0% Actn; shi; Lasp; jub; wupA;
pnut; scra; alpha-Spec; Dys
Jupiter; Moe; Map205; shi;
tubulin binding (GO:0015631) 9/120 2.5597E-07 1.68942E-05 | pnut; mgr; scra; msps; alpha-
Spec
iter; Moe; Map205; shi;
microtubule binding (G0:0008017) | 8/111 1.6402E-06 | 7.21682€-05 | JUPiter; Moe; Map205; shi;
pnut; scra; msps; alpha-Spec
peptidase activity, acting on L-amino Tppll; Prosalphal; Prosalpha3;
acid peptides (GO:0070011) 6/79 2.5442E-05 0.00083957 Rpn2; Prosalpha6; Rpn11
oxidoreductase activity, acting on the
CH-OH group of donors, NAD or 4/39 0.00018864 0.004176263 | scu; Adh; ras; Zw
NADP as acceptor (GO:0016616)
RanGAP; Nup98-96;, me31B;
RNA binding (GO:0003723) 11/401 0.00018983 0.004176263 | Clbn; Hrb27C; sqd; SmB; pAbp;
Capr; Edc3; cup
ribosome binding (GO:0043022) 3/18 0.00029276 0.005058418 | sta; RpS21; Rack1
nucleoside-triphosphatase activity Zip; CG1354; Hsc70-4; shi; Rpt6;
(GO:0017111) 8/230 0.00030657 0.005058418 pnut; TER94; Hsp70Bb
. zip; CG1354; Hsc70-4; Rpt6;
:001 1 . .011 231
ATPase activity (GO:0016887) 6/148 0.00079679 0.01168623 TER94; Hsp70Bb
Ran GTPase binding (GO:0008536) 2/7 0.00109987 | 0.014009276 | Nup358; Nup50
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GO term biological process
p-value ranking TurbolD:eGFP — eGFP:TurbolD:SmashPM
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Figure S 17: GO term analysis sorted by biological process. FlyEnrichr (Chen et al., 2013; Kuleshov et al., 2016) was used for
GO term analysis. Input genes indicated in Table S 9 were used for analysis. Results are depicted as p-value ranking. The p-
values are indicated on the left side of each bar. The length of the bar represents the significance of a specific term. The

brighter the color, the more significant that term is. For more information, see Table S 12 & S 13.
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Table S 12: Go term biological process TurbolD:eGFP — eGFP:TurbolD:SmashPM. Additional information, such as how many

and which of the input genes can be assigned to a GO term, are listed. The p-value and the adjusted p-value indicate the

significance of a specific term. The p-value was used to generate the bar graph depicted in Figure S 17.

p-value
Term Overla -value . Genes
P P adjusted
cytoskeleton organization (G0O:0007010) 4/53 4.48912E-07 0.000146794 Moe; Actn; jub; scra
morphogenesis of an epithelium - .
(G0:0002009) 4/66 1.09345E-06 0.000178779 zip; Moe; shi; dsh
actomyosin contractile ring assembly . .
(GO:0000915) 3/23 2.64675E-06 0.000288495 shi; pnut; scra
regulation of actin cytoskeleton g
organization (GO:0032956) 3/31 6.67555E-06 0.000545726 Moe; shi; dsh
sarcomere organization (G0:0045214) 3/34 8.86589E-06 0.000579829 zip; Actn; Lasp
cortical cytoskeleton organization i
(GO:0030865) 3/38 1.24595E-05 0.000679041 Moe; shi; scra
myofibril assembly (GO:0030239) 3/44 1.94684E-05 0.000909451 Zip; Actn; Lasp
morphogenesis of a polarized epithelium s
(GO:0001738) 3/47 2.37794E-05 0.000971984 Zip; shi; dsh
actomyosin structure organization . .
(GO:0031032) 3/52 3.22825E-05 0.001048368 zip; Actn; Lasp
gland morphogenesis (G0:0022612) 3/55 3.82322E-05 0.001048368 Zip; shi; dsh

Table S 13: Go term biological process eGFP:SmashPM — eGFP:TurbolD:SmashPM. Additional information, such as how many

and which of the input genes can be assigned to a GO term, are listed. The p-value and the adjusted p-value indicate the

significance of a specific term. The p-value was used to generate the bar graph depicted in Figure S 17.

Term Overlap p-value p-.value Genes
adjusted
RanGAP; Nup98-96;
nuclear export (GO:0051168) 7/31 2.27696E-09 1.74415E-06 Moe; Nup214; Clbn; sqd;
Nup62
sta; Nup98-96; Moe;
RNA export from nucleus (GO:0006405) 7/39 1.26804E-08 4.85658E-06 Nup214; sqd; Nup62;
Hel25E
protein localization to nucleus Nup98-96; Nup214;
7/47 4.93663E-08 1.26049E-05 Nup358; Nup50; Nup62;
(G0:0034504)
Lam; Nup54
Nup98-96; Nup214;
protein import into nucleus (GO:0006606) 7/54 1.33174E-07 2.55028E-05 Nup358; Nup50; Nup62;
Pen; Nup54
Nup98-96; Nup214;
protein import (GO:0017038) 6/40 4.44547E-07 4.40549E-05 Nup358; Nup50; Nup62;
Nup54
regulation of actin filament polymerization Atx2; Nup98-96; shi;
(GO:0030833) 6/40 4.445478-07 4.40549E-05 RhoGAP92B; Lam; Rack1
positive regulation of protein Nup98-96; Jupiter; shi;
polymerization (GO:0032273) 5/22 4.77026€-07 4.40549E-05 Lam; Rack1
Nup98-96; Nup214;
nuclear import (G0:0051170) 6/41 5.17617E-07 4.40549E-05 Nup358; Nup50; Nup62;
Nup54
. . L. Nup98-96; Nup214;
establishment of protein localization to 6/41 5.17617E-07 | 4.40549E-05 | Nup358; Nup50; Nup62;
organelle (GO:0072594)
Nup54
e o . pont; mgr; msps; dgt6;
mitotic spindle organization (GO:0007052) | 7/74 1.19718E-06 9.17039E-05 dgt5; TER94; Mtor
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GFP:Smash + GFP:Smash + GFP:Smash +
Myc:Ajuba Myc Ajuba:Myc GFP + Myc

GFP

Myc

Merge

Figure S 18: GFP:Smash and Myc:Ajuba co-localize in S2 cells. Indicated proteins were co-expressed in S2 cells. IF staining

was performed using indicated antibodies. Scale bar: 5 um.
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Figure S 19: Plasmid map of pUASP-attB-eGFP-rfA_TurbolD. Sequences are annotated. The size of the vector is indicated in

base pairs (bp). The map was generated in Geneious Prime.
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attB2 {8
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Figure S 20: Plasmid map of pUASP-attB-eGFP-rfA_TurbolD:SmashPM. The size of the vector is indicated in base pairs (bp).

The map was generated in Geneious Prime.
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Figure S 21: Plasmid map of pUASP-attB-eGFP-rfA_SmashPM. The size of the vector is indicated in base pairs (bp). The map

was generated in Geneious Prime.
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Figure S 22: Plasmid map of pUAST-attB-eGFP-rfA_SmashPM. Sequences are annotated. The size of the vector is indicated

in base pairs (bp). The map was generated in Geneious Prime.
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11,259 bp

Figure S 23: Plasmid map of pUAST-attB-eGFP-rfA_SmashPM N-term. Sequences are annotated. The size of the vector is

indicated in base pairs (bp). The map was generated in Geneious Prime.

smashpp mag
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;
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Figure S 24: Plasmid map of pUAST-attB-eGFP-rfA_SmashPM mut. Sequences are annotated. The size of the vector is

indicated in base pairs (bp). The map was generated in Geneious Prime.
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Figure S 25: Plasmid map of pBluescript_sgRNA3_sfGFP. Sequences are annotated. The size of the vector is indicated in

base pairs (bp). The map was generated in Geneious Prime.
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Figure S 26: Plasmid map of pScareless-sfGFP-dsRed_HA_sgRNA7. Sequences are annotated. The size of the vector is

indicated in base pairs (bp). The map was generated in Geneious Prime.
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