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Abstract

Tissuemorphogenesis underlies many developmental processes in multicellular organisms and is
essential for the basic organization of tissues and organs. Several cellular processes contribute to
morphogenesis, including cell shape changes, cellular rearrangearehtell movement. These
morphological processes are regulated via protein trafficking and sectbhgarell cytoskeleton,
and propagation of mechanical forces within cells and across tissi®sophila components
of the invertebrate occluding jation, known as the septate junction (SJ), are required for
several morphogenetic evenlgring the embryonic and larval stagBecent studies revealed a
non-occluding functionatequirement for SJ proteins in tissue morphogenesis during
embryogenesis. Heever, whether a similar requirement is presenihe adult tissue of the fly
remains unknownTo explore this question, we used sophilaegg chamber as a model
systemlIn Chapter I we examined the expression patterfioofr SJ proteis (Macroglohulin
complementelated(Mcr), Contactin, Neuraxin 1V, and Coracle) in the egg chambers
throughout oogenesi$he examinedJproteins localize along the lateral membrane of the
follicle cells (FCs) of earhstage egg chambers but become enriched at tbal-#gteral
membrane in latstage egg chambenshere they form the Sth addition, we determined that
the relocalization event of SJ proteinsthe follicular epitheliunrequires Rab%nediated
endocytosis and Rabdediated recyclingNext, we examiad the role of SJ proteins in egg
morphogenesis. Wiind that SJ proteins are required foorphogentic events during
oogenesisincluding border cell migratiorgg elongationand the formation of the dorsal
appendagedo further examine the cellulareohanism by which SJ proteins are required for
egg morphogenesis, we focused our analysis on the role of Mggielongationin Chapter lll,

we show that Mcr is required for egg elongation late in oogenesis. This requirement is mediated



via maintaininga monolayered epithelium and eeltracellular matrixadhesion. We also show
that Mcr is required for eggshell layers formation, including the wax and chorios. [@jier
findings in this studyet the foundation for the SJ field to study the role ofrStems in
morphogenesis in pesimbryonic epitheliandindicate a conserved role for SJ protdams

morphogenesis
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Chapter I: Introduction



Morphogenesis is a developmental process that involves precise and coordinated cell shape
changes, cellular rearrangement, and cell move@atien and Goldstein 2017fxamples of
morphogenetic events duriegnbryogenesis include tissue convergence/extemasion
gastrulationShindo 2018; Solnic&Krezel and SepicB012) Drosophila melanogastdras
served as a key model in investigating the genetic control of cellular processasutingto
morphogenesis

Our lab became interested in studying morphogenesis as a result of a modifier genetic
screen for genes that enhance the malformed leg phenotype during imaginal disc morphogenesis
during metamorphosi@Vard, Evans, and Thummel 2003)ne of thes@lentifiedgenes,
Macroglobulin complememtelated, has been further characterized as a core component of the
pleated septate junction (hereafter referred to ag-Hal)et al. 204; Batz, Forster, and Luschnig
2014)

The SJ is the invertebrate occluding junction and is located at the-kpéral
membrane of ectodermaltyerived epitheliglzumi and Furuse 2014The function of the SJ is
to prevent transepithelial diffusion, which is critical for epithelial fation (Izumi and Furuse
2014) Over the last two decades, more than 20 SJ proteins have been id€naifikedl. 1)
(lzumi and Furuse 201Riceet al. 2021)Initially, SJ proteins localize along the lateral
membrane of epithelial cells before becoming enriched at the d@ieedl membrane via
endocytosis and recyclin@iklova et al. 2010Hall and Ward, 2016 A few studies indicate that
SJ core proteins are requiriest embryonic and larval imaginal discs morphogen@ésasnb et
al. 1998; Venema, ZedBen-Mordehai, and Auld 2004; Moyer and Jacobs 2008; Banerjee et al.
2008; Hall et al. 2014 Moreover, mutations in many SJ genes result in embryonic lethality due

to compomised blooebrain barrier and/or developmental defgetg., Baumgartner et al.



1996) Interestingly, #hough the main function of the SJ is to seal the paracellular flow within
an epithelium(lzumi and Furuse 2014)he requirement of SJ proteins in morphogerdsisg
embryogenesiseems to be independent of their role in forming an occluding jun@#alh and
Ward 2016) Further due to their requirement in animal development and survival, our
understanding of SJ biogenesis is limited to studies condincted embryonic epithelia.

My dissertation is set to examine SJ biogenesigiagble of SJ proteinsn
morphogenesis usirthe adultDrosophila melanogastergg chamber as a model systdine
Drosophilaegg chamber is a useful model system to ingastithe role of SJ proteins in
morphogenesis for the following reasons. First, several SJ proteins are expressed in the ovary
(Wei, Hortsch, and Goode 2004; Schneider et al. 2B@&mon, Popliker, and Gilboa 2014; Hall
et al. 2014; Berzvi and Volk 2019) althoughthe subcellular localization of these proteinsha
not been determined. Second, ultrastructural studies indicate the formation oflileeldepta in
thefollicular epitheliumby stage 10B/11 of oogenesisd a functional junction at stage 11 (14
developmental stages in tot@lahowald 1972; Miller 2000; Isasfianchez, MunZeise, and
Luschnig 2020)Finally, egg chambers undergo a number of morphogenetic events that span
oogenesigHorneBadovinac and Bilder 2005)vhich allows for exploring theon-occluding
functionsfor SJ proteins in morphogenesis.

The following section provides an overview of the SJ, the mtdecomponents of the
junction, and our current understanding of the requirement of SJ proteins in tissue
morphogenesis. Next, | provide an overviewbobsophilaoogenesiandegg chamber
morphogenesiwith a brief review on egg elongation, which is greanary morphogenetic
process discussed in timrk. Finally, | share howhis wolkk advances our knowledge in the

field of SJ and tissue morphogenesigeneral



1.1.  SJ proteins and their requirement in tissue morphogenesis

Components and biogenesis ofJs

Theinvertebratepleated SJ is the equivalent of the tight junction (TJ) in vertebfiatesi and
Furuse 2014)Both provide permeability barriers to regulate the passage of solutes between
epithelial cellflzumi and Furuse 2014; Jonusaite, Donini, and Kelly 2016; Ntamraithée et al.
1978)(Figure 1.1). TheSJ resides basal to the adherens jundtigrolarized epitheliand
shows a laddeflike appearance between adjacent cell membr@bieen and Bergquist 1982)
Even houghthe SJs and' Js serve the same biological function, they are distinct at the

ultrastructual and moleculatevel (Izumi and Furuse 2014; Jonusaite, Donini, and Kelly 2016)

Apical
¥
Al

= 5

Basal

Figure 1.1 Lateral cell-cell junctions of an invertebrate epithelium.

A mature epithelium has defined apitzsal polarity, where the apical suddaces the lumen.
Cell-cell junctionslocalize along the lateral membrane. These junciiociade marginal zone
(MZ, blue oval), adherens junction (AJ, magenta rectangle), and septate junction (SJ, green
lines). The basal surface of the epithelium ikeuah to the extracellular matrix (ECM) (brown
line) via ECM receptors (oval dark blue).



In Drosophila melanogasteultrastructural studies show that SJ forms laditersepta
that reside at the apickdteral membrane of ectoderterived epithelium, inading the
embryonic hindgutthetracheathesalivary glands, antheepidermis(Tepass et al. 200I)he
SJ consists of more than 20 proteins that are required for either the formation or organization of
the junction(Table 1. 1XIzumi and Furuse 2014Rice et al. 2021 Beforetheir enrichment at
the apicallateral membrane&sJ proteingre foundalong the lateral membraéthe embryonic
hindgut(Tiklova et al. 201Q)SJ protein@picatlateralre-localizationis a multistep procesnd
requires proteins involved in endocytosis and recycling path(akiova et al. 2010Q)
Moreover, he localization of SJ proteins at thapicatlateral membranes mutually
interdependaet, as the loss of function of one SJ gene is sufficient to disrupt the organization of
the junctional complexg@Vard, Lamb, and Fehon 1998; Behr, Riedel, and Schuh 2003; Paul et
al. 2003; Wu et al. 2007; Bachmann et al. 2008; Hall et al. 2014; Béatz, Forster, and Luschnig
2014; Konigsnann et al. 2020Whether SJ biogenesis and their interdependent relationship are

similar innon-embryonicepitheliais unknown.



Protein name Reference
Core
a subunits of Na*/K* ATPase Genova and Fehon 2003
(3 subunits of Na*/K* ATPase (Nervana 2) Paul et al. 2003
Contactin Faivre-Sarrailh et al. 2004
Coracle Fehon, Dawson, and Artavanis-Tsakonas 1994; Lamb et
al. 1998
Crimpled Nilton et al. 2010
Kune-Kune Nelson, Furuse, and Beitel 2010
Lachesin Llimargas et al. 2004
Macroglobulin complement-related Biitz, Forster, and Luschnig 2014; Hall et al. 2014
Megatrachea Behr, Riedel, and Schuh 2003
Melanotransferrin (Transferrin2) Tiklové et al. 2010
Neurexin IV Baumgartner et al. 1996
Neuroglian Genova and Fehon 2003
Pasiflora 1 and Pasiflora 2 Deligiannaki et al. 2015
Sinuous Wu et al., 2004
Varicose Mayor and Jacob, 2008
Wiirmchen 1 Konigsmann et al. 2020
Resident
Discs Large Woods and Bryant 1991
Fasciclin ITI Snow, Bieber, and Goodman 1989
Lethal (2) Giant Larvea Bilder 2004
Scribble Bilder and Perrimon 2000
Accessory
Boudin Hijazi et al. 2009
Clathrin heavy chain Tiklova et al. 2010
Coiled Hijazi et al. 2011; Nilton et al. 2010
Crooked Nilton et al. 2010
Rab 5 Tiklové et al. 2010
Rab 11 Tiklova et al. 2010
Shibire Tiklové et al. 2010
Wunen/ Wunen 2 lle et al. 2012

Table 1. 1 Components of the SJs.

Modified from Rice et al. 2021.

SJ proteins arerequired for morphogenetic developmental events

A thorough analysis of nine SJ genes res@ah essential role for these genes in morphogenetic
processes during embryogenesis, including dorsal clasuréead involutiogFehon, Dawson,

and ArtavanisTsakonas 19944all & Ward, 2016) In addition, the trachea dfacroglobulin
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completedrelated (Mcr) Lachesin (Lac) ATPasédJ, Nervana 2 (Nrv2)Known asATPaseb),
sinuous(sinu), kunekune (kung)andVaricose (Variymutant embryos are highly convoluted
when compared to the trachea of control anirfRésl et al. 2003; Wu et al. 2004; Llimargas et
al. 2004; Wang et al. 2006; Nelson, Furuse, and Beitel 2010; Hall et al. ZD&4¢ data
suggest that core SJ proteins are essential for morphogenetic events to occur normally during
embryogenesis.

BecausesJ mutants are embryonic lethal, few studies shed light on the role of SJ proteins
in morphogenesis at pestnbryonic staged.amb et al. 1998Yenema, ZeesBen-Mordehali,
and Auld 2004Bachmann et al., 2008anerjee et al. 2008all and Ward 2016 These studies
were completetby analyzingadult escapers of SJ homozygous mutant anirtedg)se ofissue
specific RNA interference (RNAinediated knockdowar clonal analysig-or example, @ult
escapers expressing a hypomorphic alleleoocle (cora)display morphogenetic defects,
including in the formation of the eye and cuticle and defects in the rotation of the male genital
apparatugLamb et al. 1998)Furthermoreexpressg RNAI againstvari in the wing imaginal
disc results in wing development and expansion de{Betshmann et al., 2008yloreover,
adult flies expressingari-RNAiin the eye imaginal discs have downsized and malformed eyes
(Bachmann et al., 2008)leurexin IV(Nrx-1V) was shown to be required for ommatidia
development of the third instar larvae imaginal discs and adu(Beyerjee et al. 2008).astly,
theparallel alignment oadultwing hairsis lost incora mutant animalssuggesting role for
corain planar cell polaritf{Venema, ZeeBen-Mordehai, and Auld 2004 ogether, hese
studiesindicatea requirement fo8J poteinsin embryonic and larval imaginal disc
morphogenesidHowever, theellularmechanism by whicBJ proteinsare involved in

morphogenesis remains elusive.



A possible role for SJ proteins in morphogenesis independent of the occluding function
Giventhat mutations in SJ genes result in compromised epithelium bgeigrdiall et al.

2014 Behr, Riedel, and Schuh 2008 is assumed that the morphogenetic defebtserved in

SJ mutant animalare due to disruption of the occluding function. Howexerent studies point

to an additional role for SJ proteins in developnibatis independent of the occluding function
(Laprise et al. 2009; Wells et al. 2013; Hall et al. 2014; Hall and Ward 2016; Lim et al. 2019)
As mentioned abové&J mutant embryos display defects in dorsal closure and head involution
(Hall and Ward, 2016 Interestingly, the dorsal closure (completed at stages4)&nd head
involution (completed at stage 15) defeiot§J mutant embryos occur prior to SJ maturation (at
stage 16/1y(Hall & Ward, 2016) Therefore, theole SJ proteins play these morphogenetic
processes is likely independent of the occluding function.

In support of this assertion, sevesaldies indicate a requirement for SJ proteins in
apicatbasal polarity, celtell adhesion, and protein secretlmetween stages 115 of
embryogenesi@rior to SJ maturation at stage 16/1)the epidermisof stage 11/12 embryps
cora, Nrx-1V, andATPaseJform a complex withyurt to maintain apicabasal polarityby
interacting negatively witkhe apical determinant, Crumfsaprise et al. 2009Moreover,
(Fasciclin)Fas3asymmetric localizatiom hindgutcells promotes hindgut curvature by
mediatingintercellular adhesi@sbetweerstages 124 of embryogenesi@Vells et al. 2013)
Further,SJ proteins control the length thie embryonic trachehy regulating cell shapand the
secretion ofapicalextracellular matrix proteinsvhich occurdeginning at stage3lof
embryogenesi@Hayashi and Kondo 2018; Batz, Forster, and Luschnig 2014; Hall et al. 2014;

Luschnig et al2006;Wang et al. 2006; Behr, Riedel, and Schuh 20@8dther example of the



independenjunctional requirement of SJ proteinsmorphogenesis their role in the
embryonicdorsal vessel (heart) formati¢¥i et al. 2008) Although theembryonic cardiac
tissuedoes not contaianSJ Nrx-1V, sinu, cora, Nrv2, Lac, andConiactin (Coni are expressed
in this tissue and localize at the plasma membf&net al. 2008) Mutations n any of these
genes result icardiac lumen collapséower heart rateandlack of celli cell adhesior{Yi et al.

2008)

1.2.  Drosophila melanogasteegg chamber as a model system to study the role of SJ

proteins in morphogenesis

Drosophilaoogenesis

Drosophilafemdes possess a pair of ovaries joined by a common oviduct. Each ovary contains
approximately 1620 ovarioles of progressively developing egg chambers or fol([Elgsre 1.

2A) (Spradling 1993)At the tip of one ovariole is the germarium region, which contains two
populations of stem cells: the germline and somatic stem(Xé#isand Spradling 2000After

an egg is formed in the germarium, it leaves as 16 germlineic§Staurse cells and an oocyte

T that are surrounded by a layerfollicle cells (FCs)Figure 1.2 B) (HorneBadovinac &

Bilder, 2005) Throughout 14 developmental stages, each egg chamber increases approximately
8-fold in volume and elongates approximat2l-fold along the anteridposterior axis, forming

an ellipsoid shaped egg. The FCs drive the majority of the morphogenetic events during
oogenesigDuhart, Parsons, and Raftery 201Vherefore, maintaining an at epithelium that

is capable of undergoing cell shape changes, cellular rearrangements, and cell movements is

essential for egg morphogenesis.
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Figure 1.2 Schematic diagram ofDrosophilacogenesis.
(A) FemaleDrosophilahavel6i 20 ovarioles, which are strings of egg chambers. An egg is
formed in the germarium (Germ.), where germline and somatic stem cells reside. After an egg is
formed, it leaves the germarium region and progresses through 14 developmeesalhstagyh

which the egg increases in length along the ant@asterior axis. (B) Each egg consists of 16
germline cell§ 15 nurse cells (NCs) and one oocyte (@anhich are encapsulated by a

monolayer of follicle cells (FCs). At the anterior and past tip of the egg chamber is a

specialized pair of FCs known as the polar cells (PCs). (C) The FCs have definetvagatal
polarity, where the apical surface faces the germline cells, and the basal surface maintains an
attachment to the extracellularatrix. Moreover, FCs form specialized junctions along the

lateral membrane. At the most apical membrane is the marginal zone (MZ, orange), basal to the
MZ is the adherens junction (AJ, magenta). At stage 10B of oogenesis, the septate junction (SJ)
forms ladderlike septa just basal to the AJ. Anterior is to the left and posterior to theTriaét.

figure is adpted from Alhadyian, Shoaib, and Ward 20&B Journal (see chapter Il for details).

Characteristics of theDrosophilaegg epithelium

The FCsof theDrosophilaegg chamber are similar to epithelial cells in higher aniffradgire

1.2 C). The apical surface of the FCs contacts the oocyte, whereas the basal surface attaches to
the extracellular matrix underlying it. FCs have defined ajbeahl polarity with lateral

junctional complexegMiuller 200Q HorneBadovinac and Bilder ZI5). In the most apical

domain of the cell is the stdpical zone known as the marginal zone. Basal to the marginal zone

is theadherens junctigrwhich provides célicell adhesion. Basal to tlaelheens junctions the

SJ, which acts as a physical barrier between cells. Ultrastructural analysis and dye exclusion

1C



experiments indicatdhatSJformation and maturatiooccur at stage 10B and 11 egg chambers,
respectivelyMahowald 1972; Miller 2000; IsasBianchez, MunZeise, and Luschnig 2Qp

The basal surface of the FGihares to the extracellular matrix via ¢ektracellular matrix
(ECM) adhesiorreceptorsincludingthe Uandb subunits of integringlsabella and Horne

Badovinac 2015a)

SJ proteins are expressed in the ovary

A few SJ proteins were shown to be expressed in the agaggrly as in the germarium region.

For example, Mcr igxpresseth the anterior region of the germarium (Hall et al. 2014)
whereagCora is used as a marker for escort cells, which are differentiated FCs that encapsulate
individual germline cysts within the germarium (Maimon, Popliker, and Gilboa, 2bil#e

FCs ofearly-stage egg chamberGpra and Fas3 are expressdmhg the lateral membrane, but
become slightly enriched at the apitateral membran&om stage 7 egg chambdidg et al.
2016).Finally, astudy bySchneider et al. shows that Cont, Nvk and Nrgare expressed in the
FCs(Schneider et al. 2006). These studies indicate that at least five SJ proteins are expressed in
the FCs, yet their sutellular localization throughout oogenesis has not been determined.
Moreover,althoughSJ proteins localize #ie FC membrane, which is the driving force of egg
morphogentc events our understanding of SJ proteins contribution to egg morphogenesis

remains unknown.

Morphogenesis of theDrosophilaeggchamber
Epithelial tissues undergo dynamic morphogenetic processes to giaificmorphologies,

and the epithelium of therosophilaegg chamber is no exception. The first morphogenetic

11



process occurs in the germarium region, where the FC precursors undergetzd movements

to encase the germline cy{torneBadovinac and Bilder 20058y stage 9 of oogenesi&i, 10
anterior FCs delaminate from the surrounding epithelium and migrate between the nurse cells
until they reach the oocytea process known dsrder cell migrationMontell 2003) Border

cell migration is requiretb form themicropyle, a hole through which sperm enters the egg
(HorneBadovinac, 2020)By stage 10B, two populations of dorsal FCs undergo cell shape
changes and rearrangements whiigrating to form the dorsappendages, which act as
respiratory organs for the developing emb{§@sterield, Berg, and Shvartsman 2017)
Throughout the 14 developmental stages of oogenesis, a spherical egg mtetpsoidthat

is 2.2 2.5times longer than its width, a process knoweg@g elongatiorffcompare stage 3 to

stage 14 egg chambersFigure 1.2) (HorneBadovinac and Bilder 2005; HoriBadovinac

2014) Since the FCarethe main driving force for egg morphogenesigintainingan intact
epitheliumthroughout oogenesis is essential for the morphogenetic processes to occur normally.
In the following subsection, | provide a brief overview of khewnmechanisms that contribute

to egg elongation, which is the primary morphogenetic event discusdes atudy.

Drosophilaegg elongation as a model system to stuttye role of SJ proteins in
morphogenesis

Fourcellular eventgontribute to egg elongati@ndoccur in three phasébigure 1.3 A). In
phase Ipulsatile contractionat the apical domain dhe FCgpromote egg elongation from
stages3i 6 (Alégot et al. 2018)The secongrocesss at stagesiB and involve$-C migration

FC migration reinforcethe formation of planmapolarized basal actin flaments and ECM protein

fibrils, which is the third cellular process required for egg elongé&@Getera and Horne

12



Badovinac 2015; Crest et al. 2017; Viktorinovakt2009) Phase Ihappens over stages1DB
and is mediated via basal actomyosin contractiQms et al. 2017; He et al. 2010; Koride et al.
2014; Popkova et al. 2020n the st phaséstages 1114), the fourth and finatellular process
requires the formation and-cgientation of basal actin stress fibarglthe maintenance of
planarpolarized ECM proteins fibriléCerqueiraCampos et al. 2020; Haigo and Bilder 2011)
The majoity of the genes required for egg elongatertodemembers of the cell cytoskeleton
and ECM, and their associated protgihable 1. 2. Therefore, it is generally accepted that
disruption totheactin cytoskeleton and/or ECM is the primary cause ofedgiggation defects.

Whether SJ proteinsontributeto egg elongation is unknown.

13



Stage4  Stages Stage 8

Stage 10 Stage 12 Stage 14

Apical actomyosin contractions

4+—r

Follicle cell rotation

Actin fiber orientation

ECM fibrils deposition

Basal actomyosin contractions

Actin fiber re-orientation

< >
l I A |
Phase | Phase Il Phase Il
PN
Direction of
migration
<
Stage 10B Stage 11 Stage 12
anterior «—————» posterior ,ﬁj{l it ECM fibrils H||”““HHH Actin anterior < » posterior

Figure 1.3 Elongation of the Drosophilaegg chamber.

(A) Diagram of an ovariole, which is a line of progressively developing egg chambers. Each egg
chamber buds off from the germarium region as a spgteaped egg and undergoes 14
developmental stages resulting in an elongatedlagghase | §tagesdli 8), four cellular

processes contribute to egg elongation. From staggsapical actomyosin contractions,

mediated via a gradient of JARTAT signaling pathwayrrom stages-#, follicle cells (FCs)
migration oriens basal actin stress fibers perpendiculah®anterioiposterior axis. As the FCs
migrate, they secrete extracellular matrix (ECM) fibfllegetherpasalactin stress fibers and

ECM fibrils form the molecular corset, which constrains egg gramthe dorsatventralaxis.In
Phase Il $tages P10), basal actin stress fibers undergo periodic contractions, contributing to egg
elongation.The last phase of egg elongation is PhasestdigeslOB-14), where thegg shape is
maintainedvia the formally formed planapolarized molecular corset. (B) @em of the basal
surface of migratory FCs showing the plapaftarized orientation of actin stress fibers (red

lines) and ECM fibrils (green linesyhich alignperpendicular to the anteriposterior axis. (C)

14



Diagram of a basal view of stage 10B, 11d 42 FCs showing the@ientation event dbasal
actin stress fibers late in oogenesgisterior is to the left and posterior is to the right.
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Table 1. 2 Summary of genes that are required for egg elongation.
A literaturereview of the genes required for egg elongation revealed that the majority of these
genes are componenets of the actin cytoskeletdnadellular matrix (ECM,)and their
associated proteins.
Phase | (stagesil8): The establishment phase of egelongation
At stage @f oogenesisghe anterioirposterior axis increases in lendthg.,Haigo and Bilder
2011) At the same time, basal actin filaments and ECM proteins begin to align perpendicular to
the anteriorposerior axis(Haigo and Bilder, 2011Cetera and HornBadovinac, 2014Isabella
and HorneBadovinac, 2016)The first gene identified to disrupt the planar polarization of actin
filaments and the ECM protein laminin wias2, which encodesn atypical cadhien (Gutzeit,
Eberhardt, and Gratwohl 1991; Viktorinova et al. 20@&p mutanteggs are shorter and wider
than wildtype egggGutzeit, Eberhardt, and Gratwohl 199%)nce the FCs dat2 mutant eggs
lack planarpolarized actin and laminin and fail to elongate, Gutzeit has introduced the idea that
planarpolarized actin filaments and ECM proteins formmalecular corsefFigure 1.3 B). The
function of the corsas to constrain egg growth along the dairsahtral axis, channeling egg
elongation across the anteiiposterior axigGutzeit, Eberhardt, and Gratwohl 199%)nce
then, the identification of genes involved in themation of planapolarized molecular corset
has beemursued. The results of these studies identified genes associated with the ECM or actin
cytoskeleton, supporti ng(Fr@manardiSprailshg20@l] ecul ar
Bateman et al. 2001; Conder et al. 2007; Delon and Brown 2009; Vlachos and Harden 2011)
However, it was unclear how actin and ECM proteins establish their planar polarization and
through which mechanism the molémucorset influences egg elongation.

With the advancement of live imaging techniques, a fascinating cellular process in the

FCs has been discover@daigo and Bilder 2011)Surprisingly, FCs are mobile during the
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establishment phase of egg elongation. FCs extendradiifilopodia and lamellipodial
protrusions and migrate against a static E(@dtera & HorneBadovinac 2015; Haigo and
Bilder 2011) Since the discovery of FC movement, several studies have focused speaifically
FC migration and its relationship to the formation of a plgpmdarized moleculacorset(Haigo

S. L. andBilder 2011; Lewellyn, Cetera, and HorBadovinac 2013; Lerner et al. 2013; Cetera
et al. 2014; Isabella and HorBadovinac 2016)As the FCs move against a static ECM, they
secrete ECM protaifibrils via Rabl0mediated exocytosis, which results lire formation of the
planarpolarized fibrils observed by Gutzéiterner et al. 2013; Isabella and HoiBadovinac
2015b; 2016)Moreover, a recent studhy Alégot et aldemonstrated thatgg elongation is

more complexthan originally thought. The authors show thpical contractions at each pole of
the egg promote egg elongation from stageseahd this event does not require FC migration

and planar polarization of the molecular coKgdégot et al. 2018)

Phase Il (stages ©10B): Actomyosin contraction counteracts the pressure from a growing

cyst

Between stages 80, the eggraduallyincreases in volumeue toyolk uptake from the FCs and
hemolymph(Spradling 1993)A combination of live imaging analysiguantitative modeling,

and chemical and genetic manipulatexperimentsevealeda role for basal actomyosin

contractios in egg elongation.These studies show tlaecumulation o basalactonyosin

network consisting of the nemusclemyosin Il andpolarizedactin stress fiber@He et al. 2010;

Qin et al. 2Q7; Popkova et al. 2020A\ctin stress fibers are attached to the ECM via integrins
(ECM receptors), talin (adopter protein essential for integrin adhesions), and paxillin (a linker of

integrin to Factin) (Koride et al. 2014; Qin et al. 2017; Popkova et al. 202ice actin stress
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fibers are linked to the EClds they contracthemechanical force gendsal fromthese
contractiondeeds into the ECM;onstrictng egg growthto the polesthus, promoting egg

elongation(He et al. 2010)

Phase Il (stages 1114): Maintenance of an elongateghaped egg

Throughout stages80B, basal actin stress fibers are aligned perpendicular to the anterior
posterior axigFigure 1.3 C). However, by stage 1actinstress fiberghange their orientation

by 9(° relative to their originadlirection(Delon & Brown, 2009) This process requires the
disassembly of prexisting actin fibers and the formation of new fibers perpendicular to the
antaiori posterior axigDelon & Brown, 2009)Figure 1.3 C). Actin stress fibers rglon the
planarpolarized ECM fibrilsto determine their orientatiqiCerqueiraCampos et al. 2020As
stress fibers rerient, focal adhesion complexes become enriched at the basal side of the FC
(Delon & Brown, 2009)Eggs mutant for ECM receptogenes are roundeflectingthe
importance ofmaintaining ceHECM adhesiong egg elongatioiiBateman et al., 2001; Cha et
al., 2017; Delon & Brown2009; He et al., 2010Consistent with this idedreating wildtype
stage 12 eggs with collagenase results in collapsed roundtgige and Bilder 2011)Thus,

actin stressibers, ECMcomponentsand the coupling between them ensure the maintenance of

the egg shape late in oogenesis.
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1.3.  Dissertation Overview

The goal ofmy dissertation is t@xamine SJ biogenesis and the role of SJ proteins in
morphogenesis usirthe Drosophilaegg chambeas a model systerithe second chapter
demonstrates that SJ biogenesis is similar iridhieular epitheliumas it is intheembryonic
epithelia. It also shows that SJ proteins are required fan#jer morphogenetic events during
oogenesisincluding eggelongation border cell migratiorand the formation of the dorsal
appendaged.hethird chapter investigates the mechanism by which Mcr is required for egg
elongation We find that Mcr requirement in eggJongationis late in oogenesis and is likely to
be SJddependent. Late in oogenesis, RNAediated knockdown of Mcr results in abnormal
follicular epitheliummorphology, disruption to actin stress fiber organization, and defective
eggshell formation. Moreover, Mdepleted egg chambers haaveompromised eggshell with
defects in théormation of thewax and chorion layers

Overall, this work contributes new data to the field of SJRwubophilaoogenesiswWe
find interesting snilaritiesin SJ biogenesis betwedre primary embryonic epithelend
secondaryollicular epithelium BecausesJ proteingare similarly required for morphogenesis of
the egg chambewe think thathis requiremenis dependent on the formation of a Eihally,
thefollicular epitheliumcoud serve as a parallel system for further studies on the cellular and

molecular mechanisms by which SJ proteins are required for tissue morphogenesis.
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Chapter Il : Septate junction proteins are required for egg
elongation and border cell migration during oogenesis ibrosophila
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The data and text in Chapter Il has been accepté@ &enes: Genomes: Genetjosirnal
(March2021) with minor revisions to the teaind figures gendsAt the time of submitting this
dissertation, the manuscript has not been published. Below are the authors who contributed to
this chapter.
Al hadyi an, H., Shoai b, D .teina aralreqWiad far egB elondgatte pt at
and border cell migration during oogenesi®mosophilao
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2.1 Abstract

Protein components of the invertebrate occluding junetiotown as the septate junction (SJ)

are required for morphogenetic developmental evémtieig embryogenesis iDrosophila
melanogasterln order to determine whether SJ proteins are similarly required for

morphogenesis during other developmental stages, we investigated the localization and
requirement of four representative SJ proteinsnduoiogenesis: Contactin, Macroglobulin
complementelated, Neurexin 1V, and Coracle. A number of morphogenetic processes occur
during oogenesis, including egg elongation, formation of dorsal appendages, and border cell
migration. We found that all four SWoteins are expressed in egg chambers throughout
oogenesis, with the highest and most sustained levels in the follicular epithelium (FE). In the FE,
SJ proteins localize along the lateral membrane during early andagéhesis, but become

enriched in ampicatlateral domain (the presumptive SJ) by stage 10b. SJ protein relocalization
requires the expression of other SJ proteins, as well as rab5 and rab11 in a manner similar to SJ
biogenesis in the embryo. Knocking down the expression of these SJ pirofeifisle cells

throughout oogenesis results in egg elongation defects and abnormal dorsal appendages.
Similarly, reducing the expression of SJ gendgfiénborder cell clusteesults in border cell

migration defects. Together, these results demonstrate an essential requirement for SJ genes in
morphogenesis during oogenesis, and suggest that SJ proteins may have conserved functions in

epithelial morphogenesis across developniestéayes.
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2.2Introduction

The septate junction (hereafter referred to as SJ) provides an essential paracellular barrier to

epithelial tissues in invertebrate anim@ikirot-timothéeet al.1978) As such, the SJ is

functionally equivalent to the tight junction in vertebrate tissues, although the molecular

components and ultrastructure of these junctions difésiewed in Izumi and Furuse 2014)
Studies inDrosophilahave identified more than 20 proteins that are required for the

organization or maintenance of the(&@honet al.1994; Baumgartnest al.1996; Behret al.

2003; Paukt al 2003; Genova and Fehon 2003; Fai®arailhet al 2004; Wuet al.2004; Wu

et al.2007;Tiklova et al.2010; Nelsoret al.2010; lleet al.2012; Batzt al.2014; Hallet al.

2014) Given that some of these genes have clear developmental functiome aad s n a me

derives from its dorsal open embryonic phenotypehonet al.1994), we previously undertook

an examination of the developmental requirements for a set of core S{idethesd Ward

2016) We found that all of the genes we analyzed (9 in all) are required for morphogenetic

developmental events during embryogenesis including head involution, dorsal closure and

salivary gland organogenesis. Intereglyn these embryonic developmental events occur prior to

the formation of an intact SJ, suggesting that these proteins have a function independent of their

role in creating the occluding junctigHall and Ward 2016)Since strong loss of function

mutations in every SJ gene are embryonic lethal (due to these morphogenetic defects and/or a

failure in establishing a bloddrain barrier in glial cellslBaumgartneet al.1996) only a few

studies have examined the role of SJ pnst@ morphogenesis at a later stages of development.

These studies have revealed roles for SJ proteins in planar polarization of the wing imaginal disc,

for epithelial rotations in the eye and genital imaginal discs, and ommatidia in{egnty et al.

1998; Venemat al.2004; Moyer and Jacobs 2008; Banegeal.2008)
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To further explore the role of SJ proteins in morphogenesis bdlierembryonic stage,
we set out to examine the expression and function of a subset of SJ gen&rostphilaegg
chamber during oogenesis. Each of the Bvosophilaovaries is comprised of approximately
16-20 ovarioles, which arerganized into strigs of progressively developing egg chamlfers
Figure 2. 1 A). Each egg chamber forms in a structure called the germarium, where the
germline and somatic stem cells desiOnce the egg chamber is formed, it leaves the germarium
as 16cell germline cyst consisting of 15 nurse cells and an oocyte surrounded by a layer of
somatic follicle cells (FCq) Figure 2. 1B). An egg chamber undergoes 14 developmental
stages ending in a mature egg that is ready for fertilizé&temnewed in HornéBadovinac and
Bilder 2005) Interfollicular cells called stalk celtsonnect egg chambers to each other. During
oogenesis, the FE ungmes several morphogenetic events including border cell migration,
dorsal appendage formation and egg elongdterewed in HorneBadovinac and Bilder 2005;
reviewed in Duharét al.2017)

Previousstudies have revealed that a few core components of the SJ are exprdssed in t
ovary, including Macroglobulin complemerdlated (Mcr), Neurexin IV (NrtV), Contactin
(Cont), Neuroglian (Nrg), and Coracle (Co(#Jei et al.2004; Schneideet al.2006; Maimoret
al. 2014; Hallet al.2014; BerZvi and Volk 2019) although the developmental expression
pattern and subcellular localimats of these proteins have not been thoroughly investigated.
Furthermore, ultrastructural analysis has revealed the presence of mature SJs in the FE by stage
10/10B of oogenesisFigure 2. 1 C), while incipient SJ structures have been observed in egg
chambers as early as stag@v&howald 1972; Miller 2000)The biogenesis of SJs in embryonic
epithelia is a multistep process in which SJ protenesinitially localized along the lateral

membrane, but become restricted to an apataltal region (the SJ) in a process that required
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endocytosis and recycling of SJ proteffiklova et al. 201Q)How SJ maturation occurs in the
FE is unknown.

Here, we analyzed the expression and subcellular localization of the core SJ proteins Mcr,
Cont,Nrx-1V, and Cora throughout oogenesi¥e find that all of these Sifoteins are expressed
in the FE throughout oogenesis. Interestingly, Mcr, Cont;INpand Cora become enriched at
the most apicalateral region of the membrane in stag&/ld egg chambers, coincident with
the formation of the Sdsrevealed by electromicroscopyMahowald 1972; Muller 200Q)
Similar to the biogenesis of SJs in the embrige]dcalizationof SJ proteins to the presumptive
SJ requires the function of other SJ genes, as wBlabhSandRab11 Functional studiessing
RNA interference (RNAI) of SJ genes in FCs results in defects in egg elongation, dorsal
appendage morphogenesis and bordemaigitation. Together, these results reveal a strong
similarity in the biogenesis of SJ between embryonicfalidular epthelia, demonstrate that at
least some components of the SJs are required for morphogenesis in the ovary, and suggest that

theserequirementsnay be independent &J proteingole in forming an occluding junction.
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2.3Results

Septate junction proteins ae expressed in follicle cells throughout oogenesis

While a few SJroteinshave previously been reported to be expressed iDrbsophilaovary

(Wei et al.2004; Schneideet al 2006; Hallet al.2014; Maimoret al.2014; Felixet al.2015;
BenZvi and Volk 2019) a thorough analysis of their tissue distribution and subcellular
localization throughout oogenesis is lacking. We therefore examined the spatial and temporal
expression of four SJ proteins: Mcr, Cont, Nivkand Cora(Fehonet d. 1994; Baumgartnest

al. 1996; FaivreSarrailhet al.2004; Batzt al 2014; Hallet al 2014) These four proteins are
core components of the junction for which wellaracterized antibodies are available.

At early stages of oogenesis (stage8)2Mcr, Cont, and Nr{V all localize in puncta at the

lateral membrane of FCs and nurse cells, and show a punctate distribution in thédagaiés

2. 1 D-G). Mcr, Cont, and NrxlV are also more strongly expressed in polar cells (PCs) than the
surrounding FCsaisterisks inFigure 2. 1 D-F). Cora is more uniformly localized along the
lateral membrane of the FCs, including the PEg(re 2. 1 G and data not shown). These SJ
proteins are additionally expressed in stalk cells (arrowheafgure 2. 1D and E and data

not shown). Beginning at stage 1M8¢r, Nrx-1V, Cont and Cora are gradually enriched at the
apicatlateral membrane of the FCs just basal to the AJ. This localization is complete by stage 11
and persists to the end of oogenesis (ariavisgure 2. 2 B, D, F, and H)The timing of this
apicatlateral enrichment of Mcr, Cont, Nii¥ and Cora coincides with the maturation of the SJ
in the FCs based upon ultrastructural analfidishowatl 1972; Miiller 200Q)and so we will

refer to this region as the presumptive SJ. Finally, all of these SJ proteins continue to be

expressed in the FCs until stage 14 of oogendsgufe 2. 1C, E, G and I).
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St. 12 St. 14
C Germline cells
Stage 108 2P’ A

SJ

Figure 2. 1 Mcr, Cont, Nrx -1V, and Cora expression during early stages of oogenesis.

(A) Diagram of a femal®rosophilaovariole. Egg chambers are formed in the most anterior
region of the ovariole called the germarium (Germ). Each egg chamber undergoes 14
developmental stages whitennecedto each other through stalk cells (SCs) to form a mature
stage 14 egg. (B)iagram of a stage 8 egg chamb&heegg chamber consists of 15 nurse cells
(NCs) and one oocyte (0o0.), which are surrounded by a monolayer of follicle cells (FCs). At the
anterior and posterior ends of an egg chamber resides a pair of differentiated FGsotailed
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cells (PCs). (Cpiagram of a lateral view of a portion of a stage 10B egg charfiBarface the
germline and have defined apidasal polarity withthe apical surface facing the germline and a
lateral junctional complex consisting ofraarginal zme (MZ), an adherens junction (AJ), and a
septate junction (SJ). (B) Confocal optical sections of wikype early stages egg chambers
stained withantibodies againgiicr (D), Cont (E), NrxIV (F), andCora(G) (Magenta and in

i ndi vi dual -Gé hnd cestankd withantitiddies againgcad (green) ankdbeled

with DAPI (blue). All four SJ proteins are expressed throughout the egg chamberr&ong
membranes, including SCs (arrowheadB iandE, and data not shown for Ni¥ and Cora)
andin the NCs. Mcr, Cont, and Nut¥/ (D-F) are found along the membrane and in puncta,
whereagCorais found predominantly at the membrane (G). In addition, Mcr, GowiNrx-1V

are highly expressed in the PCst@islks in D-F), whereagCorais expressed in these cells with
same level of expression relative to #@s Note that the focal plane of these images shows
strong staining in PCs in only one side of the egg chamber, but Mcr, Cont aiid &hex

equally expressed in both anterior and posterior P&gerior is to the leftn each ovariole

Scale bar= 25um.
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B stage 12 : C stage 14

D Stage 12

Figure 2. 2 Mcr, Cont, Nrx -1V, and Cora localization at later stages of oogenesis.

(A) Diagram of a stage 12 egg chambeii.l[jBConfocaloptical sections of wildype stagd. 11
12 egg chamber@B, D, F, and H) or stage 14/13 egg chamber (C, E, G, astdihedwith
antibodies againdticr (B and G, Cont D and B, Nrx-1V (F and G, orCora(H and ) (magenta
and in individual c lared mastairied witiantilBodies adaiagcadF o
(green) andabeled withDAPI (blue).The location of these sections overlaps the boundary

3C
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between the oocyte (00.) and nurse cells (NCs) and is depicted as the red box in the diagram
shown in (A). Note thatcr, Cont, NrxIV, and Cordbecome enricttkat the apicalateral

region of FCs membrane (arrewm B, D, F, and H.. Insets show higher magnification of the

indicated areas. The expression of all of these proteins persists in stage 14/13 egg chambers (C,
E, G, and I)Anterior is to the leftScak bar = 25umn B, D, F, and H and 100um in C, E, G,

and .

SJ proteins are required for egg elongation and dorsal appendage morphogenesis

Given our findings that these four SJ proteins are expressed in the FE throughout oogenesis, and
our previous studies indicating a role for SJ proteins in morphogenesis, we wondered whether SJ
proteins might be required for morphogenetic processes irBh€He FE plays critical role in

shaping the egg chamber and producing the dorsal appendage, while a subset of FE cells
participates in border cell migration to form the microgiontell 2003; HorneBadovinac

2020) Because SJ mutant animals die during embryogenesis, we us2dlihe ASRNAI

system to knockdown the expression of SJ proteins in the f&and and Perrimon 1993J0

knock down expression of SJ proteins throughout the majority of oogenesis, weRted

GAL4, which is expressed in the FCs from stage 4 to 14 of oogd@gsa and Schipbach

2003; Wittes and Schupbach 2018) all, we tested Bloomington Transge®blAi Project

(TRIP) lines made against six different SJ gei@n§ cora, Mcr, Lac, Nrx-1V, andsinu). To

examine overall egg chamber shape, we dissected stage 14 egg chambers from females
expressingJRNAiunder the control c6R1:GAL4, imaged them oa compound microscope,

and determined the aspect ratio of the egg chambers using measurements of egg chamber length
and width using ImageJ/Fiji. Control stage 14 egg chamkRs-GAL4A>UASGFP) had a

mean aspect ratio of 2.Bigure 2. 3A and J). In contrast, the aspect ratio of stage 14 egg

chambers from alR1:GAL4>SJIRNAIis significanly lower than control egg chambers (aspect

ratios from1.7 to 2.1 t-testP value <0.0001Figure 2. 3B-G and J). AlIS}RNAiegg chambers
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are significantly shorter than contraédtéstP value <0.0001Figure 2. 3H), and all butMcr-
RNAI (BDSC) anc€ContRNAiare also wider than control egg chamheeétP value <0.0001
Figure 2. 3I). To address the specificity of these resulésalso tested VDRC RNA. lines
directed against Mcr, Cora, and N, and found similar effects on egg shap&(re 2. 3).
We also examined SJ protein expression indtage egg chambers fikcr, cora, andNrx-1V-
RNAito demonstrate that the RNAIi was efficiently knocking down protein expression in this
tissue(Figure S2. 1

Further examination of stage 14 SJ mutant egg chambers revealed defects in dorsal
appendage morphogenesis. Dorsal appendages are tubulateeggiractures that form from
two populations of the dorsal FE known as floor and roof ¢Blidhartet al.2017) The primary
phenotypes we observed in tB@RNAkrexpressing egg chambers were missing dorsal
appendages, or appendages that appearedstwobteor brokenKigure 2. 3andS2. 3. In
addition, nearly all of th&3}RNArexpressinglorsal appendages that were present appeared to
have a thinner stalk than found in control egg chamibégsife S2. 2). In quantifying these
phenotypes, both BDSC and VDRC RNAI lines against Mcr (BDSC: 52%, VDRC:18%) and
Cora (BDSC: 15% and VDRC: 21%) produced egg chaswéh defective dorsal appendages
(Figure 2. 3M). However, theNrx-IV-RNAIBDSC line did not produce abnormal dorsal
appendages, whereas 33% of VDR&-IV-RNAiline results in defective dorsal appendages.
Moreover, 19% oContRNAF and 13% ol ac-RNAkexpressing egg chambers have either
missing or broken dorsal appendages. We did not observe these phenosimpe&MAH

expressing egg chambelEdure 2. 3M).
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Figure 2. 3 SJgenes are required for egg elongation.
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(A-G) Brightfield photomicrographs of stage 14 egg chambersGRYGAL4>UASGFP, (B)
GR1GAL4>UASContRNA| (C) GRE:GAL4>UASNrx-IV-RNA| (D) GR:GAL4>UASMcr-
RNA| (E) GRE:GAL4>UAScora-RNA| (F) GRE:GAL4>UASsinu-RNAj and (G)GRX:
GAL4>UASLac-RNAL Images in this figure represent average phenotypes observed in each
genotype. (H and I) Quantification of length and width of stage 14 egg chambers from control
andSJRNAiegg chambers. (J) Quantification of the aspect ratio of length (orange line in A) to
width (yellow line in A) from control an@JRNAistage 14 egg chambers. Note that the aspect
ratio of allSFRNAiexpressing egg chambers are statistically significant from the control egg
chambersynpaired-test;P<0.0001).K and L) Zoonedimages olGRI:GAL4>UASGFP (K)
andGR1X:GAL4>UASLac-RNAI(L) stage 14 egg chambdfsom A and G) kowing the dorsal
appendage The dorsal appendagestireLac-RNAiegg chambeare either deformed or absent
(arrows)compared to control dorsal appendad®y Quantification of dorsal appendage defects
from control andSJRNAistage 14 egg chambers.total number of egg chambers measured per
genotype. Data represents individual values with mesad.P value <0.0001. Anterior is to the
left. Scale bar A00um.
SJ proteins are expressed in polar and border cells and are required for effective border
cell migration

The observation that Mcr, Cont, and Nkxare strongly expressed in PCs and in all FCs
( Figure 2. 1D-F), motivated us to investigate their expression during the process of border cell
migration. Border cell migration occurs during staged®f oogenesiggure 2. 4A). During
stage 9, signaling from the anterior PCs recruits a grougBaddjacent FCs to form a cluster
and delaminate apically into the egg chamber. The border cell cluster is organizedoaiit of
PCs in the center surrounded by border cells. This cluster of cells migrates betwaasd¢he
cellsuntil they reach the anterior side of the oocyaigre 2. 4A). This process takes
approximately 46 hours and is complete in wikype egg chambers by stage 10 of oogenesis
(Prasad and Montell 2007Previous studies show that Cora and Nrg are expressed in the PCs
during their migratior{Wei et al.2004; Felixet al.2015) To determine if other SJ proteins are
also expressed during border cell migration, we stained stagevdld-type egg chambersith

antibodies against Mcr, Cont, Nt¥ and Cora. To mark the PCs, we-stained the egg

chambers with Fasciclin 3 (FasSpowet al 1989; Khammaret al 2011) Mcr, Cont, NrxIV
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and Cora are all expressed in border cell clusters throughout tlgesttion Figure 2. 4B-D
andFigure S2. 3-5). Interestingly, the expression of these SJ proteins in PCs appears highest at
the interfaces betwed?CandBCs(Figure 2. 4B-D andFigure S2. 3-5). SJ protein expression

is also asymmetric in the border cell cluster, with higher expression latwdgr cellsclosest to
theoocyte, raising the possibility that these proteins magaed to or direct leadirgdge

polarity in the migrating border cell cluster (ratows inFigure 2. 4B-D).

BC cluster ‘\
\

\ BCs

B Early stage 9

D Stage 10

D’”,.\Fas3 D”’f,.‘DAPI

\

' \

' '

v i

ol '
~ '

Figure 2. 4 Mcr expression during border cell migration.
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(A) Diagram of border cell migration. At early stage 9 of oogenesis, a group @dlicle cells

are specified by the polar cells (PCgdeen to become border cells (BCshégenta The

BC/PC clustedelaminates apically and migrates between the nurse cells (NCs) until it reaches
the oocyte (0o0.) by stage 10 of oogenesisDJBConfocal optical images of wHtype stage 9

10 egg chambers stained with antibodies againstMer ¢ e nt a, a nkhs3igreend panel
and i n ) aulapekedvdath BAPI (blye and i nPCs are ipdeated With

asterisksMcr is expressed in the PCs and BCs with higixpression at the interfabetween

the PCs and BC#&lote thatMcr appears to be moshrichedalong the boundary with BCs at the
leading edge of the border cell cluster e d ar fDOWs iAo Beldft.cScale bar =
25umin(BD) and 1 @0OrmnHbDid@nd 6(6B0) .

Given that Mcr, Cont, NrtV and Cora are expressed in border celstdes throughout border

cell migration, we wondered if they are also required for some aspect of this process. To address
this issue, we usesllboGAL4 (Ogienko et al. 2018p express RNAI against individual SJ

genes specifically in bordeelts and analyzed the border cell clusters at stage 10 in these

ovaries. We noticed a range of defective migration phenotypes in these egg chambers and
classified them into three naaxclusive groups: failed, incomplete and dissociated clusters.
Complete ngration Figure 2. 5A-C) is characterized by having the entire border cell cluster
physically touching or just adjacent the oocyte by the end of stadediLid 2. 5C). A failed

cluster is characterized by a border cell cluster that has not delaminated from the FE by stage 10
(Figure 2. 5D). An incomplete migration phenotype is characterized as an intact cluster that has
not reached the oocyte by the end of stagd-idu(e 2. 5E, where the two dashed lines indicate

the range of distances at which border cell clusters were categorized as incomplete). Finally, a
dissociated cluster phenotype is characterized by a cluster that has brolelnie# string of

border cells or that has one or more border cells that remain between nurse cells and are not
connected to the larger border cell cluskggqre 2. 5F and H). In control stage 10 egg

chambers$lbocGAL4; UASmMCD8GFP/UASmMCherryRNAI), 86% (n=81) of border cell

clusters completed their migration, with the remainder showing incomplete migféigomg 2.

36



51). In contrast, stage 10 egg chambers expressing RNAI agamastNrx-1V, or Contin the
border cellgesulted inb8% (n=67), 50% (n=74), and 40% (n=85) of border cell clusters
completing migration, respectiye{Figure 2. 5l). The remainingcora-RNAF andNrx-1V-RNAF
border cell clusters showed a combination of incomplete migration or failed to delaminate
(Figure 2. 51). ContRNAtborder cell clusters also showed 35% of incomplete border cell
migration, but additionally had 17% of the clusters disassociating duringrifggation Eigure
2. 5E, F, H and I)Mcr-RNAkborder cell clusters were indistinguishable from controls with
86% (n=94) completing their migration and the remairsth@wing only 13% incomplete
migration Eigure 2. 5I).

To extend these studies, we examined border cell migration in egg chambers expressing
RNAI against SJ genes usitlite C306GAL4driver. C306GAL4is expressed in the border
cells throughout the process of border cell migrafMorphy and Montell 1996and in PCs just
at stage 10 (H.A., unpublished observation). In control egg charf@®@ds GAL4/UASDcr;
GAL8(0%+), 78% (n=91) of BC clusters completed their migration and 19% displayed incomplete
migration Figure 2. 5J). Stage 10 egg chambers expres€iB§6>Mcr-RNAidisplayed66%
(n=98) complete border cell migration wiBk% showing incomplete migration, 5% showing
dissociated clusters a3 showing failed borderell migration Figure 2. 5J). Similarly, egg
chambers expressirgB06>NrxIV-RNAidisplayed 66% (n=59) complete border cell migration
with 30% showing incomplete migtian and3% failing to delaminateRigure 2. 5J). Finally,
78% (n=70) of stage 10306>coraRNAtexpressing border cells displayed complete border cell

migration, wheeas20% showed incomplete migration aB%b failed to delaminatd=gure 2.
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Figure 2. 5Mcr, Cont, Nrx-IV, and Cora are required for effective border cell migration.

(A-C) Border celmigration in control egg chambeisggchambes are immunostained with
anti-Fas3 fnagentato mark the polar cell$GFP (green) to mark border cells, dableled with

DAPI (blue) Arrows indicates border cell clusters. Note that in control egg chambers the border
cell cluster reaches the oocyte (0Oo0.) at stage 1QDEf) Stage 10 egg chambengpressing
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ContRNAIIn border cellsmmunostained with artCont (magentaand antiFas3 (lue)
showingexamples of BC cluster migration defedtled (arrow inD), incompletgarrow inE),
anddisassciatedborder cell migration (arrow iR). Higher magnification of control (G) and
ContRNAtexpressing (H) borderell clusters showing the dissociation of a border cell cluster
observed ir6JRNAiclusters. (I and puantification of border cell cluster phenotypes at stage
10 egg chambers in control aBdRNAidriven by eithelSIbaGAL4 (1) or C306GAL4 (J).
Anterior is to the left. Scale bar = 25um.
SJ biogenesis in thé&E
The redistribution of SJ proteins in tR€s of later stage egg chambers resembles the dynamic
relocalization of SJ proteins during the biogenesis of the junction during embryod@itdsisa
et al. 2010)In embryonic epithelia, SJ protein enrichment at the afatadal domain
(presumptive SJ) requires endocytosis and recycling of SJ proteins to the membrane, and is
interdependent on the presence of all core SJ prqdlasd et al.1998; Hallet al.2014)
Coincident withthe strong localization of SJ proteins to the presumptive SJ at stage 16 of
embryogenesis, laddéke electrondense intermembrane septae are visible by electron
microscopy that become progressively organized by sta¢®chiilteet al.2003; Hildebrandet
al. 2015) We therefore sought to determin&if biogenesis in the follicular epithelium requires
endocytosis and recycling.

To test for the interdependence of $dtgins for localization, we examined Cora and
Mcr expression in wildype,Mcr-RNAj andNrx-1V-RNAistage 12 FCs. In wiltlype stage 12
egg chambers, Cora is stronglylogalized with Mcr at the apicddteral domain of the FCs
(completelypenetrant in 95 cells from 31 egg chambefgjre 2. 6A). In contrast, Cora and
Mcr are mislocalized along the lateral domain in stagBi¥V-RNAIFCs(Figure2.6 B),
much like they are in stage@wild-type FCs (Figure 2. 1D). Specifically, 6 out of 20Irx-1V-

RNAIFCs cells from 19 egg chambers showed complete mislocalizati@neasl3 of these 20

cells showed largeliateral localization with some degree of apical enrichment. Similarly, in
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stage 1Mcr-RNAIFCs, Cora was mislocalized along the lateral membrane in 39 out of 47 cells
examined from 19 egg chambers, with theaemmg 8 cells showing some enrichment of Cora at
the apical lateral domairrigure 2. 6C). Notably, cells that showed apical enrichment of Cora
also retained small & of Mcr expression that overlaps with the enriched Cbigufe 2. 6D),
suggesting the perdurance of Mcr in these cells may have allowed for normal SJ organization.
Together, these experiments indicate that SJ biogenesis in the FEsthte2gg chambers

requires the expression of at least some core SJ proteins.

B stage 12
F

ary

D stage 12

o w

——GR1-GAL4>UAS-Mcr-RNAi

Figure 2. 6 The apicatlateral localization of Cora depends orMcr and Nrx-1V.

(A-D) Confocal optical sections ofegje 2 FCsstained withantibodies again®cr (magenta,
and i n)aadQora(redrasn d i n)and lgbeed with ®API (blueMcr and Cora
co-localize at thgoresumptive Sih control stage 12 egg chambéfg, whereadVicr and Cora
localize along the lateral membraneNokIV-RNAiexpressing=Cs(B). In mostMcr-RNAF
expressing stage 12 egg chamb€wralocalizes laterally (C), whereas in some egg chambers,
Cora is enriched apically (arrow in D606),
Scale bar = 10pm.
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We next wanted to investigate whether the relocalization of SJ protelms to t
presumptive SJ required endocytosis and recycling. In the embryonic hindgut, Cora, Gliotactin
(Gli), Sinu, and Melanotransferrin (Mtf) localize with the early endosomal marker, Rab5, and
partially localize with the recycling marker, Rab11 during SJdnegigTiklova et al. 201Q)
Moreover, blocking Rab5 or Rabl11 function prevents Cora, Gli, Sinu, and Mtf-tqtiell
localization(Tiklova et al. 201Q)and thus SJ formation. To determine if similar processes occur
during SJ formation in FCs, we expressed a dominant negative version ofUReBR#bZN) in
FCs usingGRL:GAL4and examined the expression of Mcr and Cora in stage 11 FCs. in wild
type FCs at that stage, Mcr and Cora are enriched at the-ezal membrane (completely
penetrant in 91 cells from 15 egg chambers; arrovidgare 2. 7A), whereas both Mcr and
Cora remain localized along the lateral membrane iR#iEPN-expressing FC&=97 cells, 15
egg chambergzigure 2. 7B). Similarly, Cora and Mcr ctocalize at the apicdhteral
membrane of the FCs of stage 12 egg chambers (n=64 cells, 15 egg chambers; &iguws in
2. 7C), whereas knocking down the expression of Rab11 in stage 12 FCs results in the
mislocalization of Cora and Mcn£23 cells, total 70 cells)16 egg chambers; arrowkingure 2.
7D). Cora is exclusively mislocalized along the lateral membrane in these cells, whereas Mcr is
most frequently missing from the plasma membrane, either in punctate cytoplasioic f
completely gone (in 21 of th#&d Rab1XRNAicells;Figure 2. 7D). Interestingly, we noted that
the FE inRab®N- andRab11RNAkexpressing egg chambers are taltethe apical/basal
dimension than similarly staged witgpe egg chambers (compdfgure 2. 7A with 2.7B and
Figure 2. 7C with 2. 7D), although the effect isften observedvith Rab®N than withRab11
RNAL Taken together, these results suggest that similar to embryonic epithelia, the maturation of

SJs inthe FE requireRab5mediated endocytosis and Raklrh&édiated recycling.
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Figure 2. 7 Mcr and Cora require Rab5 and Rabl1 fortheir correct localization at the SJ.

(A-D) Confocal optical sections ofegje 1L (A and B) or stage 12 (C and B sstained with

antibodies againdticr(mage nt a, a)add Cora(gréemmaln e Ing add lgbeled e | s

with DAPI (blue) While Mcr and Cora cdocalize at the apicdhteral membrane of stage 11

and 12 controFCs(arrows in A and C), both Cora and Mail to localize at the SJ iRab®N-

expressing FCH)). In Rab1tRNAkrexpressing FCs (D), Ca localizes along the lateral

membr ane (arrow in D6d), whereas Mcr is eithe
| ater al me mb r Ameelor i§ ta the leftwScalerbardD=G1pum.

42



2.4 Discussion

In this study, we have demonstmtibat a subset of SJ proteins is expressed in egg chambers
throughout oogenesis and are required for critical morphogenetic processes that shape the egg,
including egg chamber elongation, dorsal appendage formation and border cell migration
(required to 6rm the micropyle). Interestingly, the subcellular localization of these SJ proteins in
the ovarian FCs changes coincident with the establishment of the occluding junction in much the
same way that they do during embryogenesis in ectodermal epithebd[Taddbva et al. 201Q)

suggesting that a similar maturation process for the SJ occurs in this tissue.

Biogenesis of the SJ in the FE

The mechanisms of SJ biogenesis in embryonic epithelia has beestwadetid and
involves several steps in which transmembrane SJ proteidgsirocalized all along lateral
plasma membranes (by stage 12 of embryogenesis), but then must be endocytosed and recycled
back to the plasma membrane prior to aggregating in the region of the presumptive SJ (between
stages 13 and 18jklové et al.2010) Prior to this relocalization step, SJ proteins show high
mobility in the plane of the membrane by Fluorescence Reg@d\fter Photobleaching (FRAP)
analysis, but become strongly immoliulering relocalizatiorfOshima and Fehon 20114s
these steps are occurring (e.g. stage 14 of embryogenesis), etirtsenmaterial begins to
accumulate between adjacent cells in tresspmptive SJ that takes on the appearance of ladder
like septae by stage 17 of embryogen€Bepass and Hartenstein 1998ynctional studies
indicate that the occluding function of the junction is established late in embryogenesis, near the

end of stage 1fPaul et al2003) Importantly, the process of SJ biogenesis is interdependent on
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the function of all core components of the junction and several accessory proteins including Rab
5 and Rab 1{Wardet al.1998; Genova and Fehon 2003; Tikl@téal 2010)

Here, we observe that many of these same steps occur in the maturation of SJs in the FE.
We first show that SJ proteins are expressed in the FE beginning earlyianaarelopment
where they localize all along the lateral membraRg(re 2. 1). These proteins appear to
become enriched at the presumptive SJ by stagEiddré 2. 6). The relocalization of SJ
proteins to the SJ requires core SJ proteins including Mcr anédMiend accessory proteins
including Rab5 and Rab1Fifure 2. 6 andFigure 2. 7). Prior studies indicate the presence of
electron dense material between FE cells dy aarstag® (Muller 2000) with a laddedlike
appearance of extracellular septae by stage(Mhowald 1972)A recent study of the
occluding function in the FE show a similar pattern of protein localization for endogenously
tagged NeurogliatY FP and Lachesi&GFP, and demonstrates that an intact occluding junction is
formed during stage 11 of oogenedsastiSantezet al.2020) It is interesting to note the FE
is a secondary epithelium initiated by a mesenchymal to epithelial tranFigpasst al.2001)
and yet SJ biogenesis appears to be very similar to that observed in the primary epithelia found

in the embryo.

SJ proteins are required for morphogenetic events during oogenesis

The similarities in the dynamic expression of SJ proteins in the FE and embryonic
epithelia, coupled with the observation that SJ proteins are required for numerous embryonic
developmental eventsiall et al. 2014)and references thergimotivated us to explore whether
SJ proteins have similar roles in morphogenetic processes that shape the egg. Using a targeted

RNAI approach, we show that reducing the expression of McrlWr&ont, Cora, Sinu, or Lac
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throughout oogenesis in the FCsuls in stage 14 egg chamberth lower aspect ratio that is

statistically significant than the contrelith many showing additional defects in dorsal

appendaged-{gure 2. 3andFigure S2. 2). The initiation and maintenance of egg elongation is

achieved at various stages throughout oogei@sites 2012; Bilder and Haigo 2012; Cetera and

HorneBadovinac 2015)From stage &, a gradient of JAKSTAT signaling is required at each

pole of the egg chamber to promote Myosihdised apicatell contractiongAlégot et al. 2018)

From stage @, the formation of a robust planar polarized moleculesate consisting of basal

actin cytoskeleton and basement membrane protein fibsilseequired for egg elongation, and

requires collective FC migration over a static basement mem{Eteeitet al.1991; Frydman

and Spradling 2001; Batemanal.2001; Viktorinovéet al.2009; Haigo and Bilder 2011;

HorneBadovinacet al.2012; Ceterat al 2014, Isabella and Horr@gadovinac 2016Cerqueira

Campost al.2020) During the middlestages of oogeses (stages 9 and 10), basal actin stress

fibers undergo actomyosin contractions, which contribute to egg elongidgost al. 2010; Qin

et al. 2017. Finally, later in oogenesis, the maintenance of a planar polarized molecular corset is

required to retain an elongated egg chamber stidqigo and Bilder 2011; Chet al.2017;

CerqueiraCamposet al 2020) Future studies are needed to determine if SJ proteins are required

for the establishment and/or maintenance of egg shape. Since many of the events involved in egg

elongation occur prior to the formation of a functional (and ultrastructurally intact)diegl

junction, it raises the possibility that SJ proteins have a function in morphogenesis that is

independent of their role in forming a tight occluding junction, much as they do in the embryo.
Stage 14 egg chambers from many of$dé&kNAilines possesed aberrant dorsal

appendages, often characterized by misshapen, broken or missing appdridage2 (3and

Figure S2. 2). The formation of dorsal appendages occurs during staged4.6Bd requires
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cell shape changes and cell rearrangements, coupled with chorion protein s€Deticen et
al. 2004) Similar morphogenetic processes are required for dorsal closure and head involution
during embryogenes{&anHook and Letsou 20Q8layes and Solon 20}, defects strongly
associated with zygotic loss of SJ expression in the enfbigiband Ward 2016)We are
interested to determine if the mechanism by which 8tejrs contribute to dorsal appendages
formation and dorsal closure and head involution are similar. Potential roles could involve
regulating the cytoskeleton to facilitate cell shape changes and rearrangements, but another
intriguing possibility is that $proteins may also be required for chorion protein secretion or
crosslinking. Broken and missing dorsal appendages may result from mechanical disruption due
to chorion defects. Notably, embryos with mutations in many different SJ genes show defects in
theembryonic cuticle including faint denticle belts and delamination of cuticle |élyansb et
al. 1998;Hall and Ward 2016)

Our observation that specifically knocking down the expression of several SJ proteins in
border cells results in defective border cell migratiéigyre 2. 5) supports a role for SJ
proteins in morphogenesis, independent of their role in forming an occluding junction. The
phenotypes we observed include failing to complete migration and partial disassociation of the
complex by the end ofage 10, which is prior to the formation of an intact SJ. Although the
penetrance of these phenotypes is niligre 2. 51 and J), it is possible that these phenotypes
underestimate the full requirement of SJ proteins in border cell migration since this process takes
a relatively short time (¢ hours)Prasad and Montell 200 Avhile SJ proteins are thought to be
very stable in the membraf@®shima and Fehon 201X)ne caveat tthe idea that perdurance
may account for the mild phenotypes is 6806 GAL4does not appear to produce a stronger

phenotype thaslbo-GAL4, even though it is expressed earlier and is presumably knocking down
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SJ proteins longer. Perhaps knocking thégins down more quickly using the DeGradFP
system(Caussinus, Kanca, and Affolter 20Xould address this possibility in the future. These
phenotypes also indicate a potential role for SJ proteins in cell adhesi@n eell polarity

during migration. Specifically, we note that Mcr appears to be enriched in polar cell membranes
that contact border cells at the leading edge of the cluster (those that are oriented closest to the
oocyte) in wildtype eggchambersKigure 2. 4). Whether SJ proteins are required for aspects of
planar polarity in the border cell cluster is an interesting unanswered question. Perhaps the
incomplete migration defect results from a meandering migrétimugh the nurse cells,
somethinghat has been observed for knockdown ofCé&dherin in border cell€ai et al.

2014) Live imaging studies should be able to distinguish between pathfinding defects and a
general reduction in speed or premature stopping. A role for SJ proteins in cell adhesion in the
ovary has been reportpdeviously. Reducing the level of Nrg in FCs results in the failure of
newly divided FCs to reintegrate into the FE, indicating a rol&lfgrin lateral cell adhesion
(Bergstralhet al.2015). In addition, expressing a null alleleNofy in FCs enhancete invasive

tumor phenotype of Biscs Largg(Dlg) mutation (Weiet al.2004).
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2.5Material sand M ethods

Fly stocks

All Drosophilastocks were maintained on media consisting of corn meal, sugar, yeast, and agar
on shelves at room temperature or in incubators maintained at a constant temperature of 25°C.
GALA4 lines used in this study are as follodR1:GAL4 (Bloomington Drosophila 8tk Center
(BDSC) #36287)SlbcGAL4, UASMCD8GFP (BDSC#76363), an€306GAL4; GAL8®/Cyo

(a gift from Jocelyn McDonald, Kansas State University, Manhattan, Kansas). RNAI stocks used
for these studies are as follow$sASMcr-RNAI(BDSC#65896 and Vienrarosophila

Resources Center (VDRC)#10019UAS Cora-RNAI(BDSC#28933 and VDRC#9781AS
Nrx-IV-RNAI(BDSC#32424 and VDRC#9039)AS ContRNAI(BDSC#28923)UAS
mCherryRNAI(BDSC#35787)UASLac-RNAI(BDSC#28940), andAS SinuRNAI

(VDRC#44929) UASRab®N (BDSC#9771) was used to inhibit normal Rab5 function and
UASRab11RNAI(BDSC#27730) was used to knock down Rab11 in the follicle ¢eNS
GAL80®(BDSC#7108) was used to conditionally inhiBiR:-GAL4 activity in theUASRab11
RNAiexperimentUASGFP (BDSC#1521) was crossed®R1-GAL4as a control for the egg

shape experimentSlboGAL4, UASMCD8GFP was crossed tdASmCherryRNAias a

control for one set of border cell migration studies, whe@286GAL4; GAL8®/Cyowas

crossed t&JASDcr (BDSC#4646) as a control for the other set of border cell migration studies.
wlti8(BDSC# 5905) was used as the wijghe stock for determining the expression of Mcr,

Cont, NrxlV and Cora in the follicle cells.

Fly staging
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wlte1-2-day-old females and males were collected and reared”@t@bfresh food sprinkled

with yeast for five to six days before the females were dissection for antibody staining. For egg
elongation analyses, crosses were maintained°@t, 25d 12-day-old females (control and
UASRNAtexpressing) were mated with sibling males and maintained 28°29for 3 days

before dissection. For border cell migration analySésyGAL4 crosses were kept atZ5
whereasC306 GAL4/UASDcr; GAL8UYSIRNAiIcrosses wer kept at 18 to prevent GAL4
activation. 12-day-old flies with the appropriate genotyg@lijo GAL4, UASMCD8GFP/UAS
RNAior C306GAL4 /UASDcr;UAS-RNAIi;GAL8() were shifted to 280°C for 48 hours

before dissection. It should be noted that by crosSiA§GFP to C306GAL4, we observed the
expression of GFP in polar cells in stage 10, but not stage 9 egg chambers (data noFsiown).
Rab1XRNAiexperiment, crosses were maintained 8Cl&nd 23-day-old males and females

with the appropriate genotyp&R1:GAL4>UASmMCherryRNAI, UASGALS80ts or GR1
GAL4>UASRab11RNAI, UASGALS80ty were collected and reared af@8B0°C overnight

before dissection. For tiRab®N experiment, crosses were maintained 4€C2and 12-day-old

females were mated to sibling les.and maintained at Z8°C for 3 days before dissection.

Egg aspect ratio measurements

Stage 14 egg chambers were selected for analysis based on the overall morphology of the egg
and the absence of nurse cells nuclei by DAPI staining. Stage 14 &agbers that have

irregular edges or touch other egg chambers were excluded from the analysis to prevent
inaccurate measurements. Egg length (antg@asterior) and width (dorsalentral) were

measured using the ImageJ/Hijitp://fiji.sc) (Schindelin et al. 201Xtraightline tool, and

aspect ratio was calculated as length divided by width using Excel Microsoft.
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Border cell migration quantification

Stage 10 egg chambers were identified based on the morphology of the egg (oocyte occupies half
the egg chamber, whereas the other Isatfocupied by the nurse cells and centripetal cells). We

used the GFP signal BlboGAL4crosses and DAPI and/or Fas3 staining306GAL4 crosses

to identify the location of the border cell cluster in stage 10 egg chambers. The location of the
border c# cluster was quantified and grouped into four categora@snplete, incomplete, failed
migration, and disassociated cluster based on the location of the cluster relative to the oocyte in a
stage 10 egg chambdtigure 2. 5). In some cases, border cell clusters display two phenotypes
such as complete and dissociated. In this case, we quantified both phenotypes in one egg

chamber.

Immunostaining and image acquisition

Ovaries were dissected in Bhosphatduffered saline (PBSfixed in 4% Paraformaldehyde

for 20 minutes, washed three times in 1X PBS, and then permeabilized in a block solution (1X
PBS + 0.1% Triton + 1% Normal Donkey Serum) for 30 minutes before atiombwith primary
antibodies either overnight at@ or 24 hours at room temperature (~23°C). The following
antibodies were used at the given dilutiogisinea pig (gp) aCont 1:200QFaivre Sarrailh et

al. 2004)and rabbifrab) antiNrx-IV 1:500 (Baumgartneet al 1996)obtained from Manzoor

Bhat, University of Texas Health Science Center, San Antonio, TX, gidantl:1000(Hall et

al. 2014) mause (m) antiCora (C566.9 and C615.16 mixed 1:1, obtained from the
Developmental Studies Hybridoma Bank (DSHB) at the University of lowa, lowa City, IA;

Fehonet al. 1994 1:50, ratantrDE-cad (DCAD2, DSHB) 1:27, and m afas3(7G10, DSHB)
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1:260.DAPI (1mg/ml) was used at a dilution of 1:1000. Secondary antibodies were obtained

from Jackson ImmunoResearch Laboratories (West Grove, Pennsylvania, USA) and were used at
1:500.

Images were acquired usiag Olympus FV1000 confocahicroscope equipped with Fluoview
software (version 4.0.3.4). Objectives used included an UPLSAPO 20X Oil (NA:0.85), a

PLAPON 60X Oil (NA: 1.42), and an UPLSAPO 100X Oil (NA:1.40). Stage 14 egg chambers
were imaged using Nikon Eclipsei8®mpound microsgpewith Nikon Plan ApolOX Air

(NA:0.45). Raw images were rotated and cropped in ImageJ/Fiji. Micrographs were adjusted for
brightness using Adobe Photoshop 21.1.1 (San Jose, CA) or Image/Fiji. Adobe lllustrator 24.1

was used to compile the figures.

Statistical Analysis
An unpaired-test was used to calculate the P values in egg chamber aspect ratio between control
and SJ mutant stage 14 egg chambers using GraphPad Prism 8 (https://www.graphpad.com)

(version 8.4.2).
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Figure S2.1
A Stage 12/13 B Stage 12

GR1-GAL4>UAS-GFP GR1-GAL4>UAS-Mcr-RNAi

100 pm e 100 ym

C Stage 12 D Stage 12

GR1-GAL4>UAS GFP GR1-GAL4>UAS-Cont-RNAi
100 pm

GR1:GAl4>UAS-GFP GRT-GAt4>UAS-Cora-RNAI

100 pm 100 pm

Figure S2. 1 Mcr, Cont, and Cora are knocked down in the FE.

(A, C, and E) Confocal sections of stage 12/13 (A and E) and stage 12 (C) stained with Mcr (A),
Cont (C),or Cora (E). (B, D, and F) Confocal sections of stage 12 egg chambers expkésising
RNAI(B), ContRNAI (D), or cora-RNAI(F) in the FE. Note that level of the proteins is
significantly knocked down in theNArexpressing egg chambers. A and E are images from the
same egg chamber-stained for Mcr (A) and Cora (E). Anterior is to the left and postesitw

the right. Scale bar = 100um.
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Figure S2.2

C
g GR1-GAL4>UAS-Nrx-IV-RNAi

100 ym

GR1-GAL4>UAS-Cora-RNAI

Figure S2. 2 Examples of dorsal appendages defects 8J-RNAI stage 14 egg chambers.
(A7 D) Brightfield micrographs of stage 14 egg chambers of control (AraredRNAI(B and

D) andNrx-IV-RNAIi(C). While dorsal appendages are formed in control egg chambers with
consistent thickness along the stalk of the appendage (A), the stalk ofimtsal appendages in
SJIRNAiegg chambers are usually thinner near the oocyte with a wider and flatten paddle (black
arrow in B). (C) An example of the broken dorsal appendages (black arrow in C) and missing
dorsal appendages (D) phenotypeS#RNAiexpressing egg chambers. Anterior is to the left

and posterior is to the right. Scale bar = 100um.
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Figure S2.3
A Early stage 9
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C Stage 10
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Figure S2. 3 Cont expression in the border cluster throughout border cell migration.
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(AT C) Confocal sections afild-type early stage 9 (A), middle stage 9 (B), and stage 10 (C)
stained with Cont (magenta), Fas3 to mark the polar cells (green) and labeled with DAPI (blue).

(AAGOOCIBHOBO jCatndad )Cbare zoomed in i ma@€mt of t he
is expressed in the border cell cluster with the strongest expression in the polarkél$ |, Bo6o,

Co6 6, a kcahtaBdsbows a symmetric localization at the leading edge of the cluster (red
arrows in A606 and Co6O6par=25amterior is to the |
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Figure S2.4
A Early stage 9

B Mmiddle stage 9

C Stage 10
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Figure S2. 4 Nrx-1V expression in the border cell cluster during border cell migration.
(AT C) Confocal sections of early stage 9 (A), middle stage 9 (B), and stage i§peildgg

chambers stained with Nii¥/ (magenta), Fas3 to mark the polar cells (green) and labeled with

57




DAPI ( bilAWE))0.6IB(HAOHOBHCOADBA) (€re zoomed Nate | mages
the localization of Nr¥V in the border cell cluster thrghout border cell migration with

enrichment at thpolar cellsbordercellc ont act s ( A 6AdbteriorBsdodhelefand C606) .
Scale bar = 25um.
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Figure S2.5
A Earlystage 9

- ,A.. % 3
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Figure S2. 5 Cora expression i the border cell cluster dring border cell migration.
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(AT C) Confocal sections of wittype egg chambers at early stage 9 (A), middle stage 9 (B), and
stage 10 (C) stained with Cora (magenta), Ecad (green), and labeled with DAPI((b4.16).
A66060GBGOG@AOCoaOMd) are zoomed in images of A,
polar cells and border cells throughout border cell migration with high level at the polar cells
border cells interface (A606, BO0OOG6, and CO60) .
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Chapter Il : The septate junction protein Macroglobulin
complementrelated is required for maintenance of monolayered
epithelium and eggshell formation duringDrosophilaegg
morphogenesis
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The data and text in Chapter lllasmanuscript in preparation for submission with a tentative
title as:

Al hadyi an, H. and Ward R. AThe septradtedisj unct i
required for maintenance of monolayered epithelium and eggshell formation Buosgphila
egg morphogenesiso
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3.1 Abstract

The formation of specialized epithelial tissues requires dynamic and precise coordination of cell
shape changes, cellular rearrangements, and cell migration, a process known as morphogenesis.
Morphogenesis is regulatedavine cell cytoskeletgmpolarizedprotein trafficking and
propagation of mechanical forces within cells and across tis§heproperintegration of these
cellular events is essential for morphogengsisccur normally TheDrosophilaegg chamber
serves as a model system to study morphogenesis. Each egg afmggstsline cells that are
encapsulated by monolayered somatic cells &wn as follicle cells (FCs)which are the major
driving force of egg morphogenesi&/e have shown that components of the invertebrate
occluding junctions, known as the septate junction (SJ), are expressed in theotGksout
oogenesiaind are requiredf egg morphogenesis, including egg elongatigy elongation is a
process by which a sphesbaped egg elongates across the antpasterior axisThis process
requires the formation and maintenance of the molecular corset, which consists of planar
polarized actin cytoskeleton and extracellular matrix fibfiils further examine the mechanism
by which SJ proteins are required for egg elongation, we focused our study on t8é core
component, Macroglobulin complemerelated (Mcr). We find that Mcr is sipensable for
establishinghe formation of the molecular corset early in oogenesis as both actin and the
basement membrar@ollagen IV fibrils are formednstead, Mcr is requireldte in oogenesi®
maintaina monolayered epitheliunbasakctin stressibers andintegrinenrichment at the focal
adhesion siteBy using scanningnd transmissioalectronmicroscopy we find that the
eggshelbf Mcr-depletedate-stageegg chambers compromisedin particular, stage 12 Mcr
depleted egg chambers lacle thax layer, whereas stage 14 Miapleted egg chambers appear

to lack the FCs imprints and have broken dorsal appendages that Mcr is required for the
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maintenance of the molecular corset and for the formatitimea&fggshellate in oogenesjs
whichis after SJ maturationye propose thalcr requirement ireggelongationis likely to be
SJdependenturther studies are needed to determine the mechanisms by which Mcr is required

for egg elongation late in oogenesis.
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3.2Introduction

Morphogenesis describes a myriad of conserved cellular processes that contribute to the
developmental shaping of tissues and organs in multicellular organisms. Many of the cellular
processes involved in morphogenasigure cell shape changes, cellul@arrangements, and

cell movement.

In Drosophilg components of the invertebrate occluding junction, known as the septate
junction (SJ), are essential for morphogenetic events throughalévislopmen{Hall and Ward
2016; Fehon, Dawsonnd ArtavanisTsakonas 1994; Venema, ZeBen-Mordehai, and Auld
2004; Banerjee et al. 2008; Lamb et al. 1998; Moyer and Jacobs 20@8jodermallyderived
epithelia, SJ resides in the apitateral domain, just basal to the adherens jundgtimirot-
timothée et al. 1978; Izumi and Furuse 2014 recently showed that SJ proteins are similarly
required for morphogenetic developrnedrevents during oogenesis, including egg elongation,
border cell migration, and dorsal appendages form&Gbapter 1) While these studies
demonstrate the importance of SJ proteins in epithelial morphogenesis, the role SJ proteins play
in these morphgenetic events remains elusive.

The most weklstudied role for SJ proteins is in establishing the occluding junction as a
transepithelial barrigfe.g.,Hall et al. 2014Behr, Riedel, and Schuh 200Mterestingly, many
of the embryonic and egg chamimeorphogenetic events that require SJ prateatur prior to
the formation of the occluding junction, suggesting an essentiabodading function for SJ
proteins in morphogenegiBlall and Ward 201,6Chapter 1). To further explore theole of SJ
proteins in morphogenesis, we analyzed the role of the core SJ protein Macroglobulin
complementedelated (Mcr)during oogenesis, specifically in the morphogenetic event known as

egg elongation.
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Mcr is a transmembrane protein that belongs to the thieesitdaining protein family
involved in innate immunity in the fl{StroscheirStevenson et al. 2008)ossof-function
mutations inMicr result in embryonic lethality with specific defects in dorsal closure, head
involution, and salivary gland and tracheal morphogerfesl et al. 2014Hall and Ward
2016) We have recently shown that Mcr is expressed ibttosophilafollicular epithelium
(FE) throughout oogenes(€hapter I1) Mcr localizes in punetat the plasma membrane of
follicle cells (FCs)during the early stages of oogenesis. By stage 10B/11, Mcr becomes enriched
at the apicalateral membrane, coincident with the formation of ultrastructural SJs in the FE
(Mahowald, 1972; Muller, 2000Knocking down Mcr in thé&E interferes with egg elongation
and produces eggs with deformed dorsal append@ijegpter II) The mechanism by which Mcr
is required for egg elongationusknown.

A Drosophilaegg consists of two cell populations 16cell germline cyst that is
surrounded by a layer of somatic cells known as follicle cells (f@®neBadovinac and
Bilder 2005) FCs contribute to the majority of the morphogenetic processes during oogenesis,
including egg elongation, border cell migration, dorsal appendage morphogearesisggshell
formation(HorneBadovinac and Bilder 2005kgg elongation is a process by which the egg
chamber changes its shape froound- as in stage 1to elongated as in stage 14~gure 3.
1A) (Gates 2012; HornBadovinac 2014)Fourknown mechanisms contribute to egg
elongation. The first mechanism occurs from stagé&sa®d it involves apical actomyosin
contraction mediated via a gradient of the JBKAT signaling at each pole of the egg chamber
(Alégot et al. 2018)The second mechanismacurs during stages 8, whee FCs migra¢ on a
static basememhembraneo promotethe planar polarization of the basal actin cytoskeleton

(Gutzeit, Eberhardt, and Gratwohl 1991; Cetera et al. 2G)nigration also results in the
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basal deposition of extracellular matrix (ECM) fibrils via Ralmi@diated exocytosiderner et

al. 2013; Isabella and Horrigadovinac 2016) During stages D10, actomyosin contractions at

the basal domain further contribute to egg elongdtide et al2010 Qin et al. 201Y. Together,
planarpolarized actin stress fibers and ECM fibrils forrmalecular corsetwhich constrains

egg chamber growth to promote elongation along the areoiterior axifGutzeit, Eberhardt,
and Gratwohl 1991 Themechanisnthat is required fomaintaining the elongateshapecdegg
occursstages 1114, where actin stress fibers change their orientation to align perpendicular to
the anterioposterior axis. The maintenance of a plapalarized molecular ceet throughout
oogenesis is important for retaining the elongatieaped egg later in oogene@ikigo and

Bilder 2011;CerqueiraCampos et al. 2020)

In addition to controlling egg shape, FCs synthesize and secrete eggshell components in a
multistep procesthat is temporally and spatially regulatBdiring stages B10, FCs secrete the
vitelline membrane proteins in the extracellular space between the oocyte and (B@fe@bng
1993) During stages 10B.2, FCs secrete the wax lay@apassideri 1993 The wax layer seals
the oocyte, rendering it impermeable to the outside environment. From stagdso1 1
oogenesisthe chorion proteins are secreted to form a thager chorion, including inner
chorion, endechorion, and ex@horion(Margaritis, Kafatos, and Petri 198@ggshell secretion
results in anature egg with FC imprints drspecialized eggshell structures, including the
micropyle (a hole for sperm entry), the operculum (a soft area for larval hatching), and two
appendages located at the dorsal anterior region of thgCeggliere et al. 2008)

In this study, weexaminel the role of Mcr in egg elongation and eggshell formation. We
find that Mcr function is dispensable for early events in egg chamber elongadionling FC

migrationand the formation of a molecular corsétowever, late in oogenesidicr is essatial
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for the maintenance of actin cytoskeleton stress fibers and FE monolayer. In addition, Mcr is
required for the secretion of the wax layer and chorion layers. Together, these results suggest that

Mcr is required late in oogenesis and raises the pbgsthat its function may be related to the

formation of the occluding junction.

68



3.3Results

Mcr is required for egg elongation late in oogenesis

We have recently shown that a number of SJ gebest(cora, sinu, Nrx-1V, andMcr) are

required for egg ehgation(Chapter Il) To further examine the role 8fproteins inegg

elongation we focused our analysis on Mdfcr lossof-function mutations are embryonic lethal
(Hall et al. 2014; Hall and Ward 201@ndso we used th6AL4UASRNAIsystem to knock

down the level of Mcr in the ovaries, specifically in the EBsand and Perrimon 19933R1-
GAL4was used to drive the expressionJ#&SMcr-RNAiin the FCs of staged 44 egg
chambers(Gupta and Schupbach 2008ittes and Schupbach 2018y measuring the length
(anteriorposterior) and width (dorsakentral) of stage 14 egg chambers, we find that-Mcr
depleted egg chambers are shorter but not wider thasotiel| Figure 3. 1B-E). Moreover,

the aspect ratio of length to width of stage 14 egg chambers exprigksifiRNAi (average

ratio= 1.8) is significantly smaller thahe control (average ratio=2.dnpairedt-testP<0.0001)
(Figure 3. 1F). To determine at which stage of oogenesis Mcr is required for egg elongation, we
measured thkength and width of stage$ B4 and calculated the aspect ratio as described above.
The aspect ratio of stages 8 anBl&-RNArexpressing egg chambers is significantly smaller
than the controlRigure 3. 1H; unpaired-testP<0.01).However, at stages 101, the aspect

ratio recovers to control levels, but falls again at stage$4LFigure 3. 1H; unpaired-test

P<0.0001).
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Figure 3. 1 Mcr is required for egg elongation late in oogenesis.

(A) Diagram of a single ovariole showing different stages ofd=ygelopmentThe Drosophila
eggchambeundergoes 14 stages through which the egg elongates across the-pottenor
axis. Four mechanisms contribute to egg elongatiduring stage 3i 6, apical actomyosin
contractions promote elongation at the antepiosterior polesDuring stagesi 8, follicle cell
(FCs)migration aligns basal actin filaments as they deposit ECM fibrils perpendicular to the
anteriorposterior axis. Together, plaraolarized actin filaments and ECM fibrils form the
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molecular corset, which constrains the width of the and promoteegg growth across the
anteriorposterior axisDuring stages B10B, basal actomyosin contraction contributes to egg
elongation by relaxing and constricting the basal surface Rteang stages 111 12, actin stress
fibers depolymerize, an@-orient perpendicular to the anterposterior axis using the planar
polarized ECM fibrils as a polarity cue.-®B) Brightfield images of control (A) andcr-RNAF
expressing egg chambers (C). Measurements of length (D), width (E), aspect ratio (letigth/wi
(F), and volume (G) of control arMcr-RNArexpressing stage 14 egg chambers. Aspect ratio
measurement of control aiicr-RNAifrom stage 5 to stage 14 egg chambers. Note that the
aspect ratio oMcr-RNAtexpressing egg chambers deviates from therabat stages 8 and 9.

At stages 10 and 11, the aspect ratio recovers, but falls again at stage 12 of ooglahesito
control egg chamber&nocking down the level of Mcr in the FCs by stage 8 (I) or stage 9 (J) is
sufficient to block egg elongatiobnpairedt-test,P *<0.05, **<0.01, ****<0.0001. Error bars

in all panels represent standard deviation.number of samples. In panel H, egg samples are
11>n<21 for control and 8a<24 forMcr-RNAiexperiments. Scale bar = 100um. Anterior to the
left andposterior to the righfThe diagram in modified from Alhadyian, Shoaib, and Ward 2021;
G3Journal (see chapter Il for details).

Mcr is not required for the establishment phase of egg elongation

Finding that the aspect ratio of stagé9 &gg chambers is significantly different from control
egg chambers promoted us to investigate a possible requirement for Mcr in the establishment
phase of egg elongation. During sta@e8 of oogenesis, FCs migrate perpendicular to the
anteriorposterior axigHaigo and Bilder 2011; Cetera et al. 20143 the FCs migrate, basal

actin filaments begin to align the same direction of migratidetera et al. 2014)-Cs

migration also promotes the deposition of planar polarized ECM fibrils via Raetitated
exocytosiqLerner et al. 2013; Isabella and HofBadovinac 2016)Together, planapolaized
actin filaments and ECM fibrils form the fimol
establishment phase of egg elongatiGntzeit, Eberhardt, and Gratwohl 1991; Viktorinova et

al. 2009) To determine iMcr is required for the formation of the molecular cargs first
measured the rate of FCs migratiorMor-RNARexpressing and control FCs. The migration rate

in Mcr-RNAIFCsis not significantly different from those in control egg chambEiguie 3.

2A-C) (n=9 control and n=Bicr-RNAJ). Consistent with this observation, phalloidin staining
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indicated thaMcr-RNAtexpressing FCs have plaraolarized actin filamentthat are
perpendicular to the anteriposterior axis and aiadistinguishable from those produced in
control egg chambers (control n=13 avidr-RNAin=10) Figure 3. 2D-E). Additionally, we
examined the planar polarization@dllagen 1V fibrils, which is a major component of the ECM
(Isabella and Horr®adovinac 2015)To do so, we uséediking (Vkg)-GFP (a GFFprotein trap

of the alpha subunit of collagen I{Buszczak et al. 2007Not surprisingly Collagen 1V fibrils
align perpendicular to the anterposterior axis irMcr-RNAkexpressing stage 8 egg chambers
similar to the control (control=20Jcr-RNAF10) (Figure 3. 2F-G). Together, these results
suggest that Mcr is not required for FC migration and the planar polarization of actin stress fibers
and Collagen IV fibrilsandsuggest a later requirement for Mcr in egonelation. Consistent
with this idea, knocking down Mcr by late stage 8 usd294GAL4results inlower aspect ratio
that is statistically significant than the contfaVerage ratio of control= 2.4 and Mdepleted
stage 14 egg chambers =luaipaired-testP<0.0001) as does knocking Mcr down by stage 9
usingCY2GAL4 (average ratio of control= 2.3 and Mdepleted stage 14 egg chambers =1.8,

unpaired-testP<0.0001)(Figure 3. 1 and J).
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Figure 3. 2 Mcr is not required for follicle cell migration or the planar polarization of the
molecular corset components during the establishment phase of egg elongation.

(A and B) Still images of timéapse movies acquired at the basal surface of control (AMand
RNAtexpressindollicle cells (FCs)(B). (C) Travel distance of FC migration of control and
Mcr-RNArexpressinggg chamberé= 9 control and n=6 Medepleted egg chambers). (D and
E) Confocal micrographs of the basal membrane of control (DMandRNAIi-expressing (E)
stage 8 FCs labeled wigialloidinto visualizebasal actin cytoskeleton. (F and G) Confocal
micrographs of the basement membrane of control (FMameRNAexpressing stage 8 egg
chambers visualized witBollagen I\-GFP. Note that Colgen IVGFP fibrils are deposited by
the FCs irMcr-RNAiegg chamberdJnpairedt-test, error bars represent standard deviation.
Anterior is to the left and posterior to the rigitale bar = 10um.
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Mcr is essential for basal actin stress fibers organizan late in oogenesis
The observatiothat Mcr is not required for the establishment phase of egg elongatidthat
knocking down Mcr as late as stage 9 resinlstage 14 eggs with an aspect ratio that is
significantly different than theontrol suggesa late requirement for Mcr iagg elongation.
Therefore, we focused our analysis on events occurring kstage egg chambers. At stage 11,
actin stress fibers disassemble and form new plpakarized fibers perpendicular to the
anteriag-posterior axigDelon and Brown 2009)he correct orientation of actin stress fibers
depends on plang@olarized ECM fibrils, which act as a polarity cue for actiorentation
(CerqueiraCampos et al. 2020Jogether, planapolarized ECM fibrils and actin stress fibers
maintain the elongateshape egg from stagesi 12 (Viktorinova et al. 2009Haigo and Bilder
2011) In Mcr-RNAtexpressing stage 12 egg chambers, plpokarizedCollagen 1V fibrils are
indistinguishable from those found in witdpe egg chambers (control n= 12 aidr-RNAI
n=10 egg chambersfrigure 3. 3A and B), whereas basal actin stress fibers appear disrupted
(Figure 3. 3 and D) Specifically, whie basal actin stress fibers are oriented perpendicular
across the anterigrosterior axis in wiletype egg chambefgigure 3. ) (n=19 stage 12 egg
chambers), actin stress fiberavitr-RNARexpressing FCs are either disorganiged arrow in
Figure 3. ®), displaced at the cell periphemgofmpare green arrow in C to Dhigure 3. 3, or
are severely reduced or missing (yellow asterigkigure 3. ) (h=26stage 12gg chambers).
The displaced and disorganized actin stress fitnvenotypes seen icr-RNAF
expressing FCs is similar to that reported for egg chambers mutant for the integrin beta subunit
Myospheriod(Bateman et al. 2001; Delon and Brown 2008) therefore examined the
localization of integrin in the FCs of stage 12 egg chambers. Iatyylel FCs, integrin is

enriched at the focal adhesisites of stage 12 egg chambers (n=14tad@e 129g chambers)
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(Figure 3. E). In contrastMcr-RNAtexpressing FCs either showed reduced enrichment of
integrin staining or completely lacked integrin at the focal adhesionssftagé 1299
chambers)Kigure 3. 3F). Consistent with these results, knocking down Mcr late in oogenesis
(usingCY2GAL4>UASMcr-RNA) resulted in similar disorganized actin stress fibers and
reduced enrichment of integrin in stage 12 egg chambers (data not shown).

To confirm that these cellular defects were due to the loss or reduction of Mcr, we
induced mitotic clones of the null allelécrP® and examined actin stress fiber formataom
integrin expressiom stage 12 egg chambers. Consistent with the RNAI phenotypes, Fiis wit
the McrP*2 clone show reduced levels of actin stress fibers or lose them altogethestagd 1.2
egg chambers)ygure 3. 3). Interestingly, we occasionally observed heterozygous FCs
adjacent taMcr mutant clones with disorganized and/or missingnasttesdibers (n=6 out of 7
stage 12gg chamberg)yed arrow inFigure 3. 356 ) . l ntegrin expression \
in theMcrP®® mutant clones. Whereas the surrounding heterozygous FE showed robust integrin
staining, FCs iMcrP*® mutant clones either have less enrichment of integrin at the focal
adhesions or completely lack integrin (n=5t&ge 12gg chambers¥{gure 3. 3H). We also
observed a few clones where integrin was abolished from the focal adhesions at the interface
between mutant and heterozygous dgits3, 6 stage 12gg chamberdqyed and green arrows in
Figure 3. 3H). Together, these experiments demonstrate thaidviequired for the expression
of integrins and the organization of actin stress fibers irsl@ige egg chambemuggeshg that

Mcr may be required necell autonomously for the formation or maintenance of these
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structures.

Collagen IV.-GFP | B Collagen IV -GFP

\-P befé:intégrin ;

Figure 3. 3 Mcr is required for actin stress fibers organization and integrin expression and
localization late in oogenesis.

(A-F) Confocal micrographs of stage i&@sement membrarmé wild-type (A, C,andE) and
Mcr-RNArexpressing egg chambers (B,dndF) expressingollagen IVGFP to visualize the
fibrils. (C-F) Confocal micrographs of the basal surface of wyijue (C and E) antcr-RNAF
expressing (D and Rpllicle cells (FCs)labeled with phalloidin to visualizealsal actin stress

fibers (C and D) or immunostained with an antibody againstlioé¢grin (EF). Note that

Collagen 1V fibrils are maintained in Matepleted FCs when compared to the control (compare
B to A). Actin stress fibers, on the other hand, aserdanized irsomeMcr-RNAFexpressing

FCs (compare D to C). In these cells, actin stress fibers are either abolished (yellow asterisk in
D) or weakly formed (red arrow in D) (compare D to C). Moreover -betgrin is enriched at

the focal adhesion sieof wild-type FCs but shows less enrichmentiicr-RNArexpressing

FCs (compare F to E). (&dH) Confocal micrographs of the basal membrane of stage 12 FCs
mosaicfor the null Mcr alleleMcrP*? (heterozygous cells; GFPMcr null cells; GFP labeled

with phalloidin to mark actin (G) or stained wih antibody against betlategrin (H). Note that
actin stress fibers are disorganized withi
adjacentwildt y pe FCs ( r 8etalrdegrm & alsodss enr@ldedl at the focal adhesion
sites in Mcr nul/l c | o ntyps cells adgacent to the dowes (greenH 6 )
ar r o w-H b)dAntdrior is to the left and posterior is to the right. Scale bar=10pumbnaid
20pm in EH.
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