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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 smashɲорƳκȊ null mutants show 

reduced membrane tension, whereas overexpression of Smash leads to apical constriction in the 

follicle epithelium. Many smashɲорƳκz 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 II regulatory light chain 

encoded by spaghetti squash (sqh). The effect of Smash on Sqh 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 II, thereby enabling Sqh 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 h -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 Ijzendoorn, 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 Ijzendoorn, 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. 

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). 

AJs 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 ̡-Catenin (encoded by armadillo [arm] in Drosophila) 

and further proteins such as h-Catenin, h -Actinin, Afadin (Canoe [Cno] in Drosophila), Spectrin, or 

Vinculin connect the E-Cadherin/̡ -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, 

AJs 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; Müller & 

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 -̡Catenin. ̡ -Catenin 

binds various scaffolding proteins such as -hCatenin, Spectrin, Vinculin, Afadin, or -hActinin 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 (Müller & 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 AJs. 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 (Müller & 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 (PATJ) 

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 Ser980 

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 Ser151 and Ser1085 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 Ser980, 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 AJs (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 (GSK3ʲύ ǇƘƻǎǇƘƻǊȅƭŀǘŜǎ ʲ-Catenin, leading to its 
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proteasomal degradation. Upon activation of the pathway, Casein kinase-1 (CK1) and GSK3̡ ōƛƴŘ ŀƴŘ 

phosphorylate LRP5/6, resulting in the recruitment of cytoplasmic Dsh and Axin. Dsh stabilizes the 

Axin-CK1-GSK3̡ complex at the plasma membrane. Thereby, the phosphorylation ̡-Catenin is 

inhibited, resulting in the accumulation of ̡-Catenin in the cytoplasm. ̡-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 Rho1, 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). 

 

Figure 6: Canonical and non-canonical Wnt signaling pathway in vertebrates. When canonical Wnt signaling is inactive, Axin, 

GSK3̡ and 1 CK1 form a complex to promote the proteasomal degradation of -̡Catenin. Fz and LRP5/6 co-receptor binding 

to Wnt ligands activate the pathway. Upon activation, CK1 and GSK3ʲ ōƛƴŘ ŀƴŘ ǇƘƻǎǇƘƻǊȅƭŀǘŜ [wtрκсΣ ǊŜǎǳƭǘƛƴƎ ƛƴ ǘƘŜ 

recruitment of cytoplasmic Dsh and Axin. DVL stabilizes the Axin-CK1-GSK3̡ complex at the plasma membrane, resulting in 

the accumulation of ̡-Catenin in the cytoplasm. ̡-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 

I is involved in intracellular organization, and Myosin VII and X control the dynamics of filopodial 

assembly. Within this diverse superfamily of proteins, Myosin II drives actomyosin contractility 

(Hartman & Spudich, 2012). The hexameric Myosin II 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 II 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 h -helical coiled-coil rod domain. Through this rod domain, 

Myosin II 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 II activity (Brito & Sousa, 

2020; Vicente-Manzanares et al., 2009). Myosin II 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 II is in 

its inactive state in which the formation of bipolar filaments is inhibited. Only upon phosphorylation 

of the RLC by Rok, Myosin II 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 II and drives actomyosin filament assembly. Prior to phosphorylation, Myosin II is present in 

its inactive state. Upon phosphorylation of the RLC by Rok, Myosin II turns into its active state. Thereby, Rok kinase activity is 

controlled by RhoGTPase upstream signaling. Phosphorylated Myosin II can form bipolar filaments that accumulate in 

between F-actin. There, the Myosin II 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, Rho1, and Rok. Activated Rok 

phosphorylates its target proteins. Among others, Rok targets for instance the non-muscle myosin II regulatory light chain 

(Manning & Rogers, 2014). 
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1.4 The tight control of actomyosin and AJs 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 AJs. 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 II 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 AJs at the apical 

boundaries, while its minus end is oriented towards the apical center. Myosin II 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 II 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 II 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 II, 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 AJ-associated proteins E-Cadherin and Baz 

accumulate at D/V interfaces, where they promote the formation and stabilization of new AJs (Zallen 

& Wieschaus, 2004; Blankenship et al., 2006; Simões 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 II 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 (Simões et 

al., 2010).  
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In addition to Myosin II, 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 AJs and the actin cytoskeleton to maintain cell shape. Moe 

comprises an N-terminal FERM domain, a central -hhelical 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 MoeG0323 null allele. These severe effects could be restored by 

suppressing the Rho1 signaling, suggesting that Moe functions antagonistically to the Rho1 pathway 

(Speck et al., 2003). This hypothesis was proven by the fact that Moe loss of function and Rho1 

overexpression led to similar phenotypic defects.  

Similar to Moe, Canoe functions as linker between the cortical actomyosin cytoskeleton and AJs 

(Sawyer et al., 2011). During germ band elongation, Cno is enriched at A/P and tricellular junctions 

together with F-actin and Myosin II. Although the planar polarized localization of F-actin and Myosin II 

does not alter upon loss of Cno, the loss of Cno drastically impairs germ band elongation since a 

detachment of the actomyosin cytoskeleton from AJs 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 Rho1 signaling (Simões et al., 

2014). Shrm was shown to be required for the correct localization and stabilization of Rok, F-actin, and 

Myosin II 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; 

Simões 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 (Simões 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 AJs 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. 

 

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 AJs to establish new cell contacts 

along D/V junctions. These processes are regulated by the planar polarized enrichment of several proteins. F-actin, Myosin II, 

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 h-helical coiled-coil domains, a LIM domain and a C-terminal PDZ 

binding motif (PBM). The shorter isoform SmashPI 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. 

 

Figure 12: Protein structure of SmashPM and SmashPI. 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 

CX2CX16-23HX2CX2CX2CX16-21CX2 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 AJs, where it binds Afadin and h-Actinin (Ooshio et al., 2004). Moreover, LMO7 was 

reported to bind non-muscle myosin II 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 LMO7 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 EmeryςDreifuss 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, LMO7 is of enormous importance for clinical research. Investigating 

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

Studies in smashɲ35m/z 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).  

 

Figure 13: Scanning electron microscopy of wild-type (WT) and smashɲ35m/z embryos at stage 13. In WT, a regularly 

segmented embryo before dorsal closure is depicted. In smashɲ35m/z mutant embryos, a strong irregular formation of 

segmental furrows was observed. Scale bar: 100 µM (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 AJs 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 smashɲ35m/z 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 Sqh. 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 smashɲ35m/z 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 smashɲ35m/z 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 

ŎƻƳǇƻƴŜƴǘǎ ǿƛǘƘƛƴ ǘƘƛǎ ƴŜǘǿƻǊƪΦ ¢ƘŜǊŜōȅΣ ǘƘŜ ǎƛƴƎƭŜ ŎƻƳǇƻƴŜƴǘǎ ƳƻŘǳƭŀǘŜ ŜŀŎƘ ƻǘƘŜǊΩǎ ǎǳōŎŜƭƭǳƭŀǊ 

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 smashɲ35m/z 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 Sqh. 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 Fly stocks 

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 

w- w1118 X White eyes Bl. 5905 

G4 driver stocks 

hsflp;;act<CD2<G4 
hsflp;;actin<C
D2<GAL4 

X, 3 Ubiquitous driver 

Pignoni 
& 
Zipursky, 
1997 

ƳŀǘʰǘǳōόмрύΥΥDп  
P{matalpha4-
GAL-VP16}V37 

3 

GAL4-VP16 fusion protein 
expressed under the 
control of the h -Tub67C 
promoter. Expressed 
maternally and loaded 
into eggs. 

Bl. 7063 

ƳŀǘʰǘǳōόстκмрύΥΥDп 

y[1] w[*]; 
P{matalpha4-
GAL-VP16}67; 
P{matalpha4-
GAL-VP16}15 

2, 3 

Expresses GAL4-VP16 
fusion protein under the 
control of the 
alphaTub67C promoter. 
Expressed maternally and 
loaded into eggs. 

Bl. 80361 

tj:G4 

y* w*;  
P{w+mW.hs = 
GawB}NP1624 
/ CyO, P{w-
=UAS-lacZ. 
UW14} UW14 

2 

traffic jam::GAL4 drives 
expression in somatic cells 
of the male and female 
gonad. 

DGRC 
104055 

smash fly stock 

smashɲор 
smashɲор/  
TM6B 

3 smash null allele 
Beati et 
al., 2018 

Other stocks 

UASp::TurboID:eGFP 
UASp::TurboI: 
eGFP/CyO 

2 
Expresses TurboID:eGFP 
under the control of UASp. 

This 
work 

UASp::eGFP:TurboID
:SmashPM 

UASp::eGFP: 
TurboID: 
SmashPM/CyO 

2 
Expresses 
eGFP:TurboID:SmashPM 
under the control of UASp. 

This 
work 

UASp::eGFP: 
SmashPM 

UASp::eGFP: 
SmashPM/CyO 

2 
Expresses eGFP:SmashPM 
under the control of UASp. 

Beati et 
al., 2018 

UAST::eGFP: 
SmashPM 

UAST::eGFP: 
SmashPM/CyO 

2 
Expresses eGFP:SmashPM 
under the control of UAST. 

This 
work 

UAST::eGFP: 
SmashPM N-term 

UAST::eGFP: 
SmashPM N-
term/CyO 

2 
Expresses eGFP:SmashPM 
N-term under the control 
of UAST. 

This 
work 

 

 

https://flybase.org/reports/FBti0016914.html
https://flybase.org/reports/FBti0016914.html
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Stock name Genotype Chromosome(s) Description Source 

Other stocks 

UAST::eGFP: 
SmashPM mut 

UAST::eGFP: 
SmashPM 
mut/CyO 

2 
Expresses eGFP:SmashPM 
mut under the control of 
UAST. 

This 
work 

UAST::mCD8:eGFP 

y[1] w[*] 
P{w[+mC]= 
UAST::mCD8: 
eGFP}Ptp4E 
[LL4];betaTub6
0D[PinYt]/CyO 

X, 2 
Expresses mCD8:eGFP 
under the control of UAST. 

Bl. 5136 

UAS::GFP:Lasp 
UAS::GFP: 
Lasp/CyO 

2 
Expresses GFP:Lasp under 
the control of UAS. 

Suyama 
et al., 
2009 

AjubaII, 
FRT19A/FM7a, dfd-
YFP 

AjubaII, 
FRT19A/FM7a, 
dfd-YFP 

X 

Contains AjubaII allele and 
a FRT19A site for FLP 
induced generation of 
germline clones. Expresses 
dfd-YFP marker. 

Das 
Thakur et 
al., 2010 

Ajuba54, 
FRT19A/FM7a, dfd-
YFP 

Ajuba54, 
FRT19A/FM7a, 
dfd-YFP 

X 

Contains Ajuba54 allele and 
a FRT19A site for FLP 
induced generation of 
germline clones. Expresses 
dfd-YFP marker. 

Razzell et 
al., 2018 

ovoD2, FRT19A/x^x; 
hsflp/CyO 

ovoD2, 
FRT19A/x^x; 
hsflp/CyO 

X, 2 

Contains dominant female 
sterile ovoD2 mutation, 
FRT19A site and attached-
X chromosomes. 
Expresses heat-shock 
flippase. 

Razzell et 
al., 2018 

sfGFP:SmashPM 
sfGFP: 
SmashPM 

3 
CRISPR line expressing 
sfGFP:SmashPM 

This 
work 

sfGFP:SmashPI 
If/CyO; 
sfGFP:SmashPI
/TM6B 

2, 3 
CRISPR line expressing 
sfGFP:SmashPI 

This 
work 

Injection stock 

ŀǘǘtпл ʊ/ом 

y[1] w[*] 
P{y[+t7.7] = 
nanos-phiC31 
\  int.NLS}X; 
P{y[+t7.7] = 
CaryP}Msp300 
[attP40] 

X, 2 

2nd chromosome attP 
docking site (25C6) for 
phiC31 integrase-
mediated transformation. 
Expresses phiC31 
integrase under the 
control of nos promoter. 

Bl. 79604 

Cas9 stocks 

vasa::Cas9 

w[1118]; PBac 
{y[+mDint2]= 
vas-Cas9} 
VK00027 

3 

Expresses Cas9 protein in 
the ovary under control of 
vas regulatory sequences. 
Construct marked with 
3xP3-GFP. 

Bl. 51324 

nos::Cas9:mSA 
w, 
nos::Cas9:mSA 
(attP40) 

2 

Expression of Cas9 fused 
to monomeric 
Streptavidin under control 
of nos promoter 

Poern- 
bacher et 
al., 2019 
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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 
guinea 
pig 

IF 1:500 Beati et al., 2018 

DE-Cadherin DCAD-2 rat IF 1:5 DSHB 

GFP - rabbit IF, WB 
1:1000, 
1:2000 

Invitrogen, A11122 

Phosphomyosin 
light chain 

- rabbit IF, WB 
1:50, 
1:1000 

Cell Signaling, #36719 

Dlg 4F3 mouse IF 1:20 Hybridoma 

Myc 9E10 mouse IF, WB 1:200 Hybridoma 

T̡ub - 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 

rabbit goat biotin DAB 
1:50, 
preabsorbed 

Jackson ImmunoResearch 
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, S11227 

Streptavidin HRP WB 1:2000 BioLegend, 405210 
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2.1.5 Bacterial strains 

For amplification of plasmid DNA, chemical competent MACH1 or DH5 hcells 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 ƎƛǾŜƴΦ ά¢έ Ґ ¢hth ŎƭƻƴƛƴƎΣ άDέ Ґ DŀǘŜǿŀȅ ŎƭƻƴƛƴƎΣ άD!έ Ґ Dƛōǎƻƴ ŀǎǎŜƳōƭȅΣ άwέ Ґ ǊŜǎǘǊƛŎǘƛƻƴ ŎƭƻƴƛƴƎ 

Plasmid name Description Source 
Cloning 
strategy 

pENTR-D-TOPO Gateway Entry vector for TOPO coning Invitrogen - 

pENTR-D-TOPO_Rok Entry vector containing the CDS of Rok (C Ҧ T, position 1906) This Work T 

pENTR-D-TOPO_RokCA 
Entry vector containing the CDS of constitutive active Rok (1- 
553 aa) 

This Work T 

pENTR-D-TOPO_Rok 
K116 

Entry vector containing the CDS of catalytic inactive Rok (K Ҧ 
G, position 116) 

This Work T 

pENTR-D-
TOPO_ATG:TurboID: 
AgeI 

Entry vector containing a start codon, the CDS of TurboID, 
and an AgeI cloning site 

This Work T 

pENTR-D-
TOPO_TurboID: 
SmashPM 

Entry vector containing the CDS of TurboID:SmashPM Beati, 2013 - 

pENTR-D-TOPO_Ajuba Entry vector containing the CDS of Ajuba This Work T 

pAMW 
Destination vector containing an Act5C promoter, a Gateway 
cassette, and an N-terminal 6x Myc tag 

Drosophila 
Genomics 
Resource Center 

- 

pAGW 
Destination vector containing an Act5C promoter, a Gateway 
cassette, and an N-terminal GFP tag 

Drosophila 
Genomics 
Resource Center 

- 

pUASp-attB-rfA-eGFP 
Vector for fly injection containing attB site for ʊC31 
mediated integration, UASp element, Gateway cassette, C-
terminal eGFP tag 

Drosophila 
Genomics 
Resource Center 

- 

pUASp-attB-eGFP-rfA 
Vector for fly injection containing attB site for ʊC31 
mediated integration, UASp element, Gateway cassette, N-
terminal eGFP tag 

Drosophila 
Genomics 
Resource Center 

- 

pUAST-attB-eGFP-rfA 
Vector for fly injection containing attB site for ʊC31 
mediated integration, UAST element, Gateway cassette, N-
terminal eGFP tag 

Drosophila 
Genomics 
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 Act5c 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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Plasmid name Description Source 
Cloning 
strategy 

pGEX-4T-3 Cloning vector to express GST-tagged fusion proteins 
Amersham 
Pharmacia 
Biotech 

- 

pGEX-4T-3-Sqh Expresses GST-Sqh This Work GA 

pWalium-
UAS::V5:TurboID:NES 

Expresses TurboID N-terminal tagged with V5 & C-terminal 
tagged with NES under the control of UAS 

Addgene 
#116904 

- 

pAGW-
TurboID:SmashPM 

Expresses GFP:TurboID:SmashPM fusion protein under the 
control of Act5c promoter 

This Work R, T, G 

pAWG-TurboID Expresses TurboID:GFP under the control of Act5c promoter This Work R, T, G 

pUASp-attB-rfa-eGFP-
TurboID* 

Expresses TurboID:eGFP under the control of UASp This Work R, T, G 

pUASp-attB-eGFP-rfa-
TurboID:SmashPM* 

Expresses eGFP:TurboID:SmashPM under the control of UASp This Work R, T, G 

pUASp-attB-eGFP-rfa-
SmashPM* 

Expresses eGFP:SmashPM under the control of UASp Beati et al., 2018 - 

pUAST-attB-eGFP-rfa-
SmashPM* 

Expresses SmashPM N-terminal tagged with eGFP under the 
control of UAST 

Beati et al., 2018 - 

pUAST-attB-eGFP-rfa-
SmashPM N-term* 

Expresses eGFP:SmashPM N-term under the control of UAST This Work G 

pUAST-attB-eGFP-rfa-
SmashPM mut* 

Expresses eGFP:SmashPM mut under the control of UAST This Work G 

pBlueScript KS(-) Standard cloning vector containing an MCL. 
Lab stock 
collection 

- 

pScarlessHD-sfGFP-
dsRed 

Donor vector for HDR, contains sfGFP CDS and 3xP3::dsRed 
selection marker flanked by PBac sites 

Addgene #80811 - 

pU6-BbsI-chiRNA U6 promoter drives expression of sgRNA Addgene #45946 - 

pU6-BbsI-chiRNA-
sgRNA3 

U6 promoter drives expression of sgRNA, targets SmashPM This Work R 

pBlueScript-
sgRNA3_sfGFP* 

Donor repair template containing sfGFP CDS flanked by 
homolog regions targeting SmashPM 

This Work GA 

pU6-BbsI-chiRNA-
sgRNA7 

U6 promoter drives expression of sgRNA, targets SmashPI/PJ This Work R 

pScarlessHD-sfGFP-
dsRed-HA-sgRNA7* 

Donor repair template containing the CDS of sfGFP which is 
flanked by homolog regions targeting SmashPI/PJ & 
3xP3::dsRed selection marker flanked by PBac sites 

This Work GA 

* 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 
codon RokCA stop R TCAATTGAGGTCGCGTGCCCG 

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

TOPO ATG TurboID F CACCATGGCTAGCAAAGACAATACTGTG 
Amplifies ATG:TurboID:AgeI 

Turbo:AgeI R2 ACCGGTCTGCAGCTTTTCGGCAGAC 

SmashPM:AgeI F TCCACCGGTGAGGCCACTGATCAGGAGGTC 
Amplifies AgeI:SmashPM:AgeI 

Smash:AgeI R GAAACCGGTTTAGACGCAGCTGAACTTAATG 

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

Sqh F2 TGGTTCCGCGTGGATCCCCGATGTCATCCCGTAAGACC Amplifies Sqh with overhangs for 
GA Sqh R2 GCCGCTCGAGTCGACCCGGGTTACTGCTCATCCTTGTC 

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

SmashPM mut F2 TGACAATGCGGCATCATCGAGACGAAAACGTG Mutagenesis PCR to generate 
pENTR-D-TOPO_SmashPM mut SmashPM mut R2 AGGTTGTTCGCCGCCTCCTCTGGCTCCTCCTTC 

sgRNA3 F CTTCGCAGCATGACCTCCTGATCAG Primers to generate pU6-BbsI-
chiRNA-sgRNA3 sgRNA3 R AAACCTGATCAGGAGGTCATGCTGC 

sgRNA3 LHA F 
ACCGCGGTGGCGGCCGCTCTAGAACTAGTGCGAATACCCCTG
GCTTAC 

Primers to generate 
pBlueScript_sgRNA3_sfGFP by 

GA 

sgRNA3 LHA R CGCCCTTGGACACAGTGGCCTCCATATGGAGCTC 

sgRNA3 sfGFP F TCCATATGGAGGCCACTGTGTCCAAGGGCGAGGA 

sgRNA3 sfGFP R TGACCTCCTGATCAGTCTTGTACAGCTCATCCATGC 

sgRNA3 RHA F ATGAGCTGTACAAGACTGATCAGGAGGTCATGC 

sgRNA3 RHA R 
AGGTCGACGGTATCGATAAGCTTGATATCGGACGAGCTTAAT
GAGGCAC 

sgRNA7 F CTTCGATCAACGAAGCTCTTGAAT Primers to generate pU6-BbsI-
chiRNA-sgRNA7 sgRNA7 R AAACATTCAAGAGCTTCGTTGATC 

sfGFP sgRNA7 F ACAGATCAACGAAGCTCTTGATGGTGTCCAAGGGCGAG 

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

sfGFP sgRNA7 R AATAGCTTGCAGCGCCAATTTCTTGTACAGCTCATCCATGC 

sgRNA7 LHA R2 TCCTCGCCCTTGGACACCATCAAGAGCTTCGTTGATCTG 

sgRNA7 RHA F CATGGATGAGCTGTACAAGAAATTGGCGCTGCAAGCTATTG 

sgRNA7 LHA R 
GGAACCTCCAGATCCACCAAGGGCGCAAGAGCTTCGTTGATC
TG 

sgRNA7 RHA F 
GGTGGTTCAGGAGGTTCCAAGGGCGAATTGGCGCTGCAAGCT
ATTG 

sgRNA7 LHA R 
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  
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Name 5'- Sequence -3' Purpose 

TurboID F1 GCTAGCAAAGACAATACTGTG 

Sequencing 

TurboID 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 

Sqh Col R CGTGCAGATCCTCCTTCTC 

Ajuba seq F GTCTGGATCTCAATGCGCTG 

Exon9 seq F GGCCATCAATTTCCGACA 

Exon17 seq F GCAGGTTCCAGACAATCG 

SmashPI/PJ genome F CACCTCATCCCACCCTAC 

SmashPI/PJ genome R TCTGTGGATGTTGTGCCT 

SmashPM genome F CGTAGGAGTTCGGTGTCA 

SmashPM genome R CTCCTGATCAGTGGCCTC 

GFP F TGAAGTTCATCTGCACCACC 

GFP R GTGTTCTGCTGGTAGTGGTC 

GFP seq F GTGAGCAAGGGCGAGGAGCTGT 

GFP seq R CTTGTACAGCTCGTCCATGCCGA 

eGFP seq1 CAAAGACCCCAACGAGAAGC 

eGFP seq F2 CATCGACTTCAAGGAGGAC 

sfGFP seq F ATGACGGCACCTACAAGA 

sfGFP seq R ACGTTGTGGCTGTTGAAG 

M13 F TGTAAAACGACGGCCAGT 

M13 R GGAAACAGCTATGACCAT 

   

2.1.9 Kits 

PierceTM BCA Protein Assay Kit    Thermo Fisher Scientific 

Nucleo Spin® Gel and PCR Clean-up kit   MACHEREY-NAGEL 

pENTRTM/D/TOPOTM cloning kit    Thermo Fisher Scientific 

Q5 Site-Directed Mutagenesis Kit   New England Biolabs 

GeneArtTM Gibson Assembly Hifi Master Mix  Thermo Fisher Scientific 

GatewayTM LR ClonaseTM II Enzyme-Mix   Thermo Fisher Scientific 

NucleoBond XTra Midi Kit    MACHEREY-NAGEL 
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2.1.10 Imaging systems 

LSM 880 Airyscan  Carl Zeiss Jena GmbH 

LSM 980 Airyscan 2  Carl Zeiss Jena GmbH 

Binocular Stemi 2000  Carl Zeiss Jena GmbH 

Axio Imager Z1   Carl Zeiss Jena GmbH 

2.1.11 Technical devices 

ChemoCam Imager  Intas Science Imaging 

Mastercycler   Eppendorf 

Turbo Cycler   Blue-Ray Biotech 

Incubator Function Line  Heraeus 

Incubator HT Minitron  Infors 

Centrifuge Z 216 M  Hermle 

Centrifuge Z 446 K  Hermle 

Nanophotometer P330  Implen 

Thermomix Comfort  Eppendorf 

Biophotometer   Eppendorf 

2.1.12 Software 

Geneious Prime® 2023.0.4  

Fiji ImageJ 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 
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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 

.ǊŜǿŜǊΩǎ ȅŜŀǎǘ   168 g 

Soy flour  95 g 

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  20 g 

Sugar   8.5 g 

Apple juice  170 ml 

H2O   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) (Rørth, 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 TurboID proximity labeling assay, the following fly crosses were set up:  

1. ᶎ; ; P{matalpha4-GAL-VP16}V37 x ᶑ w; UASp::TurboID:eGFP 

2. ᶎ; ; P{matalpha4-GAL-VP16}V37 x ᶑ w; UASp::eGFP:TurboID:SmashPM 

3. ᶎ; ; P{matalpha4-GAL-VP16}V37 x ᶑ w; UASp::eGFP:SmashPM 

F2 embryos were used for the assay.  

For overexpression experiments in the follicle epithelium, the following crosses were set up: 

1. ᶎ tj:G4 x ᶑ UAST::mCD8:eGFP ; 

2. ᶎ tj:G4 x ᶑ ; UAST::eGFP:SmashPM 

3. ᶎ tj:G4 x ᶑ ; UAST::eGFP:SmashPM N-term 

4. ᶎ tj:G4 x ᶑ ; 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. ᶎ hsflp;;act<CD2<G4 x ᶑ UAST::mCD8:eGFP ; 

2. ᶎ hsflp;;act<CD2<G4 x ᶑ ; UAST::eGFP:SmashPM 

3. ᶎ hsflp;;act<CD2<G4 x ᶑ ; UAST::eGFP:SmashPM N-term 

4. ᶎ hsflp;;act<CD2<G4 x ᶑ ; 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 ovoD 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 ovoD mutation, it is possible to create homozygous mutant germline clones. In this study, 

females carrying the ovoD2 mutation were used (Busson et al., 1983). The expression of the flippase 

was induced by heat-shock treatment of F1 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: 

F0: ᶎ 
 ȟ   

 x ᶑ 
ȟ   

ͮ
; hsflp 

F1: ᶎ 
 ȟ   

ȟ   
; hsflp x ᶑ 

ȟ   
 

F2 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 Oil 3S (Samaro). Using fine glass 

capillaries, DNA was injected into the posterior pole of the embryos. For attP site recombination, 400 

ng/µl plasmid was injected. For the CRISPR/Cas9 approach, 100 ng/µl sgRNA vector and 500 ng/µl 

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 TurboID constructs for the biotin proximity labeling assay, the sequence of TurboID was 

amplified from pUAS-V5-TurboID-NES (Addgene plasmid #116904) with the addition of an N-terminal 

CACC tag for TOPO cloning and a C-terminal AgeI restriction site. The obtained sequence for TurboID 

with additional tags was introduced into the pENTR-D-TOPO cloning vector using the 

pENTRTM/D/TOPOTM cloning kit. The sequence of SmashPM was amplified by using primers that flank 

SmashPM with AgeI restriction sites. pENTR-D-TOPO-TurboID:AgeI and AgeI:SmashPM:AgeI were 

digested with AgeI. The desired fragments were gel purified and used for ligation. The vector pENTR-

D-TOPO-TurboID:AgeI and pENTR-D-TOPO_TurboID:SmashPM were used for LR reaction to insert 

TurboID:AgeI and TurboID: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-nt long 

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-BbsI-chiRNA vector via the BbsI 

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

 

Figure 14: Cloning procedure for the pU6-chiRNA vector. pU6-chiRNA contains a DmU6 promoter, a BbsI restriction site, a 

chiRNA sequence, and an U6 terminator. The BbsI restriction sites are used to insert the sgRNA sequence into the vector 

backbone (source: flycrispr.org).  

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

the following template: 

sense oligo:  рΩ- CTTCG (19 nt) -оΩ 

antisense oligo:  оΩ- C (19 nt) CAAA -рΩ 

Example: 

genomic sequence: рΨ- GATTACCGCTATCAGGTACCTGG -оΨ 

sense oligo:  рΨ- CTTCGATTACCGCTATCAGGTACC -оΩ 

antisense oligo:  оΩ- CTAATGGCGATAGTCCGTGGCAAA -рΩ 

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

mentioned. 
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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-BbsI-chiRNA_sgRNA3 + pBlueScriptKS(-)_sfGFP_sgRNA3 

2. pU6-BbsI-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-HCl pH 8.0, 150 mM NaCl, 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 

PierceTM 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 µl equilibrated PierceTM 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-HCl pH 8.0, 150 mM NaCl, 0.1 % NP-40), 2x with wash buffer 2 (50 mM Tris-

HCl pH 8.0, 150 mM NaCl, 0.5 mM EDTA). After the last wash, the buffer was completely removed and 

the beads were resuspended in 50 µl elution buffer (2 M Urea, 50 mM Tris-HCl 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 µl 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 µl 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 µl ice-cold TNT lysis buffer (50 mM Tris HCl 

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 µl - 1 ml TNT lysis buffer (50 mM Tris HCl 

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 PierceTM BCA Protein Assay Kit (Thermo 

Fisher Scientific) according to the ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻǘƻŎƻƭΦ  

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 µl lysis buffer supplemented with proteinase inhibitors. Before IP, 

15 µl input sample was taken from the lysate. For IP, 15 µl GFP-Trap® beads (Chromotek) were used 

according to the ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻǘƻŎƻƭΦ Samples were incubated for 1 - 1 ½ 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 µl 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 % ̡ -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 run in a 

BioRad Protein III 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 ChemoCamImager by Intas Science Imaging.  

Transfer buffer:  25 mM Tris  

192 mM Glycine  

20 % MeOH  

TBST:    20 mM Tris pH 8.0  

150 mM NaCl  

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 

Bl21 E. coli bacteria were transformed with a vector expressing the protein of interest tagged with a 

GST tag. A 5 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- -̡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-HCl, 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 µL equilibrated PierceTM 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-HCl, 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 µL 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 

manufacturŜǊΩǎ ǇǊƻǘƻŎƻƭΦ  
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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 (tƛŜǊŎŜϰ tƘƻǎǇƘŀǘŀǎŜ LƴƘƛōƛǘƻǊ aƛƴƛ ¢ŀōƭŜǘǎΣ ¢ƘŜǊƳƻ CƛǎƘŜǊ {ŎƛŜƴǘƛŦƛŎ) 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-HCl pH 7.5, 5 mM MgCl2, 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 µl kinase buffer and 1µl of GST:Sqh (1 µg/µl) was 

added to each sample. When all tubes were prepared, the reaction was started by adding 2 µl ATP mix 

(0.3 µl 10 mM ATP and 1.7 µl 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 µl 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 SŎƘƴŜƛŘŜǊΩǎ medium (Life technologies) supplemented 

with fetal bovine serum (FBS, 10%) and antibiotics (50 U Penicillin, 50 µg/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 1x106 cells / 

1 ml of medium. A total of 3 ml was used. FuGENE® HD transfection reagent (Promega) was used. The 

transfection mix contains 2 µg of each plasmid supplemented with 8 µl FuGENE® (1:4 DNA:FuGENE® 

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

For the TurboID proximity labeling assay, cells were supplemented with a final concentration of 50 µM 

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 -hphosphomyosin 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). 

 

 

 

 

 

 

 

 

 



Material & Methods   |    43 

 
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 % 

t.{¢Ȅ Ҍ р ҈ bI{ύ ŦƻǊ м ƘΦ 9ƳōǊȅƻǎ ǿŜǊŜ ƛƴŎǳōŀǘŜŘ ǿƛǘƘ ʰ-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 % t.{¢ȄΦ 9ƳōǊȅƻǎ ǿŜǊŜ ƛƴŎǳōŀǘŜŘ ǿƛǘƘ ʰ-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 % PBSTx. 

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 ml of PBS, 40 ml of DAB and 4 ml of H2O2 (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 log2 transformed, intensity Based Absolute Quantification (iBAQ) intensity values 

were -log10 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 ƴƻǊƳŀƭ ŘƛǎǘǊƛōǳǘƛƻƴΦ !bh±! ŀƴŘ {ǘǳŘŜƴǘΩǎ ¢-test were performed using standard 

parameters (FDR = 0.05 and S0 = 0.2) for statistical analysis. Cut-off lines were modulated by FDR and 

S0. Data was exported and used to build figures in RStudio. 
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3 Results 

3.1 smashɲ35m/z 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 smashɝ35m/z 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 smashɝ35m/z mutants is required to improve our understanding of Smash 

function. To investigate the variability and penetrance of the mutant phenotype, the embryonic 

morphology of smashɝ35m/z mutants was observed throughout all developmental stages. To better 

visualize the structure of the embryos, ɻ-Twist staining labeling the mesoderm was performed. Figure 

15 gives an overview of the variability of the smashɲ35m/z 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 smashɲ35m/z 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 

smashɲ35m/z null mutants reached the larval stage, whereas no increased lethality was observed in 

zygotic smashɲ35 mutants (see supplementary material for further details).
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Figure 15: Phenotypic analysis of smashɲ35m/z mutant embryos. Using single embryos as an example, the phenotypic variability of smashɲ35m/z mutant 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 -h

Twist antibody. Scale bar: 100 µm.  



Results   |    47 

 

3.2 The phosphorylation of Sqh is strongly reduced upon loss of Smash 

Morphogenetic defects occurring in smashɲ35m/z mutant embryos raise the question: What is the reason 

for these defects? Previous studies showed that actomyosin contractility is reduced in smashɲ35m/z null 

mutant embryos (Beati et al., 2018). Since actomyosin contractility is regulated by the amount of 

phosphorylated Sqh (Vasquez et al., 2016; Vasquez et al., 2014), we tested whether Sqh 

phosphorylation is affected in smashɲ35m/z mutant embryos. The first evidence for this was already 

shown in Peek (2019). In w1118 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 smashɲ35m/z mutant embryos. Instead, a speckled pattern 

appeared that was later found to be caused most likely by cross-reactivity of the h -Smash N-terminal 

antibody with Wolbachia bacteria present in the smashɲ35 mutant fly stock. Moreover, the amount of 

phosphorylated Sqh was drastically reduced in smashɲ35m/z embryos compared to WT (Figure 16). 

 

Figure 16: Phosphomyosin signal is reduced in smashɲ35m/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 

µm. 

Although the smashɲ35 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 smashɲ35 mutation, residual Sqh 

phosphorylation was detected. This was correlated with a weak expression of Smash, most likely of 

zygotic origin (Figure S 1). A strong reduction of Sqh phosphorylation only occurs in the complete 

absence of Smash (Figure 16). In conclusion, the loss of Smash leads to a strong decrease in Sqh 

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

The strong reduction of Sqh phosphorylation in smashɲ35m/z mutant embryos is a plausible reason for 

the observed morphogenetic defects. Nevertheless, the question remains: Why is there such a strong 

decrease in Sqh phosphorylation level? It was shown that Smash directly interacts with Rok (Peek, 

2019). Rok is responsible for Sqh 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 

Sqh 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 Sqh. 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. 

 

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. Sqh 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; Simões et al., 

2010; Wodarz et al., 2000). Beati et al. (2018) and Peek (2019) demonstrated that the subcellular 

localization of Baz, Cno, and Sqh was altered during germ band elongation in smashɲ35m/z 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 Sqh 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, Rok2 germline clones were generated to determine the 

subcellular localization of Smash. It was reported that the subcellular localization of AJ-associated 

proteins such as Baz and ̡-Catenin was disturbed in Rok2 germline clones (Simões et al., 2010). 

Therefore, we also investigated the subcellular localization of E-Cadherin, another AJ-associated 

protein. WT embryos were used as control. 

The epithelial architecture in Rok2 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 Rok2 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 Rok2 embryos 

(Figure 18 A, B & D). To compare the distribution of Smash and E-Cadherin between WT and Rok2 

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 Rok2 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 Rok2 embryos albeit the observed 

differences between WT and Rok2 embryos were not statistically significant.  
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Figure 18: Smash planar polarized localization is affected in Rok2 embryos. (A) An optical section of WT and Rok2 embryos 

(Stage 8) is depicted. Antibodies used for IF staining are indicated above each panel. Scale bar: 20 µm. (B & D) Smash and E-

Cadherin signals were measured at A/P (60 - 90 °) and D/V (0 -25 °) junctions in WT and Rok2 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 sƛƎƴƛŦƛŎŀƴŎŜ ƭŜǾŜƭ ƛǎ ƛƴŘƛŎŀǘŜŘ ǿƛǘƘ ŀǎǘŜǊƛǎƪǎΦ ΨϝϝϝΩΥ Ǉ ғ л.лллмΤ ΨϝϝΩΥ Ǉ ғ л.001; ns: 

not significant. WT n = 80, Rok2 n = 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 sƛƎƴƛŦƛŎŀƴŎŜ ƭŜǾŜƭ ƛǎ ƛƴŘƛŎŀǘŜŘΦ ΨϝϝϝΩΥ Ǉ ғ л.001; ns: 

not significant. WT n = 4, Rok2 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 SmashPI. A schematic overview of the CRISPR/Cas9 strategy is 

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

 

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:SmashPI, 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.  



Results   |    53 

 

 

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 h -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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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 µm. 

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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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 µm. Scale bar close-up: 20 µm. 

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:SmashPI 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:SmashPI was completely different 

from endogenous Smash detected with the -hSmash N-terminal antibody and sfGFP:SmashPM. Until 

stage 8, sfGFP:SmashPI was not expressed at all. From stage 9 onwards, sfGFP:SmashPI 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 SmashPI may have a specific function exclusively in posterior follicle 

cells. To verify this hypothesis, the expression pattern of sfGFP:SmashPI was analyzed in embryos and 

in wing discs. sfGFP:SmashPI 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:SmashPI 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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Figure 25: An aberrant signal was detected in sfGFP:SmashPIm/z embryos 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 µm. 

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:SmashPI was detected only in a few cells in late-stage ovaries. A 

similar band was also detected in sfGFP:SmashPI 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 h-GFP antibody. Proteins were enriched by IP against GFP. 

WT tissue was used as reference. Protein detection with h- T̡ub antibody was used as loading control. Predicted molecular 

weight of proteins: sfGFP:SmashPI = 128.5 kDa, sfGFP:SmashPM = 195.7 kDaΣ ʲ-Tubulin = 50.8 kDa. 

Closer observation of embryos homozygous for sfGFP:SmashPI revealed that these embryos had strong 

morphogenetic defects. This phenotype appeared to be even more severe than the one described in 

smashɲ35m/z mutant embryos, suggesting that the new allele has a dominant negative effect. Figure 27 

provides an overview of the sfGFP:SmashPIm/z phenotype. For better visualization of structures, 

embryos were stained with h -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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Figure 27: Phenotypic analysis of sfGFP:SmashPIm/z embryos. Using single embryos as an example, the phenotypic variability of sfGFP:SmashPIm/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 h-Twist antibody. Arrows point to regions where abnormalities occur (e. g. 

mesoderm mislocalization or aberrant furrow formation). Scale bar: 100 µm. 
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3.8 smashɲ35m/z and sfGFP:SmashPIm/z embryos show impaired germ band 
elongation 

Both smashɲ35m/z and sfGFP:SmashPIm/z embryos showed very severe morphogenetic defects 

throughout all developmental stages. It was reported that smashɲ35m/z mutant embryos have PCP 

defects during germ band elongation (Beati et al., 2018). Whether PCP is also affected in 

sfGFP:SmashPIm/z has not been analyzed yet. Defective PCP often results in impaired germ band 

elongation (Blankenship et al., 2006; Sawyer et al., 2011; Simões et al., 2010; Simões 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 smashɲ35m/z and sfGFP:SmashPIm/z 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 smashɲ35m/z and sfGFP:SmashPIm/z 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. 

 

Figure 28: Relative germ band elongation in WT, smashɲ35m/z, and sfGFP:SmashPIm/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, smashɲ35m/z n = 6, sfGFP:SmashPIm/z n = 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, smashɲ35m/z, and sfGFP:SmashPIm/z embryos. Screen shots of time-lapse live imaging 

recordings of WT, smashɲ35m/z and sfGFP:SmashPIm/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 µm.  

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 smashɲ35m/z nor sfGFP:SmashPIm/z 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, smashɲ35m/z, and sfGFP:SmashPIm/z embryos. Mean GBE was measured after 1800 s and 

3600 s. SD: standard deviation. WT n = 16, smashɲ35m/z n = 6, sfGFP:SmashPIm/z n = 12 

Mean 
GBE [%] 

WT smashɲ35m/z sfGFP:SmashPIm/z 

after 1800 s 41.4 (SD ± 3.12) 30.3 (SD ± 12.6) 26.8 (SD ± 7.45) 

after 3600 s 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 smashɲ35m/z and sfGFP:SmashPIm/z 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 S 8 & 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 smashɲ35m/z embryos was significantly lower compared to WT. This 

was also true for sfGFP:SmashPIm/z embryos but from 840 s onwards. No statistically significant 

difference between smashɲ35m/z and sfGFP:SmashPIm/z embryos was observed.  

 

Figure 30: Relative germ band elongation speed in WT, smashɲ35m/z, and sfGFP:SmashPIm/z embryos. GBE speed of single 

embryos is represented in different colors. WT n = 16, smashɲ35m/z n = 6, sfGFP:SmashPIm/z n = 12. 

The low number of recorded smashɲ35m/z 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 smashɲ35m/z mutants. 65 % of 

sfGFP:SmashPIm/z embryos did not undergo cellularization. To sum up, live imaging revealed that germ 

band elongation and probably also cellularization were impaired in smashɲ35m/z and sfGFP:SmashPIm/z 

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

Although smashɲ35m/z and sfGFP:SmashPIm/z embryos both showed morphogenetic defects, their 

phenotypic appearance was not the same since the defects in sfGFP:SmashPIm/z embryos appeared to 

be more severe and more penetrant than the ones occurring in smashɲ35m/z mutant embryos. The major 

difference between these two genotypes was that smashɲ35m/z is a null allele. Hence, no Smash protein 

was expressed at all. In contrast, a signal with abnormal subcellular localization was detected in 

sfGFP:SmashPIm/z 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:SmashPIm/z 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 LMO7 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. 

 

Figure 31: Overexpression of mCD8:eGFP, eGFP:SmashPM, eGFP:SmashPM N-term, and eGFP:SmashPM mut in the follicle 

epithelium. {ŀƎƛǘǘŀƭ ǎŜŎǘƛƻƴǎ ƻŦ ǎǘŀƎŜ млŀ ƻǾŀǊƛŜǎ ŀǊŜ ǎƘƻǿƴΦ Ƴ/5уΥŜDCt ό!Ω-!ΩΩΩΩύΣ ŜDCtΥ{ƳŀǎƘta ό.Ω-.ΩΩΩΩύΣ ŜDCtΥ{ƳŀǎƘta 

N-ǘŜǊƳ ό/Ω-/ΩΩΩΩύ, ŀƴŘ ŜDCtΥ{ƳŀǎƘta Ƴǳǘ ό5Ω-5ΩΩΩΩύ ǿŜǊŜ ƻǾŜǊŜȄǇǊŜǎǎŜŘ ǳƴŘŜǊ ǘƘŜ ŎƻƴǘǊƻƭ ƻŦ ǘƘŜ ǘǊŀŦŦƛŎ ƧŀƳ όǘƧύ 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 Ŏȅǘƻǎƻƭ ǘƻ ǘƘŜ ƻƻŎȅǘŜ ǳǎƛƴƎ LƳŀƎŜWΦ ¢ƘŜ ƛƴǘŜƴǎƛǘƛŜǎ ƻŦ DCt ό!ΩΣ .ΩΣ /Ω ϧ 5ΩΣ ƎǊŜŜƴ ƭƛƴŜ 

ƛƴ ƛƴǘŜƴǎƛǘȅ ǇǊƻŦƛƭŜύΣ ǇƘŀƭƭƻƛŘƛƴ ό!ΩΩΣ .ΩΩΣ /ΩΩ ϧ 5ΩΩΣ ƳŀƎŜƴǘŀ ƭƛƴŜ ƛƴ ƛƴǘŜƴǎƛǘȅ ǇǊƻŦƛƭŜύ ŀƴŘ 5ƭƎ ό!ΩΩΩΣ .ΩΩΩΣ /ΩΩΩ ϧ 5ΩΩΩΣ cyan line in 

intensity profile) signals were measured. Scale bar: 30 µm. 

All four eGFP fusion proteins were successfully overexpressed in the follicle epithelium (Figure 31 !ΩΣ 

BΩΣ /Ω ϧ 5ΩύΦ ¢ƘŜǎŜ ǇǊƻǘŜƛƴǎ ǎƘƻǿŜŘ ŘƛŦŦŜǊŜƴǘ ǎǳōŎŜƭƭǳƭŀǊ ƭƻŎŀƭƛȊŀǘƛƻƴs. The mCD8:eGFP control was 

associated with the apical and basolateral plasma membrane and was also present in the cytosol 

όCƛƎǳǊŜ ом !Ωύ. A very similar pattern was observed for eGFP:SmashPM N-term όCƛƎǳǊŜ ом /Ωύ. 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 όCƛƎǳǊŜ ом .Ω ϧ 5Ωύ. 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 

ǘƘŜ ŜDCt Ŧǳǎƛƻƴ ǇǊƻǘŜƛƴǎ ƛƴ ǘƘŜ ŦƻƭƭƛŎƭŜ ŜǇƛǘƘŜƭƛǳƳ όCƛƎǳǊŜ ом !ΩΩΣ .ΩΩΣ /ΩΩ ϧ 5ΩΩύΦ aȅƻǎƛƴ LL ǿŀǎ ƴƻǘ 

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 !ΩΩ ϧ 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 /ΩΩ ϧ 5ΩΩ ϧ 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 .ΩΩ ϧ 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 

ŀǘ ǘƘŜ ƻƻŎȅǘŜ ƳŜƳōǊŀƴŜ όCƛƎǳǊŜ ом !ΩΩ-5ΩΩ ϧ 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.  

 

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 ImageJ 

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.  

 

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 µm. 

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 µm ± 15 µm) and larger in width 

(average width: 188 µm ± 20 µm) compared to mCD8 control embryos (average length: 419 µm ± 35 

µm, average width: 149 µm ± 20 µm) (Figure 36). Interestingly, embryos developing from ovaries 

overexpressing eGFP:SmashPM mut were larger in length (average length: 445 µm ± 27 µm) and in 

width (average width: 171 µm ± 20 µm) 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 ImageJ 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 µm. 
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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 

question 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 

37 A, 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 µm, scale bar close-up: 20 µm.
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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).  

 

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 ImageJ. 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, I 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 TurboID (Branon et al., 2018), was fused to the N-terminal end of SmashPM. SmashPM 

and TurboID served as controls. For visualization of the proteins, they were tagged with eGFP. Using a 

maternal h -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 

TurboID 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.  

 

Figure 39: Workflow of the biotin proximity labeling assay. The TurboID fusion protein was expressed in embryos under the 

control of UASp promoter using a maternal -hTubulin67C Gal4 driver. Upon supply of biotin, TurboID 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 TurboID fusion proteins, they were transfected into S2 cells (Figure 40). 

GFP:TurboID:SmashPM and GFP:SmashPM were both enriched at the membrane, thus showing the 

same localization. In contrast, GFP:TurboID and GFP were both distributed in the whole cell. Cells 

expressing TurboID:GFP and GFP:TurboID: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 TurboID fusion proteins co-localized with the biotin 

signal. 

 

Figure 40: Expression of TurboID fusion proteins in S2 cells. TurboID:GFP, GFP:TurboID: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 µM. 

TurboID:GFP, GFP:TurboID:SmashPM, GFP:SmashPM, and GFP expressing cells were further analyzed 

by Western blotting to determine the biotinylation efficiency of TurboID. In Figure 41, multiple bands 

of various sizes were detected in the presence of TurboID, indicating efficient biotinylation. In contrast, 

only two clear bands appear in the absence of TurboID. 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.  


















































































































































