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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. TH& domain protein Smallish (Smash) was
shown to modify actomyosin contractility during morphogenesis samash °  "riull mutants show
reduced membranetension, whereas overexpression of Smash leads to apical constriction in the
follicle epithelium. May smash ° P?rfull 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 interactitwork to control
membranetension 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 fogfficient phosphorylation of the nemuscle myosin Il regulatory light chain
encoded byspaghetti squash (sgh)lhe effect of Smash on Sgh phosphorylation appeared to be
indirect because Smash did not influence Rok kinase activigyitro. Instead, a novedominant
negative allele osmash 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 thia myosin binding domain of Smash is necessary to
provide scaffolding function for Rok and Myosin II, thereby enabling Sgh phosphoryiatimh in

turn activates actomyosin contraction driving cell shape changes.

A detailed investigation of themashnull and dominant negative allele demonstrated the importance

of Smash in regulating the actomyosin cytoskeleton during epithelial morphogeessécially during

germ band tongation The generation of CRISPR/Cas9 GFP dndioies expands our molecula
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-érminal"-Smash antibody. Mowyver, the novel sfGFP knauklines revealed

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

Our phenotypic data were supported by the results obtained by a biotin proximity labeling absety

was used to identify novel Smasiteracting proteins. This assay identified several promising
actomyosinassociated proteins as potential Smash interaction partrimsngthose were some with

a reported function in embryonic morphogenesis and satiers uncover a potential involvement of
Smash in establishing oocyte polarity, ovulation, muscle development, cytokioesgulating gene
expression. A detailed analysis of these proteins and their interaction with Smash during
morphogenesis and thether 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
Duringthe embryonic development of multicellular organismsjthplia are among the first tissues

that are formed. Epithelia provide physiological and mechanical barrier functions and are important
for tissue and organ formatiofRodriguezBoulan & Macara, 2014T0 enable the proper formation of
tissues and organs, epithelial cells possess several unique properties. First, epithelial cells are highly
proliferative. Tley can orientate their mitotic spindle to divide either parallel or perpendicular to the
sheet(Ragkousi & Gibson, 20148econd, epithelial cells can modify their migratory behabiaugh

a process called epitheltatesenchymal transition (EMT). Thereby, epithelia can adopt a mesenchymal
phenotype allowing them to ingress into a defined region of the embryo. This process is reversible
(mesenchymaepithelial transition, MET). Thus, éplial cells can constantly switch between an
epithelial and a mesenchymal phenotygKalluri & Weinberg, 2009; Lim & Thiery, 2012hird,
epithelial cells can change their shape. This is important when cells need to reduce their apical cell
perimeter, e. g.during gastrulation or tubulogeneqiSawyer et al., 2010 fundamental requirement

for all these properties is the establishment of cell polaritshichis defined by the asymmetric
distribution of different cellular componentsuch as organelles, proteins, or lipidgithin a cell

(RodriguezBoulan & Macara, 2014)

Epitheliaare highly polarized structures that form apical and basolateral membrane dontiaénsby
introducing anapicobasabolarity gradient (RodriguezBoulan & Macara, 2014Pepending on the

type of epithelium, the apicahembranedomain which is facing the environment or the lumeran

fulfill different functions such as selective absorption, secretion, or sensory transduction. Apical
protrusions are often formed to facilitate these functions. The lateral membrane dorisaies
neighboring cells ands required for intercellular adhesionpmmunication, and barrier function.
These functions are provided by different junctional protein complegesh as adherens junctions
(AJs), desmosomes, gap junctipostight junctions (TJs). The basal membrane dormimportant

for anchoing the epithelium to the underlying tissueRehfeld et al., 2017)According to their
function, the lipid and protein composition of the respective membrane domains dif&epmans &

van ljzendoorn, 2009)The difference in membrane composition is maintained by selective synthesis,
targeting and stabilization. Selective synthesis ensures that membrane components are
predominantly synthesizeth adefined area of the cell surfacehbugh 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 areagGiepmans & van ljzendoorn, 2009; Matter, 2000)
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Over the past decadedfrosophila melanogasteepithelial morphogenesi®ias beenextensively
studied to investigate the mechanisms establishing and regulating cell polariBroBophila the
apical membrane domain contains the subapical region (S##)h functions as diffusion barrier
within the membrane to segregate apical and basolateral membrane domain components. The
basolateral domain comprises-salled septate junctions (SJs) that act as a tepithelial barrier. In
vertebrates, the SAR and SJs are absent. Instead, apically localizelfilTdscomparable function.

The apical and basolateral domains are separated by the zonula adherens (ZA3hapett structure
consisting of adherens junctions (AJs) which are connected through actin (filoarst & Bossinger,

2002) The structure obrosophilaand vertebrate epithelial cells is depictedrigurel.

Drosophila Vertebrates
SAR ‘ x “ & T ‘ x “ ;
T U actinger = U actinger 0

SJ

Figurel: Comparison of Drosophila and vertebrate epithelial cell$ie plasma membrane &frosophila 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 aseparatedby the zonula adherens (ZA). In contrast, tight junctionsicerporatedinto the

apical domain of vertebrate epithelial cells. TJs are confinetthe ZAKnust & Bossinger, 2002)

AJs are multiprotein structures csisting of the transmembrane protein@adherin (encoded by
shotgun[shg in Drosophila that mediates intercellular adhesion by interacting with the extracellular
domain of another Eadherinwhich is anchored in the plasma membrane of neighboring cetis.
cytoplasmic domain of-Eadherin is linked tb-Catenin (encoded bgrmadillo[arm] in Drosophila

and further proteins such as-Catenin,h-Actinin, Afadin (Canoe [Cno] Brosophild, Spectrinor
Vinculin connect the €adherini -Catenin complexvith the cortical actin cytoskeletorF{gure?2)

(Gates & Peifer, 2005)The cortical membrananchored actin cytoskeleton provides membrane
stability onthe one hand and mediates cell shape changes on the other. During shape changing events,
AJs provide cell adhesion by connecting neighboring cells, thereby maintaining itiésgety.
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 establishn{@itler et al., 2003; Miller &
Wieshaus, 1996)
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Figure2: Organization of the ZA in epithelial cells in vertebrat@he ZA consists of Adgich are connected by intracellular

actin fibers spanning the whole apical cell cortex. AJs are multiprotein structures composed of the transmembrane protein
E-Cadherin whichmediates adhesion between neighboring cells and the cytoplasmic linker prot€gtenin.i -Catenin

binds various scaffolding proteins suchha€atenin, Spectrin, Vinculin, Afador h -Actinin which mediate the interaction

with Factin.Each described vertebrate AJ protein has a homol&@rasophila(Gates & Peifer, 2005)

Epithelial polarity is established very early during embryonic development. After fertilization of the
egg, theDrosophilaembryo undergoes 13 nuclear divisigrierming a syncytial blastoderm that
contains around 6000 nuclei. These nuclei assemble as a monolayer beneath the egg membrane before
the socalled cellularization process starts. Cellularization describes a process that generates the
epithelial blastodem by enclosing the nuclei with the plasma membrabalularizationis initiated by
membrane invagination, which leads to the formation of thecaiedfurrow canal (FCAlong the FC,

initial basal adherens junctions (BJs) are formgithe FC furthenpresses, [t adherens junctions

(SAJs) are formed along the invaginating membrane. While the BJs resolve as cellularization is
completed, the apical SAdee assembld and will form the ZA later during gastrulation. At the end of
cellularization, a conéctile actomyosin ring localized at the furrow canal is respon&ibleompleting

the enclosure procegdiller & Bossinger, 2003; Schejter & Wieschaus, 1988 complete process

of cellularization is illustrated iRigure3.
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Figure 3: Cellularization duringDrosophilaembryogenesisCellularization starts in stage 5 embryos and transforms the
syncytial blastoderm into a cellular blastoderm. (A) Cellularization is initiated by furrow canal (FC) formation to $hparate
single blastoderm nuclei. (B) FC formation is accompanied Hgtimation of basal adherens junctions §8Xhe FC ingress

further basally and eventually starts to widen laterally to enclose the nucleus. During FC ingression, spot adherens junction
(SA9) are formed along apical and lateral membrangC) At the bginning of gastrulation, S&\dccumulate 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 riatr8AR and ALM provide spatial cues for

the proper positioning of the ZA. (D) Aftgerm bandretraction, ZA maturation is complete. The mature junctional complex
consissof SAR, Zfand SJ§Miiller & Bossinger, 2003)

Already during cellularization, epithelial cells exhibit clear apicobasal polarization. The generation and
maintenance of cell polaritare mainly dependent on three differ¢ key protein complexes: the
Bazooka complex, the Crumbs complex, and the Scribble cor{idasara, 2004) The Bazooka
complex is composed of the protein Bazooka (Baz3 invertebrateg 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 protei
Stardust (Sdt) which in turn mediates an interaction with Raksslociated tight junction protein (PATJ)

and Lin7. The Scribble complex contains the proteins Scribble (Scrib), Discs large (DIg) and Lethal giant
larvae (LglYBulgakova & Knust, 2009; Humbert et @&003; Lang & Munro, 2017he Crumbs
complex, aRGC 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 BAarris & Peifer, 2004)rhe phosphorylation of Baz at $&r

by aPKC stabilizes the localization of Baz at théKzathn et al., 2010; Moraide-Sa et al., 2010)n
addition, Pa#l phosphorylates Baz at S€mand Sel®®°to exclude Baz from the lateral domain, thereby
maintaining the accurate subcellular localization of Eaenton & St Johnston, 2003)lthough Std
belongs to the Crumbs complex, Baz interacts with Std via its Postsynaptic density 95/Discs
large/Zonula occludens 1 (PDZ) domalvereby recruiting Std to the apical domain. Baz competes
with Crb in binding Std. Upon phosphorylatiohBaz by aPKC at $&rStd is released from Baz and

can interact with Crb at the apical domdmilder et al., 2003; Krahn et al., 2010)
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Although Pai6 and aPKC belong to the Bazooka complex, both can dynamically interact with
components of te Crumbs complex to maintain apical membrane identity. Thus, phosphorylation of
Crb by aPKC is necessary for proper Crb subcellular localidiiios et al., 2004 Moreover, the €
terminal PDZ binding motif (PBM) of Crb binds not only to Std but also#(Rampkens et al., 2006)

In addition to the PBM, the cytdgsmic tail of Crb containsdal protein, EzrirRadixin, MoesifFERM)
binding motif (FBM) that enables the interaction with different FERM dofoaimaining proteins such

as Moesin, Yurtor ExpandedLaprise et al., 2006Robinson et al., 2010; Wei et al., 201%5hese

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 localiz@eng the wholdatera membranedomain(Yamanaka & Ohno, 2008)
Although not all members of the Scribble complex share the same subcellular localization, their
localization is mutually dependent on each otl{Bilder et al., 2000)Moreover, Lgl phosphorylation

by aPKC restricts Lgl to the lateral dom@etschinger et al., 2003; Plant et al., 2008)turn, Lgl is
responsiblefor removingCrb from the basolateral donra and thereby antagonés the Crumbs
complex(Tanentzapf & Tepass, 2003) was demonstrated that the Scribble complex is not only
important to detamine the basolateral but also the apical cell identity sincediribmutants apical
proteins such as Arm or Crb are mislocalized, resulting in disorganization of the epit(igliden &
Perrimon, 200Q)

To sum up, the polarized distribution of the three major polarity complexesgslaged bythe
competitive behavior of the single components to define the apical and basolateral deamain
Moreover, the presence of multiple protein interaction domains enables the recruitment of several
additional proteins making the polarity network ghly dynamigqBulgakova & Knust, 2009; Flores
Benitez & Knust, 2B6). The complex interplay of the polarity regulators to determine apicobasal cell

polarity in epihelia is illustrated irrigure4.
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Figure4: Establishment of apicobasal polarity iDrosophilaepithelial cells.The nmain polarity regulators belonging to the
Bazooka (green), Crumbs (grend Scribble (blue) complex are shown. Additional interacting proteins are marked in yellow.
Proven interations are depicted by dotted lines. Phosphorylation is indicated by arfoveslified fromFloresBenitez &
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 epitheliasheet. PCP is necessary for propagating directional cues alonghtiie-
bodyplane. In noAmotile tissues, PCP is required for the proper formation of external structures in a
correct orientation. PCP is also required in motile cell populafiers. during convergent extension,
where PCP regulates cell rearrangements and cell shape changes via the actomyosin (iitierk

& Wdlingford, 2018; Torban & Sokol, 202I)Drosophila PCP was intensively studjéolr instance in
wings, where trichomes grow in a regular pattesiways pointiig from the proximal to the distal end

of the wing. In addition, other polarized structurasich as sensory bristles on the thorax or ommatidia
in the eyeswere used as modsto investigate PCRAdler, 2002; Gubb & Gareiellido, 1982; Held et

al., 1986; Wong & Adler, 1993)

The intense research Drosophiladentified two major pathwayhat are required for the formation

of polarized external structures. The first pathway is the Frizaegendent PCP pathway, also called
the core PCP plaway. As the name suggests, one key component of this pathway is the-pagen
transmembrane receptor protein Frizzled (Fz) which is located at distal surfaces together with the
cytoplasmic proteins Dishevelled (Dsh) and Diego (D&®Irod, 2001; Feiguin et al., 2001; Strutt,
2001) At the proximal side of the cell, the fopass transmembrane protein Van Gogh (Vang, also
known as Strabismus [Stbm]) and the cytoplasmic protein Prickle (Pk) can be(Bastdck et al.,
2003; Tree et al., 2002)Flamingo (Fmi, also known as Starry Night [Stan]), a gw&n
transmembrane cadherirelated protein, is located aproximal as well as distal surfaces, where it
mediates homophilic adhesions to recruit Fz and Vang to($tdstt, 2002; Usui et al., 1999 he
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 chaf@éen et al., 2008; Jenny et al., 2003;
Strutt et al., 2011; Tree et al., 200Besides the positive feedback amplification through cytoplasmic
proteins, negative feedback mechanistautual antagonism of Pk and Dsh) promote the asymmetric
enrichment of proteins at opposing cell membrari@as et al., 2004; Jenny et al., 200&)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 pathvesy
mutated shoved misorientation of the wing trichomesuggesting that the Fdependent PCP pathway

is propagating the polarity information from one ceéd the other (Wong & Adler, 1993)The
components of the core PCP pathway are highly conserved in vertel{fatesirich & Strutt, 2011;
Jones & Chen, 20Q7For example, mutations in the mouse Frizzled 6 homolog lead to similar hair

patterning defects as observed DrosophilaGuo et al., 2004)
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The second pathway that is involved in the regulation of PCP is thellsdl FatDachsous pathway.

This pathway comprigethe atypical cadherins Fat (Ft) and Dachsous (Ds) as well as the Golgi resident
kinase Foujointed (Fj)(Fulford & McNeill, 2020)At the cellular level, Ft is enriched at proximal sjdes
where it celocalizes with Vang and Pk. On the opposing distal side, oga&aes with Fz, Dsland

Dgo. In addition, Ds binds to its downstream effector Dachs. On a tigsigelevel, Ft expression is
equally distributed along the wingvhile Fj and Ds are expressed in an opposing gradient. Thereby, Ds
expression is high in proxahand 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, 200B) and Ds are proposed to act genetically upstream of
the uniformly expressed protein Ft, generating a Ft activity gradi¥ang et al., 2002Ft and Ds
directly interact with each other, thereby forming intercellular adhesi{Msatakatsu & Blair, 2004)

This interaction is influenced by Fj activity. Phosphorylation of Ft by Fj promotes-De tthding
ability, while phosphorylation of Ds by Fj leads to a reducedlibig ability between Ft and Brittle

et al., 2010; Simon et al., 2010)/hether the core PCP and the Ft/Ds PCP pathway act in parallel or
sequentially remains controversi@glasal et al., 2006; Lawrence & Casal, 2018; Lawrence et al., 2007)
In general, molecak gradients often provide a global spatial cue that determines the direction of
polarity (Torban & Sokol, 2021There is evidence that the opposing Ds and Ft expression gradients
direct the orientation of microtubulelependent vesicle transparivhich is supposed to be essential

in establishing initial PCP asymmes (Matis et al., 2014; Shimada et al., 200B)e core PCP and the
Ft/Ds pathway are both depicted Figure5.
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Figure 5: Core PCP and FBiachsous pathwayin Drosophila The core PCP pathway includes the following protein
complexes: the sevepass 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 cytoplpsotéin Pk enriched at proximal sides.

The severpass 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 dteiis pait 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 trantteg&ternal cell shape changes.

The FatDachsous pathway is explained using the wing tissugnaxample. The major components of the f2dchsous
pathway are Ft, Dand Fj. Dachs binds to the cytoplasmic tail of Ds and acslas/nstream effector of Ft/Ds signaling.

While Ft is expessed equally along the wing, Ds and Fj are expressed along an opposing gradient. Thereby, Ds is enriched at
proximal sideswhile 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 s bnding whereas a strong Ds phosphorylation at distal sides weakeii3s Hiinding
(Devenport, 2014; Torban & Sokol, 2021)

Fz is known to be involved in the Wnt signaling path(fakers & Malgg 2018; Bhanot et al., 1996)
Different Wnt proteins act as secreted ligaiinding to the Fz receptor and are thought to serve as a
global cue for PCP orientatiofsokol, 2015) Two nonredundant Wnt signaling pathways were
identified: the canonical Wnt pathwawhich is important for primary body axis establishment and the
non-canonical Wnt pathwaywhich contributes to establish PCP thereby controlling various
morphogenetic processes via the regulation of actomyosin dynarrigeé 6) (Petersen & Reddien,
2009; Wodarz & Nusse, 199&) the canonical pathway, tteecreted Wnt ligand is received by the
receptorand the cereceptorLipoproteinreceptorrelatedprotein 5/6 (LRP5/6)In the absence of Wnt
ligands the Glycogen synthase kinase 3 beta (GSK3 LJK 2 & LIKGadin leddiBgito its
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proteasomal degradatiortpon activation of the pathway, Casdinasel (CK1) and GSK3 6 A Y R

phosphorylate LRP5/6, resulg in the recruitment ofcytoplasmic Dsh and Axin. Dsh stabilizes the

AxinCK1GSKB complex at the plasma membranéhereby, the phosphorylation-Catenin is

inhibited, resulting in the accumulation of-Catenin in the cytoplasnm.-Catenin is translocat into

the nucleuswhere it promotes the expression d¥nt responsivegenes which arerelevant for cell

proliferation, differentiation, and cell cycle regulatidn the noncanonical pathwaythe secreted Wnt

ligand is received ihe Fz receptor. Cytoplasmic Disimds to Fz anttansducesthe Whnt signal to the

downstream effectors Rhol, Ramd Cdc42. These downstream effectors all belong to the Rho GTPase

protein family, whose activatiodeadsto cytoskeleton and junction remodelirf§tienneManneville &

Hall, 2002; Sit & Manser, 2011)
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Figure 6: Canonical and noitanonical Wit signaling pathway in vertebratesVhen canonical \W signaling is inactive, Axin,

GSKBand 1 CK1 form a complex to promote the proteasomal degradatibrQxtenin. Fz and LRBSfo-receptor binding

to Wnt ligands activate the pathway. Upon activation, CK1 and GSK8 A y R

Iy R

LIK2ALIK2NEf I GS

recruitment ofcytoplasmidDshand Axin. DVL stabilizes the AKIKIGSKB complex at the plasma membraneesulting in

the accumulation of -Catenin in the cytoplasm-Catenin is translocated into the nuclewghere it promotes the expression

of genes relevant for cell proliferation, differentiation, and cell cycle regulation. Theaoonical Wit/PCP signaling is also

activated by Wit ligands binding to the Fz receptor. In contrast to the canonical pathway, recruited and actiwitduldotly

transduces the Wit signal to downstream effectors, namely Rac, Rimal Cdc42. The activation of those small RhoGTPases

resultsin actin cytoskeleton and junction remodeling. Each reported protein involvibevertebrateWnt signaling pathway

has a homolog iDrosophila(Sharma et al., 2018)
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1.3 The actomyosin network is regulated by the Rlassociated protein
kinase Rok

Cellular shaping and movementdyren force generationhirough the contractile actomyosin network
spanning the whole apical cell cortéXuillot & Lecuit, 2013; Heer & Martin, 2017; Peve & Peifer,

2020; Pilot & Lecuit, 2005The actomyosin network is composed of actin filamentactin), actin

cross linkersandvarious myosin proteins functioning as maoAlthough all myosin motor proteins
provide the same function, namely the force generation by ATP hydrolysis, different classes of myosin
participatein various mechaniser Thus, Myosin V and VI aesponsible for cargo transport, Myosin

| is involved in intracellular organizatioand Myosin VIl and X control the dynamics of filopodial
assembly. Within this diverse superfamily of proteins, Myosin Il drives actomyosin contractility
(Hatman & Spudich, 2012)he hexameric Myosin Il is composed of two heavy chains, two essential
light chains (ELC) and two regulatory light chains (fBr) & Sousa, 2020; Vicerkanzanares et
al.,2009) InDrosophilamyosin Il heavy chains are encoded by the gapger.the RLCs are encoded

by the genespaghetti squasiiSgh), and the ELCs are encoded by the gélodEdwards et al., 1995;
Karess et al., 1991; Young et al., 1998 Nterminal globular head contains an actin binding site and
the catalytic site for ATP hydrolysighe two different light chains connect thetdrminal head with

the Gterminal heavy chaindorming anh-helical coileecoil rod domain.Through this rod domain,
Myosin Il forms bipolar filaments that assemble in between the actin filaments. The eratajpexd

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 stragttive RLC controls Myosin Il actiiBrito & Sousa,
2020; VicenteManzanares et al., 2009Myosin Il activity is controlled by phosphorylation of Thr20
and Ser21 by the Rkhassociaté coiledcoil containing protein kinase R@kmano et al., 1996; Jordan

& Karess1997; Tan et al., 1992; Watanabe et al., 2007)ts unphosphorylated formlyosin Il is in

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

of the RLC by Rok, Myosin Il turns into its active state in which it can form bipolar filaments that are

incorporated with Factin Figure?).
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Figure7: Rok activates Myosin Il and drives actomyosin filament assemBliyor to phosphorylation, Myosin Il is present in

its inactive state. Upon phosphoafion of the RLC by Rok, Myosin Il turns into its active state. Thereby, Rok kinase activity is
controlled by RhoGTPase upstream signalPPigosphorylatedMyosin 1l can form bipolar filaments that accumulate in
between Factin. There, the Myosin Il head domain catalyzes ATP hydrolysis to obtain energy that is used to conduct the
sliding motion of Factin (modified from VicenteManzanares et al., 2009)

Rok is a Ser/THype kinase that is regulated by RhoGTPase upstream signaling. Rok comprises a
consered Nterminal Ser/Thr kinase domain, followed by a coiled coil domain, a Rho binding domain,
and a pleckstrin homology (PH) domain at thefninus. An autoinhibitory mechanism in which the

PH domain binds the kinase domain of Rok leads to Rok inastivapon interaction with GFBound
RhoGTPase, autoinhibition is suppressed and Rok is actiifteaho et al., 2010)The GTPasdriven
activation of Rok is regulated by several upstream signaling pathwagk as WntRigure 6) or Fog
signalhg Figure8). Similar to Wnt proteins, Fog is a secreted ligand that binds to the @&
transmembrane @rotein coupled receptor (GPCR) Migsulting in the activatiorof the Gprotein

Concertinawhich in turn leads to the activation of RhoGEF, Rhotl RoKManning & Rogers, 2014)
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Figure8: The Fog signaling pathway regulates Rok kinase activitye secreted ligand Fog bindsttee GPCR Mist and
activates the Grotein Concertina which in turn leads to the activation of RhoGEF, Rhaid Rok. Activated Rok
phosphorylates its target proteins. Among others, Rok targets for instance thenngnle myosin Il regulatory light chain

(Manning & Rogers, 2014)



Introduction | 14

1.4 The tight control of actomyosin and AJs is critical for epithelial
morphogenesis

Epithelial tissues are dynamically remodetkaing morphogenesis and at the same time they have to
provide a robust architecturemaking 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 Als is cruci@PerezVale & Peifer, 2020)One important mechanism for tissue
remodeling $ the socalled apical constriction. During apical constriction, the actomyosin network
accumulates at the apical cell cortev¥here it is connected to AJs. There, pulsatile contractairtbe
membraneassociated actomyosin network induce the reduction of the apical cell perinfetaitin

et al., 2009; Mason et al2013; Sawyer et al., 2010Apical constriction enables the formation of
different invaginations and furrows for instance during gastrulati@hlot & Lecuit, 2005)In
Drosophia, 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 flattegindividing, and spreading to form the single
layered mesoderm. Second, shigrafter the onset of ventral furrow formation, the posterior midgut
invagination starts to form. Later in development, the posterior midgut invaginatiors gse to the

endodem (Figure9 A-C)(Leptin, 1999; Sweeton et al., 1991)

In muscle cells, Myosin Il and actin filaments are organized antiparallel to each other in a structure
called sarcomere. In contrast to this, noruscle cortical actomyosin networks exhibit a radial,
disordered netwok structure. Thereby, the plus end ofaEtin is anchored to AJs at the apical
boundarieswhile its minus end is oriented towards the apical center. Myosin Il and its activator Rok
are accumulated at the apical center of a celhere they induce the pudgile contraction of the

network to reduce the apical cell perimetéCoravos & Martin, 201gFigure9 D).
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Figure9: Apical constriction leads to a reduction of the apical cell perimetamich 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 furrov formation occurs. In stage 7, the posterior part of the endoderm starts forming the midgut invagination and
the germ bandstarts extending onto the dorsal side of the embryo. Until stage 10, the midgut invagination is further
expanding and thgerm bandcontinuesto extend. (B) Diagrams of cross sections of embryos at the same stages as those
shown in A. In stage 5 embryos, Twist prot@ged) localizes in the nucleus arf@hailRNA(blue)in the cytoplasm. In stage 6
embryos, apical enrichment of Myosinaind 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 spreadlimg $(&)e changes

of an individual mesodermal cell from théfdrent embryonic stages indicated in A are illustratdd) Factin is distributed

in a polarized manner all over the apical cell cortekile Rok and Myosin Il accumulate at the center. Activation of the
radially arranged actomyosin network leads to apical constridiwadified 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. Thetieéycell contacts between
anterior/posterior (A/P) interfaces are disassembledhile new junctionsare formed along
dorsal/ventral (D/V) edges. This rearrangement of cells enables the extension of the epithelial tissue
by more than twefold along the A/Raxis, which is accompanied by a reduction in width along the D/V
axis (Bertet et al., 2004; Pare & Zallen, 2020)wo types of cell rearrangements occur during
convergent extension. The first type is calledTPAT3 transition and involveatotal of four cells. In

the T1 phasethe shrinking of shared interfaces that are oriented along the A/P axis lEatise
formation of a transient foucell vertex state irthe T2 phaseThroughthe establishment of new
junctions along the D/V axim the T3 phasethe fourcell vertex is rapidly disassembled a
perpendicular direction to elongate the tissue. Thiaeattype ofcellintercalation is rosette formation
which relies on the same principle as theTTAT3 transition with the difference that multiple cells,

usually 512, are involvedKigurel0) (Guillot & Lecuit, 2013; Pare & Zallen, 2020)
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Sl iees

Vertical junction shrinkage T1-T2-T3 transition Horizontal junction formation
B % il
Vertical junction shrinkage Rosette Horizontal junction formation

Figurel0: Cell intercalation causes local cell rearrangemeriftgio types of cell intercalation can occur: thecadled TiT2

T3 transition or rosette formatio. Duringthe T1-T2T3 transition the shrinking of shared interfaces that aseiented along

the A/P axis leads to the formation of a transient faeil 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 TM2T3 transition but involves-52 instead of 4 cellGuillot & 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 theclassical 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. Durin@rosophilagerm bandelongation Myosin 11, Factin, and Rok concentrate

at edges between anterior and posterior cells, where they destabilize intracellular adhesions and
eliminate the junctions by promoting actomyosin contracti(iBertet et al., 2004; Zallen & Wieschaus,
2004; Blankenshiet al., 2006)Perpendicular to this, the Aabsociated proteins-Eadherin and Baz
accumulate at D/V interfaces, where they promote the formation and stabilization of ne{Zall=n

& Wieschaus, 2004; Blankenship et al., 2006; Simdes et al.,.20déhe apicobasal polarity system,
proteinsinvolved in PCRegulate the lochzation of each other. For example, Rok is required for the
proper distribution of Myosin Il at A/P junctions. Moreover, Rok is responsible for the phosphorylation
of Baz to exclude it from A/P edges thus promoting Baz accumulation along D/V juriSiimdes et

al., 2010)
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In addition to Myosin Il,-actin, Rok, Baz, and@®adherin, many other proteins modulate actomyosin
contractility and junctnal stability during cell intercalation (summarizedrigurell). One of these
regulatory proteins is Moesin (Moe). Moe is a member of the ERM (Badixin/Moesin) protein
family and serves aa linker between AJs and the actin cytoskeleton to maintain cell shape. Moe
comprises an Merminal FERM domain, a centfehelical domainand a @erminal ERMassociated
domain that can either bind-&ctin or the FERM domaifffrehon et al., 2010A heacto-tail folding
inactivates Moe by masking thed€tin binding site. Moe activity is regulated by Rok phosphorylation
which induces a conformational change inwactive form(Matsui et al., 1998)it was found that this
phosphorylation is required for proper assembly of the actomyosin netwBgeck et al., 2003)
Furthermore, Moe was described to be important for cell integrity since junction and polarity markers
were lost in cells mutant for théMoe®%2 null allele. These severe effects could be restored by
suppressing the RHosignalingsuggesting that Moe functions antagonisticallythe Rhol pathway
(Speck et al., 2@). This hypothesis was proven by the fact tidbe loss of function and Rhol

overexpression led to similar phenotypic defects.

Similar to Moe, Canoe functions as linker between the cortical actomyosin cytoskeleton and AJs
(Sawyer et al., 2011Puringgerm bandelongation Cno is enriched at A/P and tricellular junctions
together with Factin and Myosin llAlthoughthe planar polarized localization ofd€tin and Myosin |l

does not alter upon loss of Cno, thess of Cno drastically impaigerm bandelongationsince 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 tessiositive manner,

enabling Cno to react quickly to mechanical c(¥s & Zallen, 2020)

Another actinassociated proteirthat is involved in the regulation of cell intercalatiags Shroom
(Shrm) Shrm is enriched at A/P junctions durigerm bandelongation The phnar polarized
enrichment of Shrm at A/P junctions was shown to be dependent on Rhol sig(silnges et al.,
2014) Shrmwas shown to beequired for the correct localizatioand stabilization of Rglactin, and
Myosin Il at A/P cell interfaces during cell intercalatiamd at the apical cortex during apical
constriction(Bolinger et al., 2010; Haigo et al., 206@idebrand, 2005; Nishimura & Takeichi, 2008;
Sim@es et al., 20145hrm directly interacts with Rok, thereby promoting Rok kinase activity to drive
cell shape change@olinger et al., 2010; Nishimura & Takeichi, 2008; Zalewski et al.,.2016)
agreement with this finding, théoss of Shrm leads to a decrease in junctional tension and defective
rosette formationduringgerm bancelongation(Simdes et al., 2014yvhereasoverexpression of Shrm

induces apical constrictiofBolinger 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 duringerm bandelongation Razzell et al(2018 showed thatjub 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 actomyasbntractility. 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 rosettgghimutant embryos display
aberrant gaps betweenells representing defects in cell adhesion most likely caused by the absence

of AJ proteins.

T1-T2-T3 transition

F-actin

— - . Myosin Il
Rho kinase
Moesin

Canoe

Ajuba

.' Bazooka
— o —
.' E-Cadherin

Figurell: Proteins are localized in a planar polarized fashion durggym bandelongationin Drosophilaembryos.Germ

band elongationis 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 juctions. These processes are regulated by the planar polarized enrichment of several pFegeiins. Myosin Il,

Rho kinase, Moesin, Canoe, Shroamd Ajuba are enricheat A/Pjunctions,wherease-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
TheDrosophilagenesmallish(CG43427) encoded.in-11, Isil, Mec3 (LIM) domain protein that was
originally identified as binding partner of the key polarity regulator Baz in a yeadhyimad screen
(Beati et al., 2018)n this screen, the three PDZ domains of Baz (a& 39} 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 168Da, SmashPM represents the largest isoform
containing & N-terminal myosirbinding domainwhich is conserved iXenopud.im domain only 7
(LMO7% and mouse LIMCH1, two-helical coileecoil domains, a LIM domain and aeminal PDZ
binding motif (PBM)The shorter isoform SmashP1I is around 100 kDa large and lackgdisen binding
domain and the twaoiled-coil domains, whereas thet€rminal LIM domain and the PBafe present
(Figurel?). All predicted domains serve as interfaéer different protein interactions, suggesting that

Smash acts asscaffolding protein.

103 406 539 1533
1 156 4|38 |52|30 1463 1521
|

B Myosin binding domain

CC domain
SmashPM 890 )
1 8}9 8717 LIM domain
PBM
SmashPI

Figurel2: Protein structure ofSmashPM and SmashPmashPM comprises 1533 aa, forming a myosin binding domain, two
coiled-coil domains, and a-terminal LIM domain terminated by a PBM. SmashPI comprises 889 aa that includiether@l

LIM domain and the PBM. Numbers indicate the position of a domahinntihe protein. Different domains are highlighted

in different colorsThecolor code is indicatetb the right(modified from Beati et al., 2018)

The characteristic LIM domain is composed of a tandem zinc finger motif that constitutes the sequence
CXCXe23HXCXCXCXe621C% showing a highly conserved arrangement of cysteine and histidine
residues functioning as zinc binding si(gadrmas & Beckerle, 2004)M domaircontaining proteins

are represented in diverse eukaryotic spectgsnilar to Smash, the vertebrate orthologue of Smash,
LMO7 localizes to AJsvhere it binds Afadin anti-Actinin (Ooshio et al., 2004Moreover, LND7 was
reported to bind noAmuscle myosin Il heavy chain (NMIIHC) via its mylasiing domainfacilitating
actomyosin filament assemb{iMatsuda et al., 2022Many LIM domain proteins can shuttle between

the cytoplasm and the nucleus to regulate gene expreséf@irmas & Beckerle, 2004)MO7 was
shown to be a nucleocytoplasmic shuttling protein regulating gene expression of the nuclear
membrane protein Emerin. Moreover, it was reported thaiO7 is enriched at the nuclear envelgpe
where it directly binds Emerin. The direct interaction between Emerin and LMO7 was suggested to
serve aapositive feedback mechanism to regul&merinexpressior(Holaska et al., 2006Different
studiesclaimedthat LMO7 has an important diseasglated function becauseutations inemerincan

be linked toX-linked EmergDreifuss muscular dystrophy-BDMD)Holaska et al., 2006; Mull et al.,
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2015) Several other studies prove the importance of LMO7 during pathogemesstie absence of
LMQ?7 leads to tumor formatiofLiu et al., 2021; Nakamura et al., 2011; Tar@kamoto et al., 2009)
Asa potential tumor suppressor, LMO7 is of enormous importance for clinical research. Investigating

the Drosophilahomolog Smash could help to understand theleaular bass of LMO7 function.

Studies insmasti*™2 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 exatgirfurrows,

was observedBeati et al., 2018)Figurel3).

Stage 13 Stage 13

smashA35™/%

Figure 13: Scanning electron microscopy ofild-type (WT) and smash3™z embryos at stage 13In WT, a regularly
segmented embryo before dorsal closure is depictedsnmash3™z mutant embryos,a strong irregular formation of

segmental furrows was observe8cale bar: 100 pNBeati 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 epithelizluding the epidermis, foreand hindgut,
Malpighian tubules, salivary glands, amnioser@sal 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 accumulatat A/P junctions, contrary to Baz which is enriched at D/V
junctions. Insmask®®z embryos, apical localization of Baz was not affected, whereas the planar
polarized localization of Baz duriggrm bandelongationwasreversedasBaz was enriched at A/P
junctions. Furthermore, the loss of Smash also affected the planar polarized distribution of other
proteins, namely Cno and Sgh. Both are accumulated at A/P junctions derimgbandelongationin

WT. Upon loss oBmash, 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 ofsBmEhe opposite way
around, it was found that the loss of Baz, Cno, aadtih led to an abnormal distribution of Smash
suggesting that these proteins are relevant for proper subcellular localizatiSmashBesides these
localizationeffects Smash was found to directly interact with Baz, Rdkng and maybe withSgh.
Additionalin vitro studies showed that Smash directly binds to the aaisociated proteins Shrm and

Moe (Peek, 2019\Whether Smash influences the subcellular localization of Shrm or Moe or vice versa

hasnot beeninvestigated yet.
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Localization and interactiostudies performed so far suggested that Smash acts within a protein
network that regilates 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 anddkrnoakimals. While
overexpression of Smasim the follicle epitheliuminduced apical constriction, laserblation
experimentsin the larval epiderms showed that the loss of Smash resulted in reduggtttional
tension, proving that Smash is indeed involved in regulating actomyosin architecture, activity, or both.
Taken these findings together, tlsenasi®™? mutant embryonic phenotype probably results from a
disrupted PCP systerwhich in turn affects proper regulation of the actomyosin cytoskeleton. An
uncoordinated actomyosin cytoskeleton is thought to cause the formation of aberrant morphological

structures insmask®™? 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 contiaility is dependent on the proper subcellular localization of the single
O2YLRYySyida 6AGKAY GKA&A ySGs2Nl ® ¢KSNBoes (KS aA)
localization. Although Smash was shown to be relevant for the proper subcellulizdtioa of several

proteins, the exact mechanishy whichSmash 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 fimetabn.

In orde 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 morphogenesipecialy duringgerm band
elongatior? What are potential Smasghteracting proteins and what is the physiological relevance of
these interactions?

To answer tlsequestiors, a series of different molecular, biochemical, and histological apprsache
were combined. To identify developmental processes in which Smash might be involved, a closer
investigation obmash®™? mutant embryos was performedsgerm bancelongationtightly relies on
actomyosin contractility, we investigated the involvement of Smastjeim bandelongationusing

bright field live imagingThe contribution of Smash in regulating the actomyosin network was
investigated in several experimentd/e demongrated that Smash is required for the phosphorylation

of Sgh.To test whether Smasleontrols actomyosin contractilityby directly regulatingRokkinase
activity, we performedn vitro kinase assay 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 tatgeSBenashPM and SmashPl
superfolderGFP(sfGFPknockin lines. The novesfGFP knocin lines were carefully analyzed with
respect to the expression pattern and the subcellular localization o6iB&Ptagged Smash fusion
proteins. Finallynovel Smasknteracting proteins were identified using a biotin proximity labeling
assay.We started to closer analyzihe interaction between Smash and promising candidatss

performingin vitroco-IPandin vivolocalization stuges.
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2 Material & Methods

2.1 Material
2.1.1 Fly stocks

Tablel: List of fly stocksThe stock ame, genotype, respective chromosomashort description and the source of the fly

stocks are given. Bl. = Bloomington stock numb&RC BrosophilaGenetic Resage Consortium stock number.

Stock name | Genotype | Chromosome(s)| Description | Source
Wild-type (WT) stock
w | wits | X | White eyes | BI. 5905
G4 driver stocks
Pignoni
hsflp;;act<CD2<G4 BSZfLDC’S’ZIC_tAIlMC X, 3 Ubiquitous driver gipursky
1997
GAL4VP16 fusion protein
expressed under the
A P{matalpha4 control of theh -Tub67C
Yhuhddzoom GALVP16}V37 3 promoter. Expressed Bl 7063
maternally and loaded
into eggs.
V1] W Expresses C_%ANP16
fusion protein under the
P P{matalphad control of the
YI 0h (dzo 6 c | GALVP16}67; | 2,3 Bl. 80361
alphaTub67C promoter.
P{matalphad Expressed maternally anc
GALVP16}15 :
loaded into eggs.
y* W*,
P{wmW-hs= traffic jam::GAL4 drives
:G4 GawB}NP1624 5 expression in somaticells | DGRC
' / CyO, P{w of the male and female | 104055
=UASacZ. gonad.
Uuw14luw14
smashfly stock
5 .
smash °P ?.E%Eﬁ P 3 smashnull allele Sliaéloi;
Other stocks
§ ) UASp::Turbol: Expresses TurbolD:eGFPR This
UASp:TurbolD:eGF eGFP/CyO 2 under the control of UASp work
. ) UASp::eGFP: Expresses .
_Usprf;éh‘i,GMFP'T“m' TurbolD: 2 eGFP:TurbolD:SmashPM Ivg'rsk
' SmashPM/Cy( under the control of UAS[
UASp::eGFP: UASp::eGFP: 5 Expresses eGFP:SmashFR Beati et
SmashPM SmashPM/Cy( under the control of UASq al., 2018
UAST:eGFE UAST:eGFP: 5 Expresses eGFP:SmashHR This
SmashPM SmashPM/Cy( under the control of UAST work
UAST::eGEP: UAST:.eGFP: Expresses eGFP:SmashH This
SmashPM Nerm SmashPM N | 2 N-term under the control work
term/CyO of UAST.



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
N ] UAST:.eGFP: Expresses eGFP:SmashH .
ggilhgfﬂl:rsut SmashPM 2 mut under the control of Ivr(])lrsk
mut/CyO UAST.
y[1] w[*]
P{w[+mC]=
N ] UAS :mCDS8: Expresses mCD8:eGFP
UAST:mCD8:eGFP eGFP}Ptp4E X2 under the control of UAST Bl 5136
[LL4];betaTubf
OD[PinYt])/CyO
. . . Suyama
y ) UAS:.GFP: Expresses GFP:Lasp und
UAS:GFP:Lasp Lasp/CyO 2 the control of UAS. ggglg
ContainsAjubd' allele and
Ajubd, Ajubd', aFRT19A site for FLP Das
FRT19A/FM7a, did | FRT19A/FM7al X induced generation of Thakur et
YFP dfd-YFP germline clones. Expressq{ al., 2010
dfd-YFP marker.
ContainsAjuba*allele and
Ajuba*, Ajuba*?, a FRT19A site for FLP Razzell et
FRT19A/FM7a, dfd | FRT19A/FM7al X induced generation of al. 2018
YFP dfd-YFP germline clmes. Expresse| '
dfd-YFP marker.
Contains dominant female
e sterile ovd®? mutation,
ovoP? FRT19A/XMX; ovo™, , FRT19A site and attached Razzell et
FRT19A/X™X; | X, 2
hsflp/CyO hsflp/CyO X chromosomes. al., 2018
Expresses heathock
flippase.
, sfGFP: CRISPR line expressing | This
SfGFP:SmashPM SmashPM 3 sfGFP:SmashPM work
If/CyO,; : . .
sfGFP:SmashPI st)IéP:SmashF 2,3 CRISP_R line expressing | This
sfGFP:SmashPI work
/TM6B
Injection stock
y[1] w[*] 2nd chromosome attP
P{y[+t7.7] = docking site (25C6) for
nanosphiC31 phiC31 integrase
FaGdtnn u/ (VIntNLS}X; | X, 2 mediated transformation. | Bl. 79604
P{y[+t7.7] = Expresses phiC31
CaryP}Msp300Q integrase under the
[attP40] control ofnospromoter.
Cas9 stocks
W[1118]: PBac Expresses Cas9 protein it
) {y[+mDint2]= the ovary under control of
vasa::Cas9 3 vas regulatory sequences Bl. 51324
vasCas9} :
VK00027 Construct marked with
3xP3GFP.
Expression of Cas9 fused
W, to monomeric Poern
nos::Cas9nSA nos:Cas9mSA| 2 Streptavidin under contro bacher et
(attP40) al,, 2019
of nospromoter
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2.1.2 Primary antibodies

Table2: List of primary antibodiesThe antigen, name, host, application, dilution, and source of paahmary antibody is

listed. IF = Immunofluorescence staining, WBVestern blotting, DAB = Diaminobenzidine tetrahydrochloride staining

Antigen Name Host Application | Dilution | Source/Reference
Smash Smash Nerm g%’”ea IF 1:500 | Beati et al., 2018
DECadherin DCALRR rat IF 1.5 DSHB

. 1:1000, .
GFP - rabbit IF, WB 1:2000 Invitrogen A11122

Eghﬁsfﬁgnmyos'r - rabbit | IF, WB 1;‘;’8'00 Cell Signaling#36719
Dlg 4F3 mouse | IF 1:20 Hybridoma

Myc 9E10 mouse | IF, WB 1:200 Hybridoma

i Tub - mouse | WB 1:20 DSHB

Twist - rabbit | DAB 1:500 Rah et al., 1989
Lasp Lasp Nerm rabbit IF 1:4000 Suyama et al, 2009
GST - rabbit | WB 1:2000 | SigmaAldrich, G7781

2.1.3 Secondary antibodies

Table3: List ofsecondaryantibodies The antigen, name, host, application, dilution, and source of sacbndaryantibody

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

Antigen IgG | Host | Conjugate | Application | Dilution Source/Reference
guinea pig | goat AFA88 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, 10035003
mouse goat HRP WB 1:10000 Dianova, 11$35-068
rabbit goat HRP WB 1:10000 Dianova, 111035144

. . 1:50, Jackson ImmunoResearch

rabbit goat biotin DAB preabsorbed | Laboratories, 11065003

2.1.4 Other conjugates

Table4: List of other conjugates Theprotein or peptide, conjugateapplication, dilution, and source of eachnjugateis

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 | BioLegend405210
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2.1.5 Bacterial strains

For amplification of plasmid DNA, chemical competent MACHL1 of Déls were used.

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

2.1.6 Cell Culture

S2 cell line derived fromate-stageDrosophila melanogastembryocs was usedSchneider, 1972)

2.1.7 Plasmids

Table5: List of plasmidsPlasmid name, a short description, the source, and the cloning strategiichthe plasmigwere

generatedared A Sy ® a¢é¢ [ ¢hth Of2yAy3as aDé¢ I DIFGSégl @
. - Clonin
Plasmid name Description Source g
strategy
pPENTRD-TOPO Gateway Entry vector for TOPO coning Invitrogen -
pPENTRD-TOPO_Rok Entry vector containinghe CDS of Rok (®T, position 1906)| This Work T
PENTFD-TOPO_ROKCA Eg;r);;/)ector containinthe CDS of constitutive active Rok (] This Work T
PENTRD-TOPO_Rok Entry vector containinghe CDS of catalytic inactive ROKHK | -, .
o This Work T
K116 G, position 116)
PENTRD- .
TOPO_ATGurbolD Entry vector con.talnlr?g gart codon the CDS of TurbolD This Work T
and anAgel cloning site
Agel
PENTRD-
TOPO_TurbolD: Entry vector containinghe CDS of TurbolD:SmashPM Beati, 2013 -
SmashPM
PENTRD-TOPO_Ajuba | Entry vector containinthe CDS of Ajuba This Work T
Destination vector containing aiict5C promotera Gateway Drosophlla
pAMW . Genomics -
cassetteand anN-terminal 6x Myc tag
Resource Cente
Destination vector containing aiict5C promotera Gateway Drosop_hlla
pAGW - Genomics -
cassetteand anN-terminal GFP tag
Resource Centel
Vector for fly injection containing attB site foilC31 Drosophila
pUASEattB-rfA-eGFP mediated integration, UASp element, Gateway cassette, ¢ Genomics -
terminal eGFP tag Resource Centel
Vector for fly injection containing attB site forC31 Drosophila
pUASEgattB-eGFRTA mediated integration, UASp element, Gateway cassette, N Genomics -
terminal eGFP tag Resource Centel
Vector for fly injection containing attB site forC31 Drosophila
pUASTattB-eGFRfA mediated integration, UAST element, Gateway cassette, N Genomics -
terminal eGFP tag Resource Centel
pAGWSmashPM Expresses GFP:SmashPM under the control of Act5c pror Beatj 2013 -
pAGWRok Expresses GFP:Rok_mut under the control of Act5c prom( This Work G
pAGWROkCA Expresses GFP:RokCA under the control of Act5¢c promot| This Work G
pAGWRok K116 Expresse§SFP:Rok K116 under the control of Act5¢c promd This Work G
pAMW-Rok Expresses MyRokunder the control of Act5¢c promoter Peek, 2019 -
pAHWRok ExpressesiA:Rolunder the control of Act5c promoter Peek, 2019 -
pAGWRokCA Expresses GFP:RokCA undercihtrol of Act5¢c promoter | This Work G
pAGWRok K116 Expresses GFP:Rok K116 under the control of Act5c pron| This Work G
pAMW-Ajuba Expresses GFP:Ajuba under the control of Act5c promotel This Work G
pAWM-MCDS8 Expresses mCD8:Myc under the controhof5¢c promoter This Work G
pAWGMCD8 Expresses mCD8:GFP under the control of Act5¢c promotg This Work G

Ot 2yAy3s

aD!
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: I Clonin

Plasmid name Description Source g
strategy
Amersham
pPGEX4T-3 Cloning vector to express G&ifged fusion proteins Pharmacia -
Biotech
pGEX4T-3-Sgh Expresses GSHgh This Work GA
pWalium Expresses TurbolD-tdrminal tagged with V5 & -@rminal | Addgene i
UAS::V5:TurbolD:NES | tagged with NES under the control of UAS #116904
pAGW Expresses GFP:TurbolD:SmashPM fusion prateder the|_ .
TurbolD:SmashPM control of Act5c promoter This Work R.T.G
pAWGTurbolD Expresses TurbolD:GFP under the control of Act5¢c promqg This Work R, T,G
_;l)_tlﬁ)i:agitB-rfa-eGFP Expresses TurbolD:eGFP under the control of UASp This Work R, T,G
pUASpattB-eGFPfa- . . )
TurbolD:SmashPM* Expresses eGFP:TurbolD:SmashPM under the control of | This Work R, T,G
PUASpaltB-eGFRfa- Expresses eGFP:SmashPM under the control of UASp Beati et al., 2018 -
SmashPM*
pUASTattB-eGFRfa- ExpresseSmashPM Merminal tagged with eGFP under t . i
SmashPM* control of UAST Beati etal., 2018
PUASTAltB-eGFPfa- Expresses eGFP:SmashP{téih under the control of UAST| This Work G
SmashPM Merm*
PUASTaltB-eGFRrfa- Expresses eGFP:SmashPM mut utidercontrol of UAST This Work G
SmashPM mut*
. . - Lab stock
pBlueScript KG( Standard cloning vector containing an MCL. collection -
pScarlessH3fGFP Donor vector for HDR, contains sfGFP CDS and 3xP3:: i
dsRed selection marker flanked by PBac sites Addgene #8081]
pU6-BbstchiRNA U6 promoter drives expression of sgRNA Addgene #45944 -
SggﬁigmthNA U6 promoter drives expression of sgRNA, targets SmashH This Work R
pBlueScript Donor repair template containing sfGFP CDS flankeg This Work GA
SgRNA3_sfGFP* homologregions targeting SmashPM
EggﬁAb?CthNA U6 promoter drives expression of sgRNA, targets SmashH This Work R
Donor repair template containing the CDS of sfGFP whi
gi’éigﬁfﬁgi; flanked by homolog regionstargeting SmashPI/PJ | This Work GA
9 3xP3::dsRed selection marker flanked by PBac sites

* Plasmid map is shown the supplementry material
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2.1.8 Oligonucleotides

Table6: List of oligonucleotidesThelist contains names, sequences, and the purposh@fised oligonucleotides.

Name 5'- Sequence3’ Purpose
RokCA_F CCAGCTGGACGAGAAACTG Amplifies CACEROKCA + stop
RokC/AstopR TCAATTGAGGTCGCGTGCCCG codon
ROkKllGG: GTACGCCATGGGGCGGCTGTCC MutagenesisPCR to generate
ROKK116GR ACCTGGCTGGAGGACTTG PENTRD-TOPO_RoK116
TOPQATGTurbolDF CACCATGGCTAGCAAAGACAATACTGTG .
Amplifies AT&@urbolDAgel

Turbo:AgeR2 ACCGGTCTGCAGCTTTTCGGCAGAC
SmashPM:Agél TCCACCGGTGAGGCCACTGATCAGGAGGTC -~

AmplifiesAgel:SmashPM:Agel
SmashAgelR GAAACCGGTTTAGACGCAGCTGAACTTAATG
TOPQAjubaF CACCATGACCACCCAGCGGAC Amplifies CACEAjuba + stop
AjubaR TTATCCCATATACTGGTACGAAG codon
SghR2 GCCGCTCGAGTCGACCCGGGTTACTGCTCATCCTT GA
TOPGBmashPMF CACCATGGAGGCCACTGATC

SmashPM\-term R

TTATGGCTTGGTTGTCGCCTC

Amplifies CACESmashPMN-
term + stop codon

SmashPMnut F2

TGACAATGCGGCATCATCGAGACGAAAACGTG

SmashPMnut R2

AGGTTGTTCGCCGCCTCCTCTGGCTCCTCCTTC

Mutagenesis PCR to generate
PENTRD-TOPO_SmashPivut

SgRNAF CTTCGCAGCATGACCTCCTGATCAG Primers to generat@U6-Bbst

SgRNAR AAACCTGATCAGGAGGTCATGCTGC chiRNAsgRNA3

SGRNAZ HAF écécT:cT;ACé;GTGGCGGCCGCTCTAGAACTAGTGCGAA‘

SgRNAZ HAR CGCCCTTGGACACAGTGGCCTCCATATGGAGCTC

sgRNAZFGFAF TCCATATGGAGGCCACTGTGTCCAAGGGCGAGGA pBIu:g(r:?i?)rts_ ;Z gm‘gi‘:gﬁp

SgRNAZFGFR TGACCTCCTGATCAGTCTTGTACAGCTCATCCATG( GA

SQRNARHAF ATGAGCTGTACAAGACTGATCAGGAGGTCATGC

SGRNARHAR é(:g'(l;(cl:iéCGGTATCGATAAGCTTGATATCGGACGA

SgRNAF CTTCGATCAACGAAGCTCTTGAAT Primers to generat@U6-Bbst

sgRNAR AAACATTCAAGAGCTTCGTTGATC chiRNAsgRNA7

SfGFBgRNAF ACAGATCAACGAAGCTCTTGATGGTGTCCAAGGGC

SfGFBgRNAR AATAGCTTGCAGCGCCAATTTCTTGTACAGCTCATQ

SgRNATHAR2 TCCTCGCCCTTGGACACCATCAAGAGCTTCGTTGA]

SgRNARHAF CATGGATGAGCTGTACAAGAAATTGGCGCTGCAAG

SGRNATHAR _CI_-}CC;AACCTCCAGATCCACCAAGGGCGCAAGAGCTTC

SORNARHAF 2_?_:’(;5GTTCAGGAGGTTCCAAGGGCGAATTGGCGC‘ Primers to generateScarlessHD
sfGFRdIsRedsgRNADy GA

SGRNATZHAR ?C?AACCTCCAGATCCACCAAGGGCGCAAGAGCTTC

SGRNARHAF 'CA-}_IC_-}_I‘_I'C?GTTCAGGAGGTTCCAAGGGCGAATTGGCGC‘

SgRNA_.HAOHF ATACGACTCACTATAGGGCGAATTGAATTTAGCG

SgRNA.HAOHR ACCCCCTGAGCCGCCGGAACCTCCAGATCCACCA

SgRNARHAOHF GGGTCGGGAGGTTCTGGTGGTTCAGGAGGTTCCA

SgRNA RHA OH R

TTAACCCTCACTAAAGGGACTAGTCCTGCAGGTT
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Name 5'- Sequence3' Purpose
TurbolDF1 GCTAGCAAAGACAATACTGTG
TurbolDF1seq CGTGAAGCTGATCATTGGGG
SmashPMr1 GAGGCCACTGATCAGGAGGTC
SmashPMrlseq TGATTTGGGGATCGGAACCA
SmashPMr2seq CATTGTGTGCACCTAAGCCA
SmashPF1 GACAAGGCACAACATCCACAGAAG
SmashPF2seq ATCTTTTACTCGGGCCTGGA
SmashPF3seq GATAAGATCCGGGAGCAGGG
SmashPF4seq AGCAAAAGCGCAAATCCATG
RokCAseqF1 GGGACGTTAAGCCGGATA
RokChseqF2 GAGTCGAAGGAGGCCAAT
RokseqF3 GCCGATCAGCATTCTCAG
RokseqF4 ACAAGTTCAACCAGCTGC
GSTseqF ACCCATCCTGACTTCATGT
SghColR CGTGCAGATCCTCCTTCTC
AjubaseqF GTCTGGATCTCAATGCGCTG

Sequencing

Exon%eqF GGCCATCAATTTCCGACA
Exonl7seqF GCAGGTTCCAGACAATCG
SmashPI/PgenomeF CACCTCATCCCACCCTAC
SmashPIl/PgenomeR TCTGTGGATGTTGTGCCT
SmashPMyenomeF CGTAGGAGTTCGGTGTCA
SmashPMyenomeR CTCCTGATCAGTGGCCTC
GFPF TGAAGTTCATCTGCACCACC
GFR GTGTTCTGCTGGTAGTGGTC
GFPsegF GTGAGCAAGGGCGAGGAGCTGT
GFPsegR CTTGTACAGCTCGTCCATGCCGA
eGFRseql CAAAGACCCCAACGAGAAGC
eGFRseqF2 CATCGACTTCAAGGAGGAC
sfGFRseqF ATGACGGCACCTACAAGA
sfGFRseqR ACGTTGTGGCTGTTGAAG
M13F TGTAAAACGACGGCCAGT
M13R GGAAACAGCTATGACCAT
2.1.9 Kits

PiercEMBCA Protein Assay Kit

Nucleo SpifiGel and PCR Cleap kit

PENTRYD/TOPGM cloning kit
Q5 SiteDirected Mutagenesis Kit

Thermo Fisher Scientific
MACHERENAGEL
Thermo Fisher Scientific

New England Biolabs

GeneArtMGibson Assembly Hifi Master Mix Thermo Fisher Scientific

GatewayMLR Clonas¥ || EnzymeMix

NucleoBond XTra Midi Kit

Thermo Fisher Scientific
MACHERENAGEL
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2.1.10 Imaging systems
LSM 880 Airyscan

LSM 980 Airyscan 2
Binocular Stemi 2000

Axio Imager Z1

2.1.11 Technical devices
ChemoCam Imager
Mastergycler

Turbo Cycler

Incubator Function Line
Incubator HT Minitron
Centrifuge Z 216 M
Centrifuge Z 446 K
Nanophotometer P330
Thermomix Comfort

Biophotometer

2.1.12 Software

Geneious Prime® 2023.0.4

Fiji Image2.9.0
Zen Black 2.3 SP1 FP3
RStudio 2023.03.1

IBM SPSS Statistics 29.0.1.0

BioRender

Perseus 1.6.15.0

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

Intas Science Imaging
Eppendorf

Blue-Ray Biotech
Heraeus

Infors

Hermle

Hermle

Implen

Eppendorf

Eppendorf
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2.2 Methods

2.2.1 Fly work

2.2.1.1 Fly breeding

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

in a cage at 25 °C, where theydltheir 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 509

. NBsSNDa 8188 i

Soy flour 95¢

The bllowing 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 4% pnbpionic acid and 150 noff
10 % Nipagin. Distribute food into vials.

2.2.1.3 Apple agar plates

Agar Agar 2049
Sugar 85¢g
Apple juice 170 ml
HO 500 ml

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

plates at 4 °C.

2.2.1.4 Gal4UAS System

The Gal4JAS system is a twapmponent systemthat was originally derivel from yeast. It was
adapted toDrosophilao drive ectopigtissuespecificgeneexpression(Brand & Paimon, 1993) This

system consists of the Gal4 transcriptional activator and its binding site, tlalleol upstream
activation sequence (UAS). A specific promoter drives the expression of Gal4. The Gal4 protein binds
to the UAS and thereby it can dool the transcriptional activation of its downstream targ@&rand &
Perrimon, 1993)Depending on the used promoter and the UAS elendAST or UAS(Rarth, 1998)

the expession of the target gene can vary in strength, perardl localization. IDrosophilaflies 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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2.2.1.5Fly crossing

For the TurbolD proximity labeling assay, the following fly crosses were set up:
1. z;;P{matalphadGALVP16}V3& d w; UASp::TurbolD:eGFP
2. z;;P{matalphadGALVP16}V3&d w; UASp::eGFP:TurbolD:SmashPM
3. z;;P{matalphadGALVP16}V3&d w; UASp::eGFP:SmashPM

F, embryos were used for the assay.

For overexpression experiments in the follicle epithelium, the following crosses were set up:
1. ztj:G4 xd UAST::mCD8:eGFP ;
2. z1:G4xd ; UAST::eGFP:SmashPM
3. z1j:G4 xd ; UAST::eGFP:SmashPMekn
4. z1:G4 xd ; 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. z hsflp;;act<CD2<G4kUAST::mCD8:eGFP ;
2. z hsflp;;act<CD2<G4dk; UAST::eGFP:SmashPM
3. z hsflp;;act<CD2<G4dk; UAST::eGFP:SmashPMekin
4. z hsflp;;act<CD2<G4dk; UAST::eGFP:SmashPM mut

The adult female offspring of these crosses were tstaicked at 3°C for 10 minutes in a water bath.

One day after heashocktreatment, ovaries were dissected.

For the generation of germline clones, the FLP/BR® system(Chou & Perrimon, 1992yas used.
This system is based on a recombinant flippase (FLP) that originateS&aharomyces cereviside.
targets specific DNA regions,-salled flippase recognition target (FRT) sites, mediatingdéiteted
recombination during mitosis. This system often uses a -8hatk (hs) promoterenabling the
controlled induction of mitotic recombination. In combinai with the germlinedependent female
sterile ovd® mutation, it is possible to create homozygous mutant germline clones. In this study,
females carrying theva®? mutation were usedBusson et al., 1983Yhe expression of the flippase
was induced by heathock treatment of+ L2 larvae at 37 °C for 2 h in a water bath on two consecutive

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

F: z h xd h - ; hsflp

R:z = h ; hsflp xq —n

F> generation was used for analysis.


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

Early blastula stage embryos were used for injection. Embryos were dechorionatedshsodium
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 wivOLTALEF Oil 3S (Samaro). Using fine glass
capillaries, DNA was injected into the posterior pole of the embryos. For attP site recombination, 400
ng/ul plasmid was injected. Fohe CRISPR/Cas9 approach, 100 ng/ul sgidtor and 500 ng/ul

donor vectorwere injected.

2.2.1.7 Live imaging of embryos

For live imaging, embryos were dechorionated with 86 sodium hypochlorite for 45 seconds.
Embryos were left in water until they were arranged for imaging to prevent them from drying out.
Embryos were arrangkon 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 betiiescover slip andhe slide. Embryos were

imaged at 21 °C. Tirdapse live imaging was performed ussmgEISS Axio Imager Z1 microscope.
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2.2.2 Molecular biology

Molecular methods were performed according to standard protocol.

To clone the TurbolD coimscts forthe biotin proximitylabelingassay, the sequence of TurbolD was
amplified frompUASV5 TurbolDNES (Addgene plasmid #116904th the addition of & N-terminal
CACC tag for TOPO cloning andtar@inal Agel restriction site. The obtained seque for TurbolD

with additional tag was introduced into the pENTRD-TOPO cloning vector using the
PENTRYD/TOPGM cloning kit. The sequence of SmashPM was amplified by using primers that flank
SmashPM with Agelestriction sites. pENTB-TOPGTurbolDAgel and AgebmashPNAgel were
digested with AgelThe csired fragments were gel purified and used for ligation. The vector pENTR
D-TOPGTurbolDAgel and pENFB-TOPO_TurbolD:SmashPM were used for LR reaction to insert
TurbolDAgeland TurbolD:SmashPManthe desired destination vectors.

For overexpression experiments in follicle epithelighe, CDS of SmashPMtdfm and SmashPM mut
were cloned intothe pENTRD-TOPO cloning vector. pPENDROPO_SmashPM and pEMNFR
TOPOMCD8were available in the lab sti collection. pENFB-TOPO_SmashPM was usedaas
template for mutagenesis PCR to generate pERATRPO_SmashPM mut. The origin sequence
encodes EEFONNLDNVKSS. Codons encoding amino acids highlighted in red were mutaserta
way that the respective amo acid residues were replaced by alanine (A). The corresponding primers
can be found inTable6. To generate pENTRTOPO_SmashPMtBrm, pENTHED-TORD _SmashPM
was used as template to amplify SmashPM-ftdrm with corresponding primers (se€able 6).
SmashPM Merm comprises the first 1929 bp of SstdPM. An additional stop codon was added at the
end of the sequence. pENTRTOPO_SmashPM, pENIHROPO_SmashPM-tskm, pENTHD-
TOPO_SmashPM muaind pENTR-TOPO_mCDS8 were inserted inte desired destination vectors

by using LR reaction.

To generate ain-frame sfGFP knoek insertion line, a homologgirected repair (HDR) CRISPR/Cas9
approach was used. For this purpose, three components were needed: the Cas9 enzyme,-a target
specific sgRNAnd a donor repair template mediating the sifiirected insertion. To supply the Cas9
enzyme, nos::Cag@SA expressing embryos were used for injection of the sgRNA and the donor repair
template. For the selection of a suitable sgRNA, the Optimal Targg oo(Gratz et al., 2014yas

used. ThevasaCas9 line (BL# 55132d¢nome was used as reference. Natural occurring single
nucleotide polymorphisms (SNPs) can lower the target efficiency of the sgRNA. Thus, the target region
in the nos::Cas9nSAfly strain was checked for SNPs. No SNPs were @etembmpared tothe
reference genome. As a sfGFP knwckor both isoforms SmashPM and Smashi®bs desired, two
different sgRNAs were generated. Since sfGFP should be introduced close to the start of the coding
region, the respective sequence informatioabout both isoforms \as pasted separately into the

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

o begin with aGto optimize U&driven transcription

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

As depicted inFigurel14, the sgRNAs were inserted intbe pU6-BbsichiRNA vector via the Bbsl

restriction sites according to the protokdescribed ifGratz et al., 2015)

DmUE promater Bhal sites chiRMA  UB terminator
Y \ / /
oo —//—ﬂ\[I:‘—//—
_.-'—"" h—‘_""h—-..

—-—— v _"‘-—-..
5¢ = PATGITITCCTCAATACTICGEETCTICGAGARGROCT bﬂl TAGAGCTAGARATAGCAAGTTARRATARGGC PAGTCCGT TATCAACT TGARAARGTGECACCEAGTOGGIGCTTTTET ~3
PIVETLRTLCLEERTT LR ELLE] II I PEELECER L LRV LR EEE L LR TR T IIII I
3’ = ATACARARGOAGTTATOAACCCORIARGL PGORCAAAN T CTCOATE TTEATCOT TOAR P T TAT T COATCAGGCAATAST TOARD TTTTTCACCGTOOCT CAGCCACGARRRAR 8"
A A
‘lrﬁbs

GTTITAGAGCTAGARATAGCAAGTTAAAATARGGCTAGTCCOT TATCAACT TOAAAAAGTOGCACCOROTCOBTOCTTTTTT =37
JELLLEREL TR LR LT e L PEE LR TR TP

ATCTOGATCITEATCGE TOAR P TT TATTC COATCAGGCARTAGT TGARC ITT T TCACCGTGGCT CAGOCACGARRRAR -5

¢ add insert
- erTC

-3
[Ny
3= s

AARL =87
¢ ligate
(.‘il T1 CAACT TG AL (.‘i-ntv'r.' 3T O

- TORAARARGTGGE G
IIIIIIIIIIIIIIIIIIIIII IIIIIIIIIIII IIII III [ IIIIIIIIIIII [T
LA CARAATCTCOATCTTTATCGTTCAAT TTTAT TCCGATCAGGCAATAGT TOAACT TT TTCACCGTGACTCAGCCA

SITETTT =37
[1111]

|1
CORRARAR =5

Figure14: Cloning procedure fothe pU6-chiRNA vectorpU6-chiRNA contains a DmU6 promoter, a Bbsl restriction site, a
chiRNA sequencand an U6 terminator. The Bbsl restriction sites are used to insert the sgRNA sequence into the vector
backbone(source: flycrispr.org)

For this purpose, primers need to be ordengg@hosphorylatedThey were designed as described in

the following tempate:

sense oligo: p-ZTTCGELI nt)-0 Q

antisense oligo: 0@ (19 ntiICAAApP Q

Example:

genomic sequence: p-YBATTACCGCTATCAGGTAGD W
sense oligo: p-ELTTGATTACCGCTATCAGGTACET
antisense oligo: 0 CTAATGGCGATAGTCCGTGBEp Q

For reasons dfimplicity, only the sgRNAs leading to a successftdime sfGFP knoek will be further

mentioned.



Material & Methods | 36

For sfGFP tagging of SmashPM, following sgRNA was chosen:
Location:chr3R:4698577..4698599strand, O off targets (high stringency)
Selected targetsgRNA3

CAGCATGACCTCCTGATCAGTGG

Sense oligo: 5-CTTGCAGCATGACCTCCTGATEAG
Antisense oligo: 3-CGTCGTACTGGAGGACTAGAES'

For sfGFP tagging of SmashPI, following sgRNA was chosen:
Location: chr3R:4708163..4708185, + strand, 0 off Targetsgtriggency)
Selected targetsgRNA7

GATCAACGAAGCTCTTGAATTGG

Sense oligo: 5-CTTGATCAACGAAGCTCTTGARAT
Antisense oligo: 3'-CTAGTTGCTTCGAGAACAFASL'

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 Dikéstexl fromvasaCas9 flies (BL.
#5132). The pScarlessHGFRIsRed vector was used in combination with sgRNA7 and its respective
homology arms, while pBlueScripti$gctor was used in combination with SgRNA3 and its respective
homology arms.The pScarlessHISfGFRiIsRed vector contains a sfGFP cassette and an additional
dsRed marker cassette fdre identification of positive flies. After identification of positive flies, the
dsRed cassette was removed and a sfGRRume insertion remains. Herenly the homology arms

were inserted into the already existent vector backbone. In contrast to this, the multiple cloning site
(MCS) of pBlueScriptkBfias used to insert a sfGFP cassette flanked by the homology arms. Positive

flies were identified as desibed in(Kina et al., 2019)ia genotyping.

Both vectors, pScarsHDBsfGFRIsRed and pBlueScriptkS{vere digested with EcoRI. The homology
arms were amplified with appropriate primersreating overhangs necessary for Gibson assembly. In
addition, the sequence of sSfGFP was amplified with appropriate priroegating overhangs to insert

it into the pBlueScriptKg(flanked by the homology arms. pScarlessfibBFRIsRed was assembled
with the two homology armswhile the pBlueScriptK$(was assembled with sfGFP flanked by the

homology arms. Primer information can keufid inTable6.

In a final step, nos::Casf8SA(Poernbacher et al., 201®xpressing embryos were injected with

following vector combinations:

1. pU6BbsichiRNA sgRNA3pBIlueScriptk9( sfGFP_sgRNA3
2. pU6-BbsichiRNA_sgRNA7pScarlessHBfGFRIsRed _sgRNA7

Plasmid maps can be found in thgplementry 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 sragzen in liquid nitrogen. Embryos were homogenized in

1 mlof ice-cold RIPA lysis buffer (50 mM FHECI pH 8.0, 150 mM NaClI5®b6 sodium deoxycholate,

1 % NP0, Q1 % SDS) freshly supplied with protease inhibitors (Pepstatin, Pefablock, Leupéptin an
Apraotinin, 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. Thetpno concentration was determined by using the
PiercéMBCA Protein Assay Kit. 2 ofgorotein in 1 miof buffer was used for the assay. Protein lysate

was incubated for 1 h at 4 °C with 50 pl equilibrated Pigt&reptavidin Agarose (Thermo Fisher
Scierific) beads. After incubation, beads were washed as follows: 1x with RIPA lysis buffer, 3x with
wash buffer 1 (50 mM THACI pH 8.0, 150 mM NaCl1 86 NF40), 2x with wash buffer 2 (50 mM Tris

HCI pH 8.0, 150 mM NaClk0nM EDTA). After the last washe buffer was completely removed and

the beads were resuspended in 50 ul elution buffer (2 M Urea, 50 mMHQipH 8.0, 5 mM DTT).

50 ngof trypsin (provided by CECAD Proteomics Facility) were added to each sample. Samples were
incubated for 30 mintes at RT while shaking gently. Next, 50 ul digestion buffer (2 M Urea, 50 mM
TrisHCI 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 centrifug@dfiorutes at 2500 x g

and the supernatant was transferred into a new tube. Additional 50 pl 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 Proteontiesility) 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 purificatodiag

to the protocol provided by the&CECAproteomics 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 agapple juice plates, dechorionatedand snagfrozen in liquid
nitrogen. Embryos were homogenized with a pistil in 500 ptald TNT lysis buffer (50 mM Tris HCI

pH 8.0, 150 NaCl, 1 % Tritorl 00, 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 storeB0atC until proceeding.
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2.2.3.3 Protein extraction from S2 cells

Cells were transferred frorthe 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 resuspeadn 500 p- 1 ml TNT lysis buff¢50 mM Tris HCI

pH 8.0, 150 NaCl, 1 % Tritor1Q0, proteinase inhibitors were added freshly before use). The samples
were kept on ice for 30 minutes amgntly mixed Next, the cells were centrifuged for 10 minutes at
13000 rpm at 4 °C to remove the agdibris. The supernatant was transferred into a fredhrl tube.

The samples were directly processed or they were store8@&fC until proceeding.

2.2.3.4 Determination of protein concentration
The protein concentratioof a lysatevas determined withtie PiercéBCA Protein Assay Kit (Thermo

Fisher Scientific) accordingtioe Y I y dzF I Ol dzZNBENR& LINR (G2 02t o

2.2.3.5 Immunoprecipitation

Immunoprecipitation (IP) was performed either on emhmor S2 cellysates. Protein lysates were
adjusted to 05 -1 mg potein in 500 pl lysis buffer supplemented with proteinase inhibitBefore IP,

15 ul input sample was taken from the lysate. For IP, 15 Te&i@®beads (Chromotek) were used
according tahe Y I y dzF | O (i dzNIShidipkes wel R dililshi®®fdr- 1 ¥4h at 4 °C under rotation.
Samples were centrifuged at 2500 x gZaninutes at 4 °C and the supernatant was discarded. Samples
were washed three times with lysis buffer. Afterward$, pl 2x SDS loading dye were added to the
input samples and théeads. 8mples 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 TrisHCI pH B

3 mM EDTA

0.05 % Bromophenol blue

10 % -Mercaptoethanol

5 % SDS

20 % Glycerol
2.2.3.6 SDSPAGE
Sodium dodecyl sulfate polyacrylamide gel electrophoresis-BHIEE) is used to separate proteins
based on theimolecular 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 chargemtie. Their migration speed
dependson 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 dgbaitggher & Wiley,
2012; Walker, 2002)
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Gels were loaded with protein ruler and sampsepplied with 2x SDS loading dyidey were run in a

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

1x SDS running buffert92 mM Glycine

25 mM Tris

0.1 % SDS
2.2.3.7 Western blot
After SDSPAGE, separated proteins were transferred onto a nitrocellulose membrangesyern
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 stheing transferred onto the nitrocellulose
membrane. A successful transfer was confirmed by Ponceau S staining. Next, the membrane was
blocked for 3660 min in Western blot blocking buffer under slight agitation. Afterwards, the
membrane was incubated owight at 4°C with the primary antibody Western blot blocking buffer.
Western blot blocking buffer containing 3 % BSA without skim milk powder was used when a

phosphospecific antibody or a streptavidiased conjugate was used for detection.

On the nexday, the membrane was washed three times forlB)minutes with TBST while shaking.

Then, it was incubated with the secondary Hi®Rjugated antibody for 2 h at RT under soft agitation.

The membrane was washed again and the proteins were detected byiag@ chemiluminescent
reagent (BM Chemiluminescence Blotting Substrate (POD), Boehringer/Roche Diagnostics). The signal

was detected with the ChemoCamlmager 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 % Tweer20
Blocking buffer: 3 % Skim Milk Powder
1% BSAin TBST
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2.2.3.8 Purification of GSTagged proteins

BI21E. colibacteria weretransformed with a vector expressing the protein of interest tagged with
GSTag. 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
= 06 was reached. Protein expression was induced by addity mM Isopropy¥ -D-
thiogalactopyranosidIPTG 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 nitrogenh@& frozen pellet was resuspended in 5 mL Hpsifer (50mM
TrisHCI, pH8.0; 100 mM NaCl; 1 mM EDTA; 1 mM EGTAMEDTT, Pefa Block, Leupeptin, Pepstatin,
Apotinin, lysozyme [1 mg/mL]). Samples were incubated for 1 h on ice. Samples were sonicated on ic
A Bandelin Sonoplus HD 2070 sonicator was used with the following settings: 80 % intensity, cycle 7,

6 x 10 sec pulsand a20 sec cooling period in between.

Triton X100 was added to a final concentration of 1 %. Samples were gently rotated for Gemat

4 °C. Samples were centrifuged at maximum speed for 30 min at 4 °C. The supernatant was transferred
into a fresh tube and incubated with 50 uL equilibrated Pi€f¢dutathioneAgarose (Thermo Fisher
Scientific) for 1 h at 4 °C under rotation. Aftards, samples were centrifuged for 5 minutes at 2500

x g and the supernatant was again transferred into a fresh tube. The supernatant can be st&@d at
°C and reused again. The beads were washed 4x in 1 mL wash buffer (50 +Hi I Tpid ®; 300 mM

NaCl, 1 mM EDTA, Leupeptin, Pepstatin, ApotinmMbDTT). Samples were centrifuged each time at
500 x g for 5 min. Proteins were eluted from beads 4x with 50 L elution buffer (50 mM Tris, 300 mM
NaCl, 1 mM EDTAmM EGTA, 20 M glutathione pH7.5, Leupeptin, Pepstatin, Apotinin,/BM DTT).

After each elution steghe eluate was transferred into a fresh tube. Eluate was frozeB@fC. Pooled
eluate was concentrated to 1 mg/mL withvaspit®20 1000 MWCO PES (SARTORIUS) accorttieg to
manufactuS NR& LINR G202 @
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2.2.3.9Kinase assay

For the kinase assay, Gtgged proteins were expressed in S2 cells as described in s@idn?.

Protein lysates were prepared as described in secBdh3.3 In addition to proteinase inhibitors,
phosptatase inhibitos t A SNOSu t K2ALKF GF 4SS LYKAOAG2NweseAyA ¢
added to the lysis buffer. IP was performed as described in se2t®.5 After the last washing step,

one additional washing step with kinase buff&0(mM Trs-HCI| pH 7.5, 5 mM MgCil mM DTT,
protease inhibitorywas performed. Kinase buffer was completely removed fromi@&fFbeads. For

the kinase assay, all samples were covered with 17 pl kinase buffer and 1pl of GST:Sgh (1 pg/ul) was
added to each sampl&Vhen all tubes were prepared, the reaction was started by addingAd’ R mix

(0.3 pl 10 mM ATP and 1.7 ul kinase buffer per sample). Samplesinetgatedat 30 °C for 30
minutes. Samples were centrifuged at 2500 x g for 2 minutes at#heCeipernatant was transferred

into a new tube. 20 ul of 2x SDS loading dye was adddédetbeads andhe supernatant. Samples

were boiled for 10 minutes at 98 °C and subjected to-BBSE antlVesternblot analysis.

2.2.4 Cell culture

2.2.4.1 Cultivation of S2 cells

S2 cells are immortalized cells derived frBmosophila melanogastdate-stage embryos (Schneider,
1972). They were grown at 26 °COrosophilal K y' S Anfe@usilplife technologies) supplemented
with fetal bovine serum (FBS, 10%) and antib®(b0 U Penicillin, 50 pg/ml Streptomycidgliswvere

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. e transfection was performedn a 6-well plate. Each well contains 1¢1¢ells /

1 mlof medium. A total of 3 ml was used. FUGENE® HD transfection reagent (Promega) was used. The
transfection mix contains 2 pg of each plasmid supplemented with 8 pl FUGENE® (1:4 DNA:FUGENE®

ratio) in atotal volume of 150 pl. Cells were incubatied 72 h at 26 °C podtansfection.

For the TurbolD proximitiabelingassay, cells were supplemented with a final concentration of 50 uM

biotin.
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2.2.5 Histology

2.2.5.1 Formaldehyde (FAfjxation of embryos

Embryos of the desired genotype were dechorionated with% sodium hypochlorite for 3 minutes.

The embryos were washdtoroughlywith 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 metha?@I°&t until
proceeding with immunofluorescence staining. Critical Ifnstgs were directly processed without
storage in methanol. This includes the usé g@hosphomyosin light chain antibody atiee IFstaining

of Ajubagermline clones.

2.2.5.2 Paraformaldehyde (PFA) fixation of embryos
Because some antibodies are sensitiv methanol paraformaldehyde fixation was used insteafd-A
fixation. The procedure is the same. Methanol is replaced by 8étanol 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 PBS % (PBS +10% Triton X

100). Next, they were blocked for 30 minutes in blocking buffer (PBE¥% 65 % Normal Horse Serum
[NHS]). Embry®were incubated overnight at 4 °C witie primary antibody in blocking buffer. The
next day, primary antibodies were discarded. The embryos were washed again three times for 10
minutes with PBSTxD%. Then they were incubated for 2 h at room temperatwith secondary
antibodies conjugated to a fluorophore in blocking solution. Subsequently, the embryos were
incubatedfor 20 minutes in PBSTx10% containing Hoechst dye (1:1000) followed by two washing
steps for 10 minutes in PBST% 8. Embryos wereoninted in Vectashiel@Antifade Mounting Media

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

Embryos were fixed according to the protocol for FA fixation of embryos. After fixation, embryos were
wasled three times for 20 minutes with.1 %PBSTx. Embryos were blocked in blocking budiér %o

t . {¢CE b p 2 bl{0 F2N ™M KWistARid bldking bufiet(NED) okeyh@lizd I (i S R
at 4 °C under slight agitatiohe rext day, embryos were washed three times for 20 minutes with
01% . { ¢CE® 9YONRB2a& ¢ Sahfi-bictirysGodmmaninsbidyis A1%4&PBSTx for 2 h

at RT under slight agitation. Embryos were again washed three times for 20 minut€s WRPBSTX.
VECTASTAIN® ABRP Kit was used to detect the biotinylated secondarybody. 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. Embrgos washed three times for 15 minutes

with 0.1 %PBSTx. Embryos were transferred into a rauéil plate and the remaining solution was
discarded. 160 of PBS, 401 of DAB and 4 of H,O, (0.1 % were added to the embryos to start the
reaction. To stophe reaction the solution was discarded artde 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 IeB®iere transferred into

a 1.5 ml tube and fixed for 10 minutes in 4 % FA at RT under slight agitation. Afterwards, the tissue was
washedthree times for 10 minutes in PBSTX3 % Next, samples were blocked for 30 minutes in
blocking buffer (PBSTX3 %+ 5 % NHS). The tissue was incubated overnight at 4 °Gheighimary
antibody in blocking buffer. The next day, primary antibodies were discarded. The samples were
washed again three times for 10 minutes with PB&Bx% Then they were incubated foriL at RT

with secondary antibodies conjugated to a fluorophore in blocking solution. Subsequently, the samples
were incubatedfor 10 minutes in PBSTX3 %containing Hoechst dye (1:1000) followed by two
washing steps for 10 minutes in PB81% Ovariesand imaginal discs were mounted in Vectastield

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 this,analdata

was uploadedin Perseus.Categorical variables were removed, LaBade Quantification (LFQ)

intensity values were ledransformed, intensity Based Absolute Quantification (iBAQ) intensity values

were -logio transformed. Technical replicategere annotated as group Data was filtered based on

values appearing in at least three out of four replicates in at least one group. Missing values were
imputed fromthey 2 NXY' I £ RA & (0 NR& 0 dzii A 2 yteBt werb petformed wsiRy standalzR Sy (1 Q &
paramders (FDR = 0.05 and SO = 0.2) for statistical analysisffCines were modulated by FDR and

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

3.1 smash®™2 null allele mutant embryos show early morphogenetic
defects

Multiple aspects of morphogenesis rely on actomyosin contractilityich is regulated by a complex
protein interaction networklAgarwal & Ziael-Bar, 2019; Miao & Blankenship, 202BYevious work
identified the LIM domaiftontaining 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 smask®™? null allele mutant embryaswhich show severe, in most cases lethal,
morphogenetic defects. Despit these severe morphogenetic defects, some embryos survive and
develop until adulthood, revealing a highly variable phenotihp# is not fullypenetrant. A detailed
phenotypic analysis ofmask®™? mutants is required to improve our understanding of Smash
function. To investigate the variability and penetrance of the mutant phenotype, the embryonic
morphology ofsmask®™? mutants was obsena throughout all developmental stage$o better
visualize the structure of the embryaggs;Twist staining labeling the mesoderm was perfornmeigure

15 gives an overviewof the variability of thesmask®™? mutant phenotype in different embryonic

stages.

A fraction of embryos showed a Wike appearance. The other fraction consisted of abnormal
embryos showing defects already very early during morphogenesis. During eatbyyonic
developmentstagess-6, Twist stainingvas frequently irregular and appeared in a speckled pattern
the ventralside of the embrys compared to W1like embryos.A fraction ofthese earlyembryos
appeared to have problemim ventral furrow formationwith the invagination procesbeingonly
partially completed (9/18 embryashowed the described morphogenetic defécBuring stages-8,

the rapid phase oflerm bandelongation takes place. Althougimasi®™?embryos looked abnormal
because of the irregularwist staining12/23 stage embryosperm bandelongation appeared to be
initiated. In stages-40,germ bancelongationwas almost completgevealing that abnormal embryos
were able to stretch theigerm band Nevertheless, the mesoderm was often not fully invaginated
(20/37 embryos). In stagell-12, most of the analyzed embryaiperficiallyshowed a WHike
phenotype (14/17 embryos). Later embryonic stages-1&3 usually showed a strongly defective
morphology, for example, irregular segmentationtbhe formation of abnormal, additional furrows
(23/47 embryos shoed morphogenetic defects). A lethality assayealed that only 9 % (n = 277) of
smash®™2 null mutants reached the larval stage, whereas no increased lethality was observed in

zygoticsmask® mutants (seesupplementry material for further details).
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Stage 5 Stage 6-7 Stage 7-8 Stage 9-10 Stage 11 -12 Stage 13 - 16

WT-like

abnormal

Figurel5: Phenotypic analysis amash3>mzmutant embryos.Using single embryos as example, the phenotypic variability sfast35mzmutant embryos is shown in different embryonic stages. Arrows
point to mesodermwhich was not completely invaginated. Stages indicated above the panels. Staging was performed accordif@gteposOrtega & Hartenstein (1997Embryos were stained with-

Twist antibody. Scale bar: 100 pm.
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3.2 The phosphorylation of Sgh is strongly reduced upon loss of Smash
Morphogenetic déects occurring ismask**™?mutant embryos raise the questioWnhat is the reason
for these defects? Previous studies showed that actomyosin contractility is redusechsft>>™znull
mutant embryos (Beati et al., 2018). Since actomyosin contradslitggulated by the amount of
phosphorylated Sqgh(Vasquez et al., 2016yasquez et al.,, 2014)we tested whether Sgh
phosphorylation is affected ismash**™?mutant embryos.The frst evidence for this waalready
shown inPeek (2019)Inw!!*®embryos, which we used &8T referencemembraneassociated Smash
was detected using an antibody against théelkminus of Smash. The membraassociated Smash
signalco-localized witlphosphanyosin and=Cadherirsignals [Figurel6). Incontrast, he membrane
associated signal of Smash was abolishexiash®™?mutant embryos Instead, a speckled pattern
appeared that was later found to be caused most likely by emeastivity of theh -Smash Nerminal
antibody withWolbachiabacteria present in themasli*® mutant fly stock Moreover, the amount of

phosphorylated Sgh was dstically reduced ismask*™2embryos compared to WFigurel6).

Phosphomyosin Smash N-term DECad Merge

WT

smashA35m/z

Figure16: Phosphomyosin signal is reduced smash3>™zmutant embryos compared to WTOptical sections above the
ventral midline of stage 8 embryos are depictédtibodies used for IF staining are indicated above each p8nale bar: 20
pm.

Although thesmask® embryonic phenotype add 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 themask® mutation, residual Sgh
phosphorylation was detected. This was correlated with a weak expression of Smash, most likely of
zygotic origin Figure Sl). A strong reduction of Sgh phosphorylation only occurs in the complete
absence of Smastrigure16). In conclusion, the loss of Smash leads to a strong decrease in Sgh

phosphorylation.
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3.3 Smash does naaffect the phosphorylation of Sqgtin vitro

The strong reduction of Sgh phosphorylatiorsmask**™?mutant embryos is a plausible reen for

the observed morphogenetic defects. Nevertheless, the question remihg:is there such a strong
decrease in Sgh phosphorylation level? It was shown that Smash directly interacts wifRde&k
2019) Rok is responsible for Sgh phosphorylation, thereby activating actomyosin contréétitigno

et al.,1996; Amano et al., 2010; Verdier, Guang Chao, et al., 2B@8¢over, it has been shown that
Shroom, another Smash and Rok binding partner, directly affects Rok a@tighymura & Takeichi,
2008; Peek, 2019; Zalewski et al., 20T@)us, a potential mechanishy whichSmash might modify

Sgh phosphorylation level is to act on Rakaseactivity, maybe together with Shroom. To test
whether Smash has a direct effect on Rarkaseactivity, anin vitro kinase assay was establishi&

which the kinaseactivity of different Rok variants was investigated in the presence and absence of
SmashFor this purpose, fulength GFP:Rok, constitutively active GFP:RokCA, and catalytically inactive
GFP:Rok K116 were-empressed in S2 cellgtleger with GFP:SmashPM or GFRasntrol. Rokkinase
activity was measured by the amount of phosphorylated Sgh. The contribution of Shroom was
neglectedn this experimentRespective input samples are depicteigure . Distinct bands in the
presence of constitutively active GFP:RokCA andefudith GFP:Rok were detectégigurel?). As
expected, he 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 cant@bmparing the band intensity
between samples containing GFP or GFP:Shiddither in the presence of GFP:RokCA or GFP:Rok,
no significant difference was observed. In conclusion, this assayleeveaat Rok kinase activity is

independent of Smasim vitro.

a-Phosphomyosin | s s s

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

GST:Sgh  + + + + + + + +

Figurel7: Smash does not affethe phosphorylationof Sghin vitro. Anin vitrokinase assay was performed to test whether
Smash affects Rok kinase activity. Sgh phosphorylation was used to estimdtm&saactivity. GFP:RokCA, GFP:Rokl
GFP:Rok K116 were-egpressed either with GFP:SmashPM or GFP in S2 cell clitlerénase assay was performed after
enrichment of GFagged proteins from cell lysate
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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 protin localization often leads to morphogenetic defe@#der et al., 2003; Simdes et al.,
2010; Wodarz et al., 2000Beati et al. (2018) and Peek (2019) demonstrated that the subcellular
localization of Baz, Chand Sgh was altered duringerm bandelongationin smask**™? mutant
embryos whereas Rok subcellular localization was unaffected. The opposite way around, the loss of
Baz, Cno, and-&ctin led to an abnormal distribution of Smash. The effect upon loss of Sgh or Rok on
the subcellular localization of Smabkhsnot beeninvestigatedyet. 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
duringgerm bancelongation For this purposeRoK germline clones were generated to determine the
subcellular localization of Smash. It was reported that the subcellular localizationaskéciated
proteins such as Baz andCatenin was disturbed irRoK germline clone (Simdes et al., 2010)
Therefore, we also investigated the subcellular localization -Gfaéherin another Ahssociated

protein. WT embryos were used as control.

The epithelial architecturén Rok embryos was strongly defective in comparison to WT embryos. The
typical, very regular honeycomb pattern of epithelial cells observed in WT became irregular in size and
shape inrRoK embryos Figurel8A). In WT embryos, Smash was significantly enriched at A/P junctions
(Figurel8 A & B whereas ECadherin was significantly enriched at D/V junctidfigiire18 A & D). In
contrast, Smash and-@adherin were equally distributed at A/RcaD/V junctions irRok embryos
(Figurel8 A, B & D). To compare the distribution of Smash ai@hé&herin between WT angok
embryos, we calculatedhe 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 ratib means that the protein was enriched at A/P
junctions and an AP/DV ratio 1 means that the protein was enriched D/V jundions. Observed
differences between WT aridoK embryos in Smash localization were statistically signifidaig(e
18C), whereas the differenceskixCadherin localization were not statistically significaxig(rel8E).

From these resultsve conclude that Rok regulates the subcellular localization of Smash dyening
band elongation ECadherin localization was also altered RoK embryos albeitthe observed

differences between WT arfdoK embryos were not statistically significant.
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Figure18: Smash planar polarized localization is affectedRol embryos.(A) An optical section of WT arfitlokR embryos

(Stage 8) is depicted. Antibodies used for IF staining are indicated above eactSgafebar: 20 un{B & D) Smash and E

Cadherin signalwere measured at A/P (6090 °) and D/V (825 °) junctions in WT andok embryos (Stage 7 & 8). The

measured signal is given as mean gray valiMann-Whitney Utest were performed to determine thetatistical significance

of the difference between two sampleShe & Iy A FA OF yOS t S@St Aad AYIRONOITH QGOFE @Y KI Faws
not significant. WT n = 8®okn = 120. (C & E) The mean AP/DV ratio was calculatddnn-Whitney Utestwas performed

to identify the statistically significant difference between two samplke & Iy A FA OF y OS t S@St001Ans: AY RAOF
not significant. WT n = Kokn = 6.
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3.5 Investigation of Smash sfGFP kneicklines

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@utler & Wallingford, 201&nd Zallen,

2007) Because Smash apparently functions as an actomyosin regulator, it is expected that Smash is
also behaving in a highly dynamic manner. To gainepeleinsight into the spatiotemporal behavior

of Smash, CRISPR/CafSFP knockn lines were generated to trace Smash during morphogenesis
using live imaging. sfGFP is a derivative of, BFcompared to GFP, sfGFP has a faster maturation
time and a morerobust folding behavigrthus maintaining fluorescent properties of the protein
(Pedelacq et al., 2006y he aim was to generate two fly lines in which sfGFP was inserted to tag the N
terminal end of either SmashPM or SmashPIl. A schematic overview @RI&PR/Cas9 strategy is

depicted inFigurel9. The detailed experimental design is describeth@material &methods section.

Smash-RM Il II - -I.”

SmashPM | | |

SmashP! . |
imNnE NN

sfGFP:SmashPM | | |

CRISPR sfGFP knock-in 1:

CRISPR sfGFP knock-in 2:

o o .

truncated SmashPM ]]:LS"TOP

SfGFP:SmashPI |:

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

Figurel9: CRISPR/Cas9 strategy to genersi@®FP knocln lines targeting thesmashlocus.Two independensfGFP knock

in approaches were designed. Thst approach uses a sgRNA targeting thiehninus of SmashPM. Tisecondapproach

uses a sgRNA targeting theté&fminus of SmashPlI, thereby interfering with the reading frame of SmashPM. In addition to
functional sSfGFP:SmashPl, 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 ofsdwhasBFRre 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 Figurel9, multiple independent fly lines were obtained. These

fly lines were verified by PCR and fully sequertocecheck that the sfGRRas inserted in the correct
reading frame. For further details, se@terial &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.

Figure20 depicts theendogenougxpression patterrof SmasPMin WT ovaries. Here, SmashPM was
already expressed in the germarium. From stagé SmasRM islocalized at the apical cortex of
follicle cells. This signal was equalistributed throughout the whole egg chamber. From stagk 5
SmasPPMsignal became polarized as it increased specifically at the interface between follicle cells and
the maturating oocyte at the posterior palbut SmasiPM signal was still detectable #he interface
between follicle and nurse cells. Moreover, Snfalshwvas alsodetected at membranes ibetween

nurse cells. Istages 10a and 10b, a clear Smd&¥i signal atthe nurse cell membranes was visible. A

faint SmasPMsignal was detected itihe apical cortex ofollicle cells and at the oocyte membrane.
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Figure20: EndogenousSmasitrM expression in WT ovariesSmashs expresged 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 indicatdatlow the scale bars

The localization pattern of sfGFP:Smashfdure21) was indistinguishable from the localization
pattern of endogenousSmasiPM, which wasdetected with the h-Smash Nerminal antibodyin WT
ovaries Compared to the signal using the antibody against tHerMinus of Smash, the GFP signal of
sfGFP:SmashPM appeared much stronger, in particular in stage 10a and 10b &iguie2Z B). This

may be due to penetration problems of the antibody in latage egg chambers. Comparedtie
endogenous SmastM signal in WT ovaries, sfGFP:SmashPM siglhalved imaging athigher
resolution.In stage6 ovariessfGFP:SmashPM was detected at the apical cortex of follicle cells and at
the oocyte membrangcreating a signal that appeared asdouble line. In contrast, endogenous
SmasPMappeared as thick, single line in stage 6 WT egg chambigute22 A). During maturation

of the egg chambers, the follicle cells and the oocyte became more separated from each other by the
development of thevitelline membrane. With progressive maturation of the egg chamitees,

endogenous SmastMsignal appeared morebviouslyasa double line Eigure22 B).
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sfGFP:SmashPM

Germarium Stage2 & Stage 3 Stage 4 Stage 5 Stage 6 Stage 7 Stage 8

Stage 10a Stage 10b

Figure 21: sfGFP:SmashPM expression in ovarisEsFPSmashPMs expresgd in all egg chamber stages. Stages are
indicated above the panel#&\ntibodies used for IF staining are indicated on the left side of the pa®ielsof scale bars are

indicatedbelow the scale bars
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Figure22: Closeup of egg chambers showing endogenous SmRkhand sfGFP:SmashPM localization patte(A) Sagittal
sections of stage 6 WT and sfGFP:SmashPM egg chambers are. {B)v#agittal ®ctions of stage 10a WT and
sfGFP:SmashPM egg chambers are sh@w & B)Antibodies used for IF staining are indicated above each panel. In the right
panel, schematic drawirspf egg chamberare shown. The red boxes frame the regithat is depicted in the closap.
Schematic drawirgof egg chambers &re copied fromDuhart et al(2017) Scale bar: 20 pm.

The detailed expression pattern of SmB&hin embryos has been describedrlier in Beati et al.
(2018). SmadhMexpression can be detected from stage 5 onwards in all ectodermally derived tissues,
including the epidermis, foreand hindgut, Malpighian tubules, salivary glands, amnioserasd
tracheal tree. Moreover, SmaBM expression was found in the somatic body wall muscles, the
pharynx musclesand the visceral muscles surrounding the midgut. Sradlis associated with
adherens junctions and durirgerm bandelongationit is specifically eriched at A/P cell borders. The
expression pattern of SmaBM was first investigated using an antibody against th&efhinus of
Smash. Analyzing the expression pattern of sSfGFP:SmashPM revealed that sSfGFP:SmashPM precisely
resembles the previously dedoed expression pattern. An example of the sSfGFP:SmashPM expression

pattern in embryogStage 7 & 8if depicted irFigure23.



Results | 56

sfGFP:SmashPM

Figure23: sfGFP:SmashPM expression in embrylasstage 7 & 8 embryos, sfGFP:SmashPM is expressed and localizes at the
ZA resembling theendogenoudocalization pattern of Smash. Antibodies used for IF staining are indicated above each panel.
Scale bar: 50 um. Scale bar cloge 20 pm.

In addition to ovaries and embryos, sfGFP:Smashiid also expressed in imaginal disdhe
expresion patternof sSfGFP:SmashPiM wing discs is shown as an examgigyre S3). Similar as in
ovaries and embryos, sfGFP:SmashPM resaitb&elocalzation 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 sSfGFP:SmashPI was completely different
from endogenous Smash detected with theSmash Nerminal 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:SmashPIl was enriched at the apical side of the posterior
follicle cells. Tasome extent itwas also localizedn 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 hypothesitie expression pattermf sSfGP:SmashRas analyzed in embryos and

in wing discs. sSfGFP:SmashPI was expressed neither in embryos nor in the wikiguiec & S 9.

Duringthe preparation of sfGFP:SmashPI expressing ovaries, an increased appearance of mature egg
chambers was observed. A representative exarppthis is depicted ifrigure $. Elaborate statistical
analysidas not beemperformed yet.Closer observation of sSfGFP:SmashPI expressing ovaries revealed
some remaining but aberrant Smash signal throughout all stages when the antibody against the N
terminus of SmdsPM was used. Similar observations were made in embryos. Although no
sfGFP:SmashPI signal was deteckgure S1), an aberrant signal appeared whasing the antibody

against the Nerminus of SmashPMr{gure25).
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sfGFP:SmashPI

Germarium  Stage 2 & Stage 3 Stage 4 Stage 5 Stage 6 Stage 7 Stage 8

;-,z_s‘!'.lj,’lv
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Stage 9 Stage 10a Stage 10b

Figure24: sfGFP:SmashPI expression in ovarigseexpressionpattern of SfsGFPSmashPis shown in all egg chamber stages.
Using the antibody againtite N-terminus ofSmashanaberrant signal for Smash was detected throughout all stages. Stages
are indicated above the panel&ntibodies used for IF staining are indicated on the left side of the paBielss of scale bars

are indicatedbelow the scale bars
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Smash N-term DECad Merge

sfGFP:SmashPI™/Z

Figure25: An aberrant signal was detected in sfGFP:Smagfiembryoswhen the antibody againsthe N-terminus of

SmashPM was use@®ptical sections of stage 8 embryos above the ventral midline are depicted. Antibodies used for IF

staining are indicated above each panel. Scale bar: 20 pm.

As a second independent approattiesternblot analysis was used to determine the expression status

of sfGFP:SmashPM and sfGFP:SmashPI in different tigSgase@6). In agreement with theH

staining, concise bands can be detected in sSfGFP:SmashPM embryos and in ovaries. A weak band of
lower molecular weight appeared in sSfGFP:SmashPI ovaries. Again, this finding was in agreement with
the results of IF stainingvhere sfGFP:SmashP| was detelobnly in a few cells in latgtage ovaries. A

similar band was also detected in sfGFP:SmashPI embryos. This observation was in contrast to the

results ofthe IF stainingwhere no sfGFP:SmashPI was detected in embryos.
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Figure26: Detection of sfGFP fusion proteins in embryos and ovariHsepresence of sSfGFP:SmashPM and sfGFP:SmashPI
in embryos and ovaries was detected\igstern blotting usind -GFP antibody. Proteins were enriched by IP against GFP.
WT tissue was used aseeence. Protein detection with-i Tub antibody was used as loading contRiedictedmolecular
weightof proteins: sfGFP:SmashP128.5kDa sfGFP:SmashPM = 195.7 kKDdubulin = 50.8 kDa.

Closer observation of embryos homozygous for sStGFP:SmashPI revealed that these embryos had strong
morphogenetic defects. This phenotype appeared to be even more sévanghe one described in
smash*®™zmutant embryos, suggesting that the new allele hadominant negative effecEigure27
provides an overview of the sfGFP:Sma&hPhenotype. For better visualization of structures,
embryos were stined withh -Twist and arranged by stage. In some stage 5 embryos, an abnormal
Twist signal ould be detected in the anterior part of the embryo. During stage 6, ventral furrow
formation was defective. Stage&embryos showed defects duriggrm bandelongation that went
along with the formation of aberrant, additional furrowes the ventral side of the embryo. In stage 9

10 embryosgerm bandelongation continued to some exteriut the embryos looked abnormal since

the mesoderm was not fully invaginatatd they looked somehow twistetilany embryos had deep,
additional furrows which made a clear identification of the stage impossible. Putative stagib13
embryos looked twisted. Moreover, the usually w&uctured tracheal tree was completely

disordered.
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Stage 16

Stage 13- 16

Figure27: Phenotypic analysis of sfGFP:Se#"z embryos.Using single embryos amexample, thephenotypic variability of sSfTGFP:Smas#Rémbryos is shown in different embryonic stages. Stages are
indicated above the panels. Staging was performed according to Cadnpega & Hartenstei(1997) Embryos were stained with-Twist antibody. Arrows point to regions where abnormalities occug (e.

mesoderm mislocalization or aberrant furrow formation). Scale bar: 100 pum.
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3.8 smash®*™? and sfGFP:SmasH® embryos show impaied germ band
elongation

Both smash®™? and sfGFP:SmasHPIembryos showed very severe morphogenetic defects
throughout all developmental stages. It was reported tlsatasi®>™? mutant embryos have PCP
defects duringgerm band elongation (Beati et al., 2018) Whether PCP is also affected in
sfGFP:SmasHP has not been analyzed yet. Defective PCP often results in impgeed band
elongation(Blankenship et al., 2006; Sawyer et al., 2011; Simdes et al., 2010; Simdes et al.T@014)
investigate how the complete loss of Smash or the dominant negative effect of the new allele affects
germ bandelongation, live imaging was performed ussmaski**™?and sfGFP:SmasHPembryos.

WT embryos were used as reference. Embryos were recorded by brightfield microscopyadiar 1 h

after the onset ofgerm bandelongation.

Figure28 illustrates thegerm bandelongation (GBE) behavior of single embryos in each genotype
relative to their body length. Already on the first vigiivbecame apparent that there was a greater
variation between single embryos igmashi*>™? and sfGFP:SmasHPIcompared to WT control
embryos. In both genotypes, some embryos performed almost as good as WTothhbitehad strong

difficulties to elongée their germ band

WT smash?35m/z sfGFP:SmashPI™/z
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Figure28: Relativegerm bandelongation in WT,smash35mz, and sSfGFP:SmashPt embryos. GBE was recorded fori

after onset. Single embryo recordings are represented in different colors. GBE was normalized against embryo body length.
WT n = 16smash3>mzn = 6, SfGFP:SmasfiPh = 12.

In Figure29, exemplary embryos of each genotype during different time points of live imaging are

illustrated.
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Os 1800 s 3600 s

WT

smashA35m/z

sfGFPSmashPIM/Z

Figure 29: Live imaging of WTsmash3mz and sfGFP:SmasH® embryos. Screen shots of tim&@pse live imaging
recordings of WTsmask3™zand sfGFP:Smask¥lembryos are shown at 0 s, 1800 s and 3600 s gftem bandelongation

onset. Pole cells were used ageference point to measurgerm bandelongation. Tk arrows point to the tip of the
elongatinggerm band Scale bar: 100 pm.

For better comparison of genotypes, the mean GBE [%] was calcukitptd 5 & S 3. Table7
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 reached4% ending with 59 % after 3600 s. After both meared
timepoints, neithersmask**™2nor sfGFP:SmasliPPlembryos reachd a comparable length as WT

embryos. Statistical analysis revealed that those differences in length were signifieaie &).

Table7: Summary mean GBE in Wsinash35m/z, and sfGFP:Smash™ embryos.Mean GBE was measured after 1800 s and
3600 s. SD: standard deviation. WT n =sh@ash35mzn = 6 sfGFP:Smash®n = 12

Mean 35m/z .
GBE [%] WT smash SfGFP:SmasHP

after 1800 s | 41.4 (SD + 32)[30.3 (SD + 1B)| 26.8 (SD * A5)

after 3600 s|51.9 (SD + (3)[38.6 (SD + 18)|36.4 (SD + 11)
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In addition, the measured data was used to calcutatespeed of GBE in all three genotypEg(rre

30). Again,there was a high variability between singeaski®*™?and sfGFP:SmasHPlembryos
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 differencestiveen genotypes was performed Figure 8& S 9

Table S P At the beginning of the measurements, no significant difference was observed. From 360 s
onwards, the mean GBE speedsofiasi®™?embryos was significantly lower compared to WT. This
was also true forsfGFP:SmasHP embryos but from 840 s onwards. No statistically significant

difference betweersmash®*™?and sfGFP:SmasHPEembryos was bserved.

WT smashA35m/z sfGFP:SmashP|™/2

0.204

0.154

0.104

GBE Speed [um/s]

0.054

0.004 ¢

0 600 1200 1800 2400 3000 3600 O 600 1200 1800 2400 3000 3600 O 600 1200 1800 2400 3000 3600
time [s]

Figure30: Relativegerm bandelongation speedn WT,smash35™z andsfGFP:SmashPt embryos.GBE speed of single
embryos is represented in different colors. WT n =stBash3m/zn = 6,sfGFP:Smash®n = 12.

The low number of recordesimashi®™2embryos resulted from a remarkahigh number of embryos

that did not undergo cellularization. Out of all recorded embryos, 10 % of WT did not undergo
cellularization. This amount drastically incsed up to 78 % irsmasHk®™™? mutants. 65 % of
sfGFP:SmasHPlembryosdid not undergo cellularizatiorf.o sum up, live imaging revealed thgrm

bandelongation and probably also cellularizativere impaired insmash®™?and sfGFP:SmasHPI

embryos.
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3.9 SmashPM Merm has a reduced ability to promote-&ctin enrichment
Although smask®™? and sfGFP:SmasHhPlembryos both showed morphogenetic defects, their
phenotypic appearance was not the same since the defects in sSfGFP:SHiashBiycs appeared to

be more severe and more penetrant than the ones occurrirsgriasti*>™?mutant embryos. The major
difference between these two genotypes was tisataski**™is a null allele. Hence, no Smash protein
was expressed at all. In contrast,sigral with abnormal subcellular localization was detecied
sfGFP:SmasHPlembryos using the antibody against thetétminus of Smash{gure25). Dueto an
out-of-frame insertion of SftGFP into the SmashPM reading frame, a premature stop codon is predicted,
creating a truncated version of SmashEidt is likely to produce this abnormal fluorescence signal. In
the following, this truncated version of SetePM will be called SmashPM&tm. As depictedn Figure

19, SmashPM {tkerm carriesthe myosin binding domain and two coiled coil domains. It is possible that
these domains are still functional. This leads to a scenario in which Smash&tivi kan stl engage

in some proteiRprotein interactions but probably in an unregulated manner because functionally
important domains of SmashPM located at thée@ninus are missing due to the early stop codon.
Another possible scenario is that SmashPXeih is nan-functional because of misfolding. Based on
the severity and penetrance of morphogenetic defects occurring in sfGFP:Shtashiryos, we

hypothesize that SmashPMtlRIrm is still functional but in an unregulated manner.

In order to clarify whether SmaBM Nterm has maintained residual function, an overexpression
experiment in the follicle epithelium was performed. In addition to SmashR#driN, fulHlength
SmashPM and SmashPM mwhich carriesnutations in the predicted myosin binding domaivere

used for overexpression. Aa non-functional membranebound protein, mCD8 was included as
negative control. To visualize the proteins, they were tagged with eGFP. For-djsstific
overexpression in the follicle epithelium, the tjald driver line was usedn this experiment, full
length SmashPM functioned as positive control. A previous experiment in the follicle epithelium
showed that SmashPM overexpression resulted in strong apical constridémmonstrating that
Smash is involved in the regulation aft@myosin contractility in the apical cell cortex (Beati et al,
2018; Peek, 2019). SmashPM overexpression was accompanied by the enrichmeaatiofif the
apical cell cortex, suggesting that Smash induces actomyoisien apical constriction by promoiy
Factin enrichment. Similar findings were reported in Matsuda et al. (2022). They reported that
XenopusLMQO?7 facilitates actomyosin filament assembly to drive apical constriction. This was
demonstrated by mutating the myosin binding domainahopud_MO7in sucha way that it could

no longer bind to the NMIIHC. As a result, mutakshopud_MO7was no longer able to promote
actomyosin filament assemb({iMatsuda et al., 202). Based on the sequence informationXdénopus
LMO7 the homologous site for myosin binding was identified and mutated in Smash. In our
experiment, SmashPM mut was used to investigaiere closelythe contribution of the myosin

binding domain of Smash regarding its function to promote actomyosirtractility. If SmashPM N
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term retained some residual function, we hypothesize thahbuldbe able to promote apical-&ctin
enrichment resulting inapical constriction. The main results of the overexpression experiment in the

follicle epithelium are summarized kigure31.
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Figure31: Overexpression of mCD8:eGFP, eGFP:SmashPM, eGFP:SmagkRV &hd eGFP:SmashPM mut in the follicle

epithelium.{  IAGGIT &aSOGA2ya 2F adl 3IS- MOQODEI NIDETE QYD DV 032K K S5l GOYQYY 15 4
N-GSNY BBAXR) SDCt Y{ YI-BEROAQY dzi SKB Q2 SSNBELINBE4a4SR dzGRSERI (KS O2y
intensity profiles (ad), the fluorescence intensity of a representative cell of each genotype was measured perpendicular to

the apical follicle cell mabrane fromtheOe iz a2t (2 GKS 220@8GS8S dzaAy3 LYIF3ASWO ¢KS Ay
AY AyidSyarde LINRPFAESOI LKIEE2ARAY 0! QQF . QQI /c@aRlngin 5003 Y/
intensity profle) signals were measure8cale bar: 30 um.

All four eGFP fusion proteins were successfully overexpressed in the follicle epitheljumegl! QX

BOS / Q 3 5Q0® ¢KSaS LINRGSAyYya sdlicth@OBRGFR soRtBISWS Yy i & ¢
associated with the apical and basolateral plasma membrane and was also present in the cytosol

6 C A 3 dzNB veoy mimilar@dattern was observed for eGFRSIBM Nerm o CA I dzNBisharp  / QO
contrast, eGFP:SmashPM and eGFP:SmashPM mut were enriched at the ZA of the follicular gpithelium
close to the apical membrane. Almost no cytosolic signal was detect€dh 3 dzZNB 0Since. Q 9 5
XenopudMO7 was described to promote actomyosin filament asserfNdgtsuda et al., 2022xhe

amount and the distribution of-Bctin were examined by phalloidin staining in ovaries overexpressing

GKS SDCt FdzaA2y LINRUSAYyAd Ay GKS F2itA0tS SLIAGKS
analyzed. mCD8:eGFP control ovaries showed a weak phalloidin signal in the apical dottiexeof

cells. Moreover, a weak phalloidin signal was detected at the oocyte memdraned31! Q ®iguse

S10). A similar distribution and intensity of phalloidin signal was observed in eGFP:SmadkRiv N

and eGFP:SmashPM mmterexpressing ovaried=igure31/ Q Q 9gFigbr€30). ¢n contrast the
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phalloidin signal in eGFP:Smash&rexpressing ovaries appeared much stronger compared to the

other genotypesKigure31. Q ®iguge 3.0).

Intensity profiles visualize the intensity of fluorescence signals measured in a representative follicle
cell of each investigated genotypEigure31 a-d). In general, only one prominent peak occurred for
eGFRagged fusion proteins that were enriched the apical cell cortex, but two prominent peaks
occurred for the phalloidin signakbause factin was enriched at the apical cortex of follicle cells and

Fd GKS 220@0GS YSY¥aRiyueS0) oreinfdsNff thidlg sidn& @as constantly

low throughout all measurementsnissing 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:eGFeverexpresing 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:SmashPtVerexpressing ovaries were both quite high (Figure 31 b). In eGFP:Smbsteixl
overexpressing ovaries, the phalloidin peak was slightly higher than the GFP peak (Figure 21 c). An
opposite effect was seen in eGFP:SmashPMawerexpressing ovaries. In this case, the GFP peak was
much higher compared to the phalloidin peak (Fg31 d). These initial trends were verified by a
detailed analysis, in which the fluorescence sig&lSFP and phalloidin were measured in multiple
follicle cells in different ovaries of each genotype. The fluorescence signals were measured aihe apic

cell cortex and in the cytosol. The results are illustrateligure32-34 and Figure 1-S15.

First, the subcellular localization of the different eG&§ged fusion proteins was analyzebre

closely The distribution of the eGRAgged fusion proteins waguantified by a membrane/cytosol

ratio (Figure32) which was calculated from measured fluorescence intensities at the apical cell cortex
and in the cytosolFigure 91& S 12. A membrane/cytosol ratio of 1 would indicate an equal protein
distribution of the proteins atthe apical membrane anih the cytosol. The membrane/cytosol ratio

for each investigated genotypedseater 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:SmaPM Nterm overexpressing ovaries had a comparably low GFP membrane/cytosol ratio
indicating a weakapical membrane enrichment, eGFP:SmashPM and eGFP:SmashPM mut
overexpressing ovaries showed a comparably high GFP membrane/cytosol ratio indicating a strong

apicalmembrane enrichment. The differences between these two groups were statistically significant.
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Figure 322 GFP membrane/cytosol ratio in follicle cells. nCD8:eGFP, eGFP:SmashPM, eGFP:SmaskiPivh, Nand
eGFP:SmashPM mavterexpressing ovaries were examined. The stralgte tool in Imagéwas 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 represerite replicate to which a data point belongs to. n = 60 (4 replicates, 15 cells per replicate).
KruskalWallis testand a post ho®unn testwere performed to identify the statistically significant differertoetweentwo

samples. Compact letter display [@lis 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 leVablee$.

Next, the phalloidin signal was investigateddetail Figure33 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 alieg:gienotypes, followed by eGFP:SmashPM N
term overexpressing ovaries. The lowest phalloidin intensity was found in eGFP:SmashPM mut and

mCD8:eGFBverexpressing ovaries. The latter two were not significantly different from each other.
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Figure33: Phalloidin intensity at the apical cell cortex of follicle cellRCD8GFPeGFP:SmashPMGFP:SmashPM&Erm,

and eGFP:SmashPM maverexpressing ovaries were examined. The stralgtg tool in ImageJ was used for analysis. The
meangray 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 replicat&ruskalWallis testand a post ho®unn testwere performed to identify the statistically
signifcant differencebetween 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 nilsre deta
on the sigriicance level, segable %.

In general, cytosolic phalloidin intensity was significantly lower compared to apical phalloidin intensity
in eachgenotype Figure S15). Although the cytosolic phalloidin signal is generally low, slight
differences were observed between genotypdsg(re S14). The cytosolic phalloidin signal in
eGFP:SmashPMerexpressing ovaries was significantly increased compared to mCD8:eGFP control
ovaries whereas cytosaliphalloidin signal in eGFP:SmashPM rmuérexpressing ovaries was

significantly decreased compared to control. No statistically significant difference in cytosolic

phalloidin intensity was observed between eGFP:SmashféimNand mCD8:eGFP control ovaries
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Since we aimed to investigate the ability of the different Smash fusion proteins to indacenF
enrichment at the apical cell cortex, we finally summarized our results to draw a correlation between
GFP and phalloidin fluorescence intensiti¢she apical membraneF{gure34). A moderate GFP and
phalloidin signal was detected at the apical cortex of follicle cells in mCD8e&ERpresing ovaries.

In contrast, apical GFP and phalloidin sigimmeGFP:SmashPd¥erexpressing 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 signaltte apical cortex in follicle cells was as low as in
mCD8:eGFP control. Even though the localization pattern of eGFP:SmagieRdid not resemble

the localization pattern of eGFP:SmashPM, the phalloidin signal in eGFP:Smasté?M N
overexpressing ovaes was slightly increased compared to the mCD8:eGFP control. In contrast,
phalloidin signal in eGFP:SmashPM mngrexpressing ovaries was not increased compared to the
mCD8:eGFP control, although eGFP:SmashPM mut mimicked the eGFP:SmashPM localieation pat
as the GFP intensity for eGFP:SmashPM mut and eGFP:SmashPM were at a comparably high level.

eGFP:SmashPM eGFP:SmashPM
N-term mut
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Figure 34: Correlation between apical GFP and phalloidin signal in follicle celt®CD8GFP, eGFP:SmashPM,
eGFP:SmashPM-tidrm, and eGFP:SmashPM moterexpressing ovaries were examined. The stralgte 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 = 60r@plicates, 15 cells per replicatéjo further statistics were performed since this

figure is jussummarizind=igure33& S 11 For statistical analysis, refer T@ble 8 & Table %.

In summary, fullength Smash was enriched at the apical cortex. There, it promotadtif
enrichment in a manner dependent on the myosin binding domain. SmashPMninigh lacked the
myosin binding domairnvas no longer able to promoted&¢tin enrichment. SmashPM-rm failed

to localize properly within the cell. Nevertheless, it retained some ability to promedetii

enrichment at the apical cortex, albeit to a lower extent than-ketigth SmashPM.
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During preparation of the ovariesmorphological abnormalities were observed in ovaries
overexpressing fulength eGFP:SmashPRigure35). In single ovarioles, young egg chamber stages
were presentand did not show any abnormalities, whereas later egg chamber stages and embryos
formed tubularlike structuresin general, eGFP:SmashPM overexpressing ovarioles appeared to be
more flexible ad resilient against mechanidpbhpplied stretching compared to contrdle wondered
whether these drastic changes in the tissue might influence thelaggg efficiency of female flies.

We tested ou hypothesisby measuring the eglaying rate of the dferent genotypesindeed, the
egglaying rate of eGFP:SmashPM overexpressing flies was omydaf the egdaying rate of
mCD8:eGFP overexpressing control flies. eGFP:SmashPM overexpressing embryos often looked
abnormal since the formation of dorsabpendagesvas defectiveNo lanaehatched. eGFP:SmashPM
N-term and eGFP:SmashPM mut overexpressing ovaidasot show obvious defects. The elgying

rate in these two genotypes was slightly reduced compared to control but not as strong as in
eGFP:SmashPMVverexpressing fliesRelative to mCD8 control, the elying rate was 88 %in
eGFP:SmashPMilErm and 780 %in eGFP:SmashPM mut overexpressing flies.

tj:G4 >> UAST::mCD8:eGFP tj:G4 >> UAST::eGFP:SmashPM tj:G4 >> UAST::eGFP:SmashPM N-term tj:G4 >> UAST::eGFP:SmashPM mut

Figure 35. Abnormal morphology in eGFP:SmashPM overexpressing ovari@garies overexpressingnCD8:eGFP,
eGFP:SmashPM, eGFP:SmashRbtiy, and eGFP:SmashPM mut under the control of tj:G4 are shown. Sca®barm.
Another striking observation was that embryos developing from ovaries overexpressing
eGFP:SmashPMtlrm appered shorter in length but larger in width compared to control embryos
(Figure36 C). To quantify this observation, length and width of respective gotbwere measured.
Embryos developing from eGFP:SmashPM overexpressing ovaries were not investigated since no
properly shaped embryos were formed. Indeed, embryos developing from eGFP:SmasieRil N
overexpressing ovaries were shorter in length (averaggtle 398 pumt 15 pm)and larger in width
(average width: 188 umt 20 um)compared to mCD8 control embryos (average length: 419 3%

pm, average width: 149 pmt 20 pm) Figure36). Interestingly, embryos developing from ovaries
overexpressing eGFP:SmashPM mut were larger in length (average length: 4427upm)and in
width (average width: 171 um 20 pm)compared to mCD8 control embryos.
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Figure36: Determination of embryo length and width(A & B)Embryos developing from mCD8:eGFP, eGFP:SmashPM N
term, and eGFP:SmashPM mut overexpressing ovaries were investigdtedstraightine tool in ImageJ was used for
analysis. Geotypes were labeled in differertolors (color code is indicated on the right in panelYOVA analysis and a

post hoc Tukey HSD test were performed to identify the statistically significant diffebstaeentwo samples. Compact

letter display (CLD} iused to visualize a statistically significant difference. Same letters mean that samples do not differ in a
statistically significant manner from each other. n=50, g08@1. (A)The enbryo length of the different genotypes is shown.
(B)The enbryo widh of the different genotypes is shown. (C) An exemplary embryo of each genotype is shown. Scale bar:
100 pm.



Results| 73

3.10 Overexpression of SmashPM and SmashPNEeNn induces cell shape
changes

Overexpression experiments in the follicle epithali revealed that Smash promoted-agtin
enrichment in the apical cortex of follicle cells, presumably through its myosin binding domain.
SmashPM Nerm also promoted factin enrichment in the apical cortex of follicle cells but to a much
lower extent. Apial enrichment of actomyosin filaments is a requirement for apical constriction
(Coravos & Martin, 2016; Martin et al., 2009; Young etl&91) Previous overexpression studieesx
already denonstrated the ability of SmashPM to induce apical constriction (Beati et al., 2018; Peek,
2019). To figure out whether SmashPMeXm retains some residual function, we foedason the
guestion whether overexpression of Smastteln affects cell morphology Since SmashPM-t&rm
promotes apical factin enrichment in follicle cells, we hypothesizeat SmashPM Xerm might also

be able to induce apical constrictioBased on the data bylatsuda et al. (2022), we assunhthat
SmashPM mut is no longer ableitaluce apical constriction. To study the effect of the different Smash
variants on cell morphology, a heshock inducible FLP/FRT system to induce stochastic
overexpression of proteins in the follicle epithelium was used. e@fgred mCD8, SmashPM,
SmashPI 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
(Figure37 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:SmashRéinN(Figure 37 C). In contrast,
eGFP:SmasiPand eGFP:SmashPM mut were enriched at the apical cortex (Figure 37 B & D). Almost
no cytosolic signal was detected. In eGFP:Smasivekxpressing cells, strong shrinkage of the apical

cell diameter was observed (Figure 37 B). These cell shape chasma#fedted the positioning of the
nuclei. In cell®overexpressing eGFP:SmashPM, the nucleus was localized more basally compared to
cellsthat did not overexpress eGFP:SmashPM. On the first view, no obvious cell shape changes were
detected in mCD8:eGFP, [E& SmashPM-térm, and eGFP:SmashPM nawerexpressing cells (Figure

37 A, C &D).
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Figure37: Stochastic overexpression of SmashPM variantshia follicle epithelium. (A) mCD8eGFP, (B¢GFP:SmashPM, (8pFP:SmashPMtdrm, and (D)eGFP:SmashPM mut overexpression in single
follicle cells was induced by 10 min hesdtock treatment at 37°C. Ovaries were dissected and stained the following day. Genotypes of the respectiveidésraateifidicatean the top left of each panel.
Sagittal and superficial sections of stage 10a ovaries are shown. White arrow heads pointiegafire cells. Yellow arrow heads point to GeBitive cells. For further details on the experiment, segerial

& methodssection Scale bar: 30 pnscale bar closeip: 20 pum.
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To quantify the effect of SmashPM variants on cell morphology, the apical cell area efiggiive

and GFositive cells was measureBigure38).
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Figure 38 Apical cell area in follicle epitheliumupon stochastic overexpression of mCRB&FP,eGFP:SmashPM,
eGFP:SmashPM-t¢rm, and eGFP:SmashPM mufthe apical cell area of GiBsitive and GFRegative follicle cells in
immediate vicinity to GFPositive cells was measured in mCD8:GFP, GFP:SmashPM, GFP:SmashiMahd
GFP:SmashPM maverexpressing ovaries using ImageJ. Only-Gdefative cells gdcent to at least one GHbsitive cell

were scoredKruskalwallis testand a post ho®unn testwere performed to determine the statistical significance of the
difference between two samples. Compact letter display (CLD) is used to visualize aatat&goificant difference. Same
letters mean that samples do not differ in a statistically significant manner from each other. For more details on the
significance level, seEable B. The different symbols of data points correspond to a single replicate. n = 60.

AsFigure37 already suggested, overexpression of eGFP:SmashPM had a strong effect on the apical
cell area. Compared to eGFP:mCd&rexpressing cells, the apical cell area in eGFP:SmashPM
overexpressing cells was drastically reduced. The hpielh area of GFRegative cells adjacent to
eGFP:SmashPbdlerexpressing cells was significantly larger compared tori&gBtive mCD8 control
cells. A similar trend was observed in eGFP:SmashiviMbverexpressing ovaries. In this case, GFP
positive cels had a significantly smaller cell area compared to-@¢ftive cells. In contrast to
eGFP:SmashPbVerexpressing ovaries, the difference in cell area between eGFP:Smashé&iuh N
ovaries and eGFP:mCD8 control ovaries was not statistically significaceTarea in eGFP:SmashPM
mut overexpressing ovaries was comparable to eGFP:m@@&xpressing ovaries in both GFP
positive and GFP negative cells. In summary, | conclude that overexpressiodesfdihll SmashPM
had a clear effect on cell morphology strong apical constriction was induced. SmashPtgrid was

also capable to induce this response but t@sar 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 Qyiotin proximity
labeling

According to our current state of knowledge, we can state that Smash is an actoragssitiated

protein important for planar cell polarity and for epithelial morphogenesis. Nevertheless, the
knowledge about how Smash providés 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 8mashknteractingproteins,

abiotin proximity labeling assay was used. Here, a more efficient and faster version of the biotin ligase
BirA, namely TurbolBranon et al., 2018yas fused to the Nerminal end of SmashPM. SmashPM

and TurbolD served as controls. For visualization of the proteins, they were tagged with eGFP. Using a
maternalh -Tubulin67C Gal4 driver line, these fusion proteins were expressed in embryos under the

control of an UASp promoter. Details on cloning are provided imtagerial &methods section.

In short, this approach works as followgon supply of biotin, proteins in close proximity the
TurbolD fusion protein become biotinylated. After cell lysimtinylated proteins are efficiently
enriched by affinity purification using streptavidin agarose beads. Enriched proteins are processed for
mass spectrometry analysis. Compared to a classid@ 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 ofitiséon protein. Moreover, there is the
possibility of obtaining falspositive candidates. However, falpesitive candidates can be identified

and eliminated by including appropriate controls. Figure 39, the workflow is schematically

summarized.

Embryos expressing Enrichment using Mass spectrometry

TurbolD fusion protein Protein Lysate Streptavidin agarose Trypsin digest analysis
o
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Figure39: Workflow of the biotin proximity labeling assayThe TurbolD fusion protein was expressed in embryos under the
control of UASp promoter using a materrfialTubulin67CGal4 driver. Upon supply of biotin, TurbolD starts labeling all
proteins in close proximity. Protein lysates were prepared from embrytes.biotinylated proteins were enriched by using

streptavidin agarose beads. Enriched proteins were trypsin digested, purified, and subjected to MS analysis.
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To test the functionality of the TurbolD fusion proteins, they were transfected into SZrglise40).
GFP:TurbolD:SmashPM and GFP:SmashPM were both enriched at the membrane, thus showing the
same localization. In contrast, GFP:TurbolD and GFP were both distributed in the whole cell. Cells
expressing TurbolD:GFP and GFP:TurbolD:Smasmdviventstrong hotinylation piotin signal was
visualized with streptavidin, which specifically binds biotif)ereas in cells expressing GFP:SmashPM

or GFP a weak biotin signal was detected, most likely due to biotinylation processes occurring under

normal physiologica conditions. The signal of TurbolD fusion proteinslooalized with the biotin

signal.

Figure40: Expression of TurbolD fusion proteins in S2 cellarbolD:GFP, GFP:TurbolD:SmashPM, GFP:SmastdPGIFP

were expressed in S2 Iteulture 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 panelr:Scale ba
5 uMm.

TurbolD:GFP, GFP:TulbdmashPM, GFP:SmashR~h GFP expressing cells were further analyzed
by Westernblotting to determine the biotinylation efficiency of TurbolD.Higure41, multiple bands

of various sizes were detected in the presence of TurbolD, indicating efficient biotinylation. In contrast,
only two clear bands appear in the absence of TurbolD. Because thesbands appeared in all
samplesit is likely that this is just unspecific background signal probably originating from proteins that

always undego strong biotinylation.



























































































































































































































