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ABSTRACT

NATHAN J. HARRIS: The Role of Rap1l idrosophilaMorphogenesis
(Under the Direction of Mark Peifer)

Without proper apicobasal polarity, epithelial setannot properly assemble into
various tissues or change cell shape in a cooetinashion to allow for proper
development. Loss of polarity Drosophilaembryonic development leads to defects in
cell-cell adhesion as adhesion complexes are rgelgoroper localized, disrupting
coordination of the actin cytoskeletons betweerctiks that make up a tissue. As a
result, tissues quickly become disorganized, appganultilayered. Here, we show that
loss of the small GTPase Rapl causes defectsaalapinstriction during Drosophila
gastrulation, leading to a failure to properly igiweate the mesoderm. This suggested
that Rapl modulates connection of adherens jurstmthe actin cytoskeleton. As a
result, we broadened our initial studies to leamrble of Rapl in regulating the actin
cytoskeleton and polarity during morphogenesiserbryos lacking maternal and
zygotic Rapl, we observed early defects in theliwat@gon of the apical polarity proteins,
Baz and aPKC. Additionally, Rapl mutants exhileitedts in apical tension as the sizes
of cell apices in mutants wildly vary from celldell. Further exploration of these initial
results suggests that Rapl performs a criticalirotee regulation of the establishment

and elaboration of apical polarity during eddgosophilaembryogenesis.
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CHAPTER 1

COOPERATION TO BECOME SOMETHING MORE: DEVELOPMENT’S
STRUGGLE

Starting out as a ball of naive cells, the cdllaroembryo need to effectively
communicate with one another to become a more e&beystem. This early
communication, cells understanding their place withis ball, is a fact that we, enjoying
the benefits of effective cellular communicaticake for granted. Without the ability to
dictate and understand one’s place in space, thtyab move into or form other spaces
becomes impossible, and this becomes obvious wednaks at situations where defects
run rampant during multi-cellular development extinig hiccups in the regulation of
cell polarity or cell adhesion. Since both propelt-cell adhesion and underlying cell
polarity are primary systems that underlie and ta&ncommunication between cells
within in the context of a tissue, it is vital tha¢ understand both the main players that
establish both systems as well as players thablinkodulate the two.

Working in the Peifer Lab, our tools allow us taquely ask questions in regard
to both cell-cell adhesion and cell polarity, dbe plethora of genetic mutants that exist
for components of these two systems within our mddesophila melanogasteMore
importantly, examining combinations of these mwgalitows us to answer questions
regarding the interaction of both systems so thahately we can understand how they
interface to allow effective and efficient morphagsis during development.

Examination of embryonic developmentDmosophilaalso allows for other advantages



providing unique insight into these systems sineecan examine multiple, dynamic
morphogenetic processes. Previous work has madpprsciate that these dynamic
processes often use the same core machinery ihways, allowing events that often
look radically different from one another to occAdditionally, before the first
morphogenetic processes even begin, we can makevalisns on cellular behavior as
polarity and adhesion are first established withimaive monolayer of cells. Lastly,
events durindrosophilaembryogenesis are often replicated in the multittze
development of a variety of animals highlighting importance of these mechanisms to
build the people we are today.

My work in the Peifer Lab has focused on a smajhaling protein, the GTPase
Rapl, and its role in early developmenbDwobsophilaembryogenesis. This work has
straddled a number of developmental processes asovwed backwards from more
gross defects in the morphogenetic processes ajdeas invagination and germband
extension to understanding how Rapl works on aleellevel via early control of
polarity. In examining Rapl’s effects on establighepithelial polarity, my work
expanded into understanding how the polarity cBagpoka (Baz) and atypical protein
kinase C (aPKC) altered localization of Rapl’s dstngam effector, the scaffolding
protein, Canoe (Cno). Lastly, this work also highis potential interactions between
Rapl and Rho signaling pathways in regard to reéiggl@ell shape.
Cell Shape Regulation: Rhol and Cdc42 Battle It Out

Proper regulation of cell shape is essential fbcieht morphogenesis during
Drosophiladevelopment (Harris et al., 2009). Loss or alteradf this control has severe

consequences for a variety of tissues. During dg@reént of thédrosophilaembryo,



changes in the apical shape of epithelial cells/aa to internalizing various tissues and
elongation of the anterior-posterior axis. Withthése changes, tissues often remain
frozen in the wrong areas of the embryo, causimitiatal dysfunction in development.
Modulation of cell shape requires cooperation betwa number of cellular systems,
specifically cell adhesion complexes, polarity guggnaling pathways, and the
cytoskeleton to allow communication within and beéw cells within a tissue. Signaling
pathways centered around the small GTPases RhGdw#l, have known roles in
controlling both polarity and cell adhesion (Sawgteal., 2009a).

Rho has been shown through@rbsophiladevelopment to be important in the
remodeling and maintenance of cell adhesion (Maga., 2002). Simultaneous
reductions in Rho and the transmembrane adhesataipDE-cadherin (DE-cad) lead to
additional defects iDrosophilaembryonic development suggesting that the two work
with one another to properly maintain contiguoygfa of epithelia (Fox et al., 2005).
The developindrosophilaeye provides an outstanding model for examining Rh
function. Loss of Rho here leads to fragmentatibeell junctions and enlarged cell
apical area, linking the Rho signaling pathway veigtl adhesion and cell shape
regulation (Warner and Longmore, 2009b). Thisagatks thaRhomutant cells lack
contractile activity required to maintain cell skap

The small GTPase Cdc42 has been shown to coumrtactlvity of Rho in
development, setting the stage for a balance oepdthnat is essential for proper cell
shape regulation, and hence, morphogenesis. RegGcic42 in the face of lost Rho
activity causes cell shape to revert back to wyjoktapical cell area, indicating that

cdc42 and Rho are actively working against onelardb control cell shape (Warner



and Longmore, 2009a). However, while loss of Cdaldhe causes a reduction in apical
cell area, it does not alter cell junctions in éicemable way (Warner and Longmore,
2009a). This suggests that while Cdc42 is notaesiple in modulating cell junctions
like Rho, it does counter Rho’s effect on cell shapea. This reduction of apical cell area
suggests that loss of cdc42 causes hyperactiviBhofl, and data also shows that Rhol
signaling is working downstream of cdc42 signaliigw does Cdc42 dampen Rho
signaling, therefore regulating cell shape? Evideswggests that this occurs via the
recruitment of the polarity cues, Par-6 and aPKearuitment of ectopic aPKC to the
membrane rescues Rho loss of function, unlike oypeession of Cdc42 (Warner and
Longmore, 2009a). This antagonism between RhaCalnd2 in the developing eye sets
the stage for how modulation of polarity and sigmabathways regulate cell shape to
allow for proper cell shape change during the mogemetic events that are important for
development.
Mesoderm Invagination: Actomyosin Contractility Drives Apical Constriction
Specification and invagination of the future mesades the first step of
Drosophilagastrulation. The mesoderm consists of a stripeltd along the ventral
midline about 18 cells wide and 60 cells long thra specified via upregulation of the
transcription factors, Snail (Sna) and Twist (T(darris et al., 2009; Thisse et al., 1987).
These transcription factors have a number of dawast targets that then cause this
swath of cells to constrict apically, creating adhén the epithelial monolayer, eventually
forming an internalized tube of tissue. Once instles tissue then delaminates and
migrates through the embryo, forming a layer of desm underneath the ectoderm

(Dawes-Hoang et al., 2005). Expression of Twi dsitranscription of the extracellular



signaling ligand, Folded gastulation (Fog) (Costalg 1994). Once secreted, Fog
interacts with a G-protein coupled receptor to @ea apical activation of Rho signaling
within the presumptive mesoderm using the G-pratesnbunit 12/13 Concertina (Cta),
and the Rho activator, RhoGEF2 (Barrett et al.,718gers et al., 2004; Sweeton et al.,
1991). Active Rho signaling then works to causétdining and constriction of the apical
cell surface (Dawes-Hoang et al., 2005). This dmoastriction depends on downstream
targets of Rho that regulate proper localizatiot arganization of the actin cytoskeleton
as well as proper localization and activation @f #ictin motor, non-muscle Myosin I
(Myoll) (Dawes-Hoang et al., 2005).

Additional players, like the non-receptor tyrosindse, Ableson kinase (Abl),
work independently, but cooperate with Rho sigrgaimthe apical recruitment and
organization of the actin cytoskeleton. BlockinigaRsignaling via loss of Cta and
disrupting Abl function almost completely abolishibe ability of mesodermal cells to
apically constrict (Fox and Peifer, 2007). Sindd functions by downregulating activity
of the actin anti-capping protein, Enabled (Enanas suggested that excessive Ena
activity leads to a disorganized actin cytoskeldtat is crippled in its ability to
effectively cause cell constriction (Grevengoedlet2003). Indeed, Fox and Peifer
(2007), observed increased apical localizationrd B the mesoderm bl mutants.
Besides Abl/Ena’s regulation of an apical netwairkatin, the transmembrane protein
T48 also works independent of the Fog/Cta pathwaggulate Rho activity, specifically
modulating the localization of active Rho signab(&ch et al., 2007). Loss of T48
causes a reduction in the ability of mesodermas ¢ellocalize RhoGEF2 apically,

creating a break in the ability of Fog and Ctadbvate Rho, and subsequently, Myoll



(Kolsch et al., 2007). However, Kolsch et al. (2D0Bserved that mesoderm lacking
both Cta and T48 exhibited increased inabilitypecally recruit RnoGEF2, indicating
that Cta has some ability to regulate RhoGEF2'alleation. Therefore, like Abl/Ena
mentioned before, T48 acts as a modulator of tiractile machinery, allowing more
effective apical constriction, and as a resultcegsful mesoderm invagination.

In addition to Abl/Ena and T48, it has become cthat other unidentified targets
of Sna and Twi may also regulate efficacy of apamalstriction as loss of either factor
leads to novel effects not explained by known pigyspecifically a role in maintaining
cell shape change and temporal control of cell cmti®n. Mesoderm cells with reduced
or no Twi fail to retain their cell shape changeidg successive waves of myosin
activation and cell constriction (Martin et al.,0®). In contrast, cells with reduced or no
Sna can retain their cell shape change, but faibtwstrict effectively due to
uncoordinated Myoll activity (Martin et al., 2009)his work highlighted a novel aspect
of how apical constriction works: via periodic pegsof Myoll activity that constrict the
apical cell area, and a “ratchet” that maintains taduction in apical cell area. This
change in how we look at apical constriction, as@ aesult, mesoderm invagination
emphasizes the need to identify further moduladbegpical constriction and to determine
whether this regulation of apical contractility acg in other developmental processes.
Germband Extension: Actomyosin Contractility Driving Cell Intercalation

As mentioned before, cells often use the samermahinery in novel ways to
undergo very different morphogenetic events. Alaitly other mechanisms, the Rho
signaling pathway described above also controlshen@ellular movement during the

stages of gastrulation in Drosophila embyogenggsisnband extension. Starting with an



event also involving apical constriction known asterior midgut invagination,
germband extension effectively lengthens the amosterior axis of the ectoderm
while shortening the dorsal/ventral axis of thealeping embryo (Harris et al., 2009;
Sawyer et al., 2010). This process requires coatiin between two important
biological processes: directional cellular diviseomd cell shape change.

Directional cellular division appears to be moghsgiicant during the latter part of
the fast phase of germband extension (da Silvavamzent, 2007). This phase is
characterized by rapid headward extension of tis¢epior tip of the germband to about
40% egg length within the first twenty-five minutésother phase, the slow phase,
finishes germband extension within another sevemhutes ending with the posterior tip
reaching about 70% egg length. Observation ofdieision on the posterior germband
demonstrates a significant bais toward the ant@asterior axis during the last ten
minutes of the fast phase, which is not presennduhe following slow phase (da Silva
and Vincent, 2007). Blocking cell division by losithe cell cycle regulator
Cdc25/String (Stg) leads to reduced overall extanbly the end of the fast phase, while
not altering the rate of extension during the sphase further suggesting that directed
cell division participates in effective germbandession (da Silva and Vincent, 2007).
However, da Silva and Vincent (2007) also obsetwatidisruption of segmental
patterning through loss of the transcription fa&wen skipped (Eve) causes reduced
germband extension during both phases. So whitedbEve causing randomization of
cell division in the posterior germband may explgreffect on the fast phase of
germband extension, its effect on the slow phasedstrates the existence of other

mechanisms controlling germband extension.



Besides directed cell division, much of germbanesion is controlled by
changes in cell shape within the lateral ectod&ieasuring changes between
dorsal/ventral and anterior/posterior cell bounegduring germband extension
demonstrated the potential effect simple changeslirdimensions can have on
lengthening of the tissue (Sawyer et al., 2011 )weleer, alongside these basic changes
in cell dimensions, cells are more actively mowwithin the tissue to allow for
germband extension via cell intercalation (Hartiale 2009; Zallen, 2007). Cells
undergo intercalation in multiple ways, but it spgndent on the proper planar
polarization of polarity cues and actomyosin congaa along dorsal/ventral and
anterior/posterior cell boundaries respectivelyr{@&eet al., 2004; Blankenship et al.,
2006). Once this planar polarity is established,ghrichment of actomyosin components
along the anterior/posterior cell boundaries causesen cortical tension, resulting in
exchanges between anterior/posterior and dorsatalarell partners, and therefore, axis
elongation (Harris et al., 2009). Planar polarigng both axes appears to work by
feedback between the proteins involved. For exangideupting the latter stages of Rho
signaling by loss of the Rho effector, Rho kinaRek), disrupts planar polarity due to its
role in phosphorylating both the regulatory lightt of Myoll, Spaghetti squash (Sgh),
and Baz causing very different outcomes (Simoesebde, 2010). Rok’s
phosphorylation of Baz appears to block its bindmghospholipids of the cell
membrane resulting in a reduced presence of Bameis of Rok activity. In contrast,
Rok’s phosphorylation of Sgh activates the motaivag of Myoll allowing for
contractile activity of the actin cytoskeleton (DessHoang et al., 2005; Simoes Sde et

al., 2010; Winter et al., 2001). While this feedbatay reinforce or elaborate planar



polarity, it is not clear that it has a role inadgishing this polarity. Interestingly, loss of
Eve disrupts planar polarity along both the antfpmsterior and dorsal/ventral axes,
highlighting a currently unknown pathway betweerBuranscriptional control of
patterning and the cell mechanics that lead togslaolarity (Zallen and Wieschaus,
2004).
Epithelial Polarity: Bazooka Brings Everyone Togetler

Ultimately, to allow proper execution of the prewsly described morphogenetic
movements above, there are a number of cell betsathat are required to allow cells to
properly coordinate with one another. Of notehes @stablishment of polarity within and
between cells allowing them to correctly determarigch direction is which, resulting in
the overall body axes. Study of polarity witliinosophilaallows for a unique look at
how polarity is primarily established, as inste&dtarting as a ball of cells like many
other animals, like mice or humans, the blastodafrBrosophilaembryos consists of a
polarized epithelial monolayer formed during a gssccalled cellularization. During
cellularization, about six thousand syncytial nusleultaneously surround themselves
with cell membranes (Harris et al., 2009). Theseestablished by rapid inward
progression of membrane materials over the coudraa bour. The front of membrane
ingression, the cellularization front, is defingddontractile rings enriched for Myoll and
other modulators of the actin cytoskeleton, likeBEF2 and the actin formin, Dia
(Grosshans et al., 2005; Padash Barmchi et al§)260llowing behind this front are
adhesive complexes known as basal cell juncticsisatte identified by enriched
localization of the adhesion proteins, E-cad aneh Avuller and Wieschaus, 1996). Loss

of components within the either these basal junstiar the cellularization front disrupts



the formation of the contractile rings and effeetmembrane ingression (Grosshans et
al., 2005; Hunter and Wieschaus, 2000). While piylatong the forming cell
membranes isn’t firmly established during early amd stages of cellularization,

polarity exists within the cytoskeletons surrourggihe syncytial nuclei to help aid
effective membrane ingression, similar to cytokisesiring general cell division. A key
hallmark of this cytoskeleton polarity is definegdn array of microtubules resembling
an inverted basket with centrosomes located abaek rucleus (Warn and Warn, 1986).
By the end of cellularization, the newly formedtaplial monolayer quickly establishes
polarity along its cell membranes before gastrafabegins.

Initial polarity in Drosophila is identified byé enrichment of multiple polarity
cues on the apical lateral membranes of cells witte blastoderm. Atop the hierarchy of
protein interactions that establishes this polasitthe polarity cue, Baz (Harris and
Peifer, 2004, 2005). Besides global disruptionitifez the actin or microtubule
cytoskeletons in embryos, loss of Baz is the @xstnt that disrupts apical accumulation
of other polarity cues during this stage, sugggdiire importance of understanding how
Baz itself is apically localized (Harris and Pejf2005). Harris and Peifer (2004, 2005)
were able to clearly show the importance of Baaliaation in apical recruitment of
other polarity cues and adherens junctions (AJsuthh examination of other polarity
mutants. They found that while loss of aPKC or Athponents led to gross defects in
early gastrulation movements, their loss didn’tseadefects in apical accumulation of
Baz. Since neither loss of aPKC or AJs caused 8aetome mislocalized, it became
important to understand how Baz localization wast@dled. Further analysis showed

that proper localization of Baz required both fotima of an apical actin scaffold and
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microtubule transport via dynein, a minus-end dedanicrotubule motor (Harris and
Peifer, 2005). Additionally, mislocalization of Banuld be caused by overexpression of
Baz suggesting that the levels of Baz need to bparly regulated (Harris and Peifer,
2005). Baz mislocalized in this matter also co-laeal with other polarity cues and AJs,
indicating that Baz is likely to recruit these miois apically once properly put in place.
However, while Baz is important for bringing evengatogether in a tight apical
accumulation at the end of cellularization, iteerquickly changes as gastrulation
proceeds, and polarity begins to mature, as thewspolarity cues it was responsible for
recruiting begin to separate into three main ptlaones.
Polarity Maturation: aPKC Altering Polarity into Un ique Zones

During the morphogenetic movements of gastrulatenpolarity of the
Drosophilaectoderm begins to mature. The first sign of ¢higange in polarity is
demonstrated by apical movement of enrichmentsaaf BPKC, and AJs as the
ectodermal cells apices begin to flatten, simibewhat is observed in the presumptive
mesoderm as it undergoes apical constriction abhgesjuent invagination (Tepass,
2002). Once moved apically, Baz and AJs separasy iom aPKC and its partner the
polarity cue Par6, due to phosphorylation of BaaBKC (Harris and Peifer, 2005;
Morais-de-Sa et al., 2010). Blocking this phosplairgn of Baz, and hence proper
separation of aPKC/Par6 from Baz/AJs, leads tokoi@an of the epithelia,
demonstrating the importance of modulating polaffifprais-de-Sa et al., 2010). Once
separated from Baz, aPKC and Par6 are allowed o docomplex with two other
polarity cues, Crumbs (Crb) and Stardust (Sdtjletiine the upmost polarity zone known

as the superapical space (Krahn et al., 2010) aBdzAJs localize just underneath this
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newly established zone, forming a zone of their ova zonula adherens (ZA). Along
the same lines, the basolateral cues, Discs |&gg, (Lethal giant larvae (Lgl), and
Scribble (Scrib) also form their own zone basadlyite ZA (Johnson and Wodarz, 2003).
Unlike the two other zones, this basal zone is idenably larger, covering about two-
thirds of the cell body. Its apical-most boundarylefined by relative enrichments of its
components (Harris and Peifer, 2004). Towards #rg gnd of embryogenesis, this
basolateral complex of proteins will form an adliestomplex called the septate junction
that functions similarly to the tight junctions tlexist in mammals like mice and humans
(Furuse and Tsukita, 2006; Tepass and Hartendtegal).

In addition to these polarity cues separating seues into distinct zones along
the lateral cell membrane, changes also occurampldnar localization of these polarity
cues, as described above during our look at th@hogrenetic movement of germband
extension. Baz and AJs also exhibit other changéseir localization. When polarity is
first established, both Baz and AJs are localizedistinct apical puncta called spot AJs
(Tepass and Hartenstein, 1994). As germband extehgigins, these spots transform
into belt-like structures, making a solid pattefriozalization along a cell-cell boundary
that is called belt AJs (Tepass and Hartenstei®4 L 9Vhile this transition from spot AJs
and belt AJs is easily observable, what reguldtissttansition is poorly understood. Loss
of aPKC provides some insight as these mutantd@xdcollapse of Baz and AJs into a
large single puncta on dorsal/ventral cell bouretawithin the lateral ectoderm (Harris
and Peifer, 2007). Further examination by disrupthre actin and microtubule
cytoskeletons through drug treatment suggest ttogiigp balance between the forces of

these two networks are probably responsible fop@rdelt junction formation (Harris
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and Peifer, 2007). Additional evidence indicated the AJ componentcatenin ¢cat)
may help translate actomyosin forces to regulatadtlocalization, and therefore, cell-
cell adhesion during germband extension (Rauzi e2@10). While promising, these few
pieces of evidence emphasize another potentiad ofiggolarity regulators that needs to
be identified or better understood.
Developmental Tweaks: Rapl Signaling Potentially Hps Everyone Cooperate

Within the last decade, it has been suggestediibamall GTPase Rapl plays
roles in morphogenesis, potentially regulating-cell adhesion, polarity, and migration
(Bos, 2005). Rapl is a member of the Ras supdsfashiaring high sequence identity
with the canonical Ras proteins. However, it exbih key difference from Ras proteins
with the replacement of residue 61 in Rapl wittheednine instead of the Glutamine
conserved in various Ras proteins’ switch 2 effedtwmains (Fig. 1A). In mammals,
there are two genes that produce closely relatedsof Rapl — Rapla and Raplb.
Rapl also has a more distantly related relativeammals, Rap2. Looking specifically
at Rapla sequences throughout multiple speciesewstriking conservation of the
protein, with over 85% identity between Drosoplaited human Rapl (Fig. 1B).
Originally characterized as a Ras antagonist, dwvidence suggesting Rapl traps the
Ras effector Raf (Bos et al., 2001), more recenkwaggests the situation is not this
simple, as both GTPases use these effectors at €ifferent times or in different places
of the cell (Gloerich and Bos, 2011).

Rapl, as a signaling molecule, has a wide rangffedtors and regulators in
mammals (Bos, 2005). Many of them are importantdégulating Rap signaling in

regards to cell adhesion. However, only a subset lsonserved homologs in Drosophila
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and they are beginning to be characterized. PDE/GEf26/Dizzy (dzy), a Rapl
activator, is required for proper anchoring of stegtis in their niche in thBrosophila
testis (Wang et al., 2006). Dzy also has roles botemodeling cell adhesion during
mesoderm invagination and hemocyte migration dubirasophilaembryogenesis
(Huelsmann et al., 2006; Spahn et al., 2012). Immalian cell culture, C3G, another
Rapl activator, is required for the proper matorabf AJs (Hogan et al., 2004). Of
special interest to the Peifer lab is the Rapiceffe afadin (AF-6)/Canoe (Cno), which
has roles in AJ regulation. The large, multidonfamo localizes to AJs, and is very
similar to its mammalian counterpart AF-6, carrytng Ras association domains (RA)
at the N-terminus, a FHA domain, a DIL domain, aZRiamain, and a well-conserved
C-terminus consisting of proline-rich domains andaatin binding site (Boettner et al.,
2003; Bos, 2005; Hoshino et al., 2005; Sawyer.e2809b). Cno’s RA domains
preferentially bind active Rapl over tBeosophilahomolog of H-Ras, Ras1, while the
homolog of R-Ras, Ras2 is not bound by Cno aBak(tner et al., 2003).

Rapl works to regulate AJs in both flies and mampadten in partnership with
AF-6/Cno. The first indication that Rapl mightukge AJs came from studies in
Drosophilain Rap1l mutant cells; loss of Rapl disrupted Hiead and Cno localization
(Knox and Brown, 2002). Closer examination reveakeat localization of AJ proteins
was collapsing to a point between two or more mutahs, most likely where daughter
cells met post-mitosis (Knox and Brown, 2002).mlammals, evidence in cultured cells
suggests that Rapl regulates AF-6 to modulate cadegels. Rapl is activated during
the initial formation of cell-cell contacts throudh interaction with the Rapl activator,

C3G (Hogan et al., 2004). When either Rapl’s mgalomain is ablated from AF-6 or

14



active Rap1l binds to full-length AF-6, E-cad endosis is significantly lowered,

causing stabilization of E-cad at cell membranessttho et al., 2005). Likewise, AF-6
may be important in preserving or sequesteringyadiapl since loss of AF-6 through
RNAI knockdown caused a decrease in the levelstof@Rapl (Zhang et al., 2005).
This reduction in active Rapl translated into aiotidn in adhesion strength, suggesting
that Rapl either functions in initially setting apmaintaining cell-cell adhesion.

As Rapl’s protein sequence is highly conserveskeins plausible that Rapl
functions very similarly in many different animalBrosophilaprovides a great model
system for analysis of Rapl’s functions in viveo.this model system, Rap1 is encoded
by one gene instead of two, eliminating the po#ritir redundancy seen in mammalian
systems. Rapl was first discovered as the BenghenedR); the original allele
showed defects in eye development causing disargdmr ruptured facets in the multi-
facetedDrosophilaeye (Asha et al., 1999; Hariharan et al., 1991e originalR® allele
was actually a gain of function form of Rapl. Ugmeversion of its dominant
phenotype, numerous null alleles were created.miation of Rapl loss of function
revealed to a variety of defects during developnresitiding complete degeneration of
the egg chamber during oogenesis and abnormal imeftdvmesoderm during
embryogenesis (Asha et al., 1999).

While there are multiple morphogenetic events imcWwho study the relationship
between cell adhesion and cytoskeletal regulatioind Drosophiladevelopment, dorsal
closure has been particularly useful. Dorsal deswnsists of two processes occurring
together in a coordinated manner, apical constriotif a dorsal group of cells known as

the amnioserosa and movement of the neighboriegala¢ctoderm over the dorsal side

15



of the embryo, resulting in an embryo completelyered in epidermis (Harris et al.,
2009). At the leading edge of the lateral ectodexrmrontractile actomyosin cable is
formed between cells through AJs. When levelfiefRapl effector, Cno, are reduced,
actin and Myoll accumulate at the leading edge diymbut the aminoserosa separates
from the lateral ectoderm as dorsal closure pragemaygesting effects on cell-cell
adhesion (Boettner et al., 2003; Choi et al., 20Hgwever, while localization of AJs
proteins are not noticeably affected, additionaflence suggests that there indeed
alterations in actin dynamics since localizatiorieoh is altered in mutants with reduced
Cno or lacking the Cno binding partner, ZO-1/Pobetoid (pyd) (Choi et al., 2011).
Further, when levels of Pyd or Cno are reduceshzygotic mutants, an increased loss
of epithelial integrity was observed (Choi et 2D11). These results suggest that Cno
and Pyd potentially work in complex to regulate Howalization during dorsal closure.
During dorsal closure as well as throughDubsophiladevelopment, active Rapl
binds to Cno as previously mentioned above. BahlRand Cno localize to AJs during
Drosophilaembryogenesis and throughout larval developmemistent with them
being partners (Boettner et al., 2003; Knox andaBr,d2002; Sawyer et al., 2009b).
Previous genetic evidence suggests they work tegetWhen levels of Rapl are reduced
in cno zygotic mutants, there is notably enhancemeghofphenotypes, as significantly
more embryos display a lack of dorsal epidermise{Ber et al., 2003). However,
neither expression of a constitutively active fariRapl (Rap1") nor of Cno lacking
Rap1 binding domains (cf%) completely rescuenozygotic phenotypes suggesting that
Rapl has functions that are both dependent angéemdient of Cno in regulating

morphogenesis and cell adhesiormosophila(Boettner et al., 2003).
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Circle of Life: Answers Beget Additional Questions

While work in Drosophila has yielded excellentulés so far in understanding
how cells cooperate with one another, it has aigblighted a multitude of additional
guestions that are begging to be answered. Couwtiwoek in Drosophila, especially as
more tools continue to be developed, will allowtasnswer these questions, and
discover additional ones, continuing an excitingydle in understanding the world
around us, starting with the cells that came togyeti build us into the people we are

today.
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23 45 60* 76
H Ras LI QNHFVDEYDPTI EDSYRKQVV [/ GQEEYSAMRDQYMRTCGE
Rapla FVQGE FVEKYDPTI EDSYRKQVE /// GTEQFTAMRDLYMKNGQ
Rap2 FVTGTFI EKYDPTI EDFYRKEI E /// GTEQFASVRDLYI KNGQ
R- Ras FI QSYFVSDYDPTI EDSYTKI CS /// GCQEEFGAVREQYNMRACGH

Switch 1 Switch 2
B.
hRapl MREYKLVVLGSGGVEKSALTVQFVQE FVEKYDPTI EDSYRKQVEVDCQQRCMLEI LDTAG 60
dRapl VREYKI WL GSGGVGKSAL TVQFVQC! FVEKYDPTI EDSYRKQVEVDGQQCMLEI LDTAG 60
*****:******************* EE I I T I I I O I EE I I I I T
hRapl TEQFTAMRDL YMKNGQGFALVYSI TAQSTFNDLQDLREQ LRVKDTEDVPM LVGNKCDL 120
dRap1l TEQFTAMRDL YMKNGQGFVLVYSI TAQSTFNDLQDLREQ LRVKDTDDVPMVLVGNKCDL 120
******************. ***************************: ****: *kkkkkkk
hRapl EDERVVGKEQGONL ARQACNCAFL ESSAKSKI NVNEI FYDLVRQ NRKTPVEK- KKPKKK 179
dRap1 EEERVVGKEL GKNLATQFN- CAFVET SAKAKVNVNDI FYDLVRQ NKKSPEKKQKKPKKS 179
*:******* *:*** *: ***:*:***:*:***:**********:*:* :* *****.
hRap1 SCLLL 184
dRap1l LCVLL 184

* k%

Figure 1.1. Rapl is in the Ras superfamily. (ARapl shows high identity with
canonical Ras proteins. The asterisk marks regduevhich in Rap proteins is
Threonine (T) instead of Glutamine (QB) Human and Drosophila Rapl show 85%
sequence identity suggesting highly similar funwaiity during development.
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CHAPTER 2
THE DROSOPHILA AFADIN HOMOLOG CANOE REGULATES LINK&E OF
THE ACTIN CYTOSKELETON TO ADHERENS JUNCTIONS DURINGPICAL
CONSTRICTION

Jessica K. Sawy&rNathan J. Harrfs Kevin C. Slep, Ulrike Gauf, and Mark Peifér*

'Department of Biology, University of North CaroliaaChapel Hill, Chapel Hill, NC
27599, USAZLineberger Comprehensive Cancer Center, Univeddityorth Carolina at
Chapel Hill, NC 27599, USAlLaboratory of Developmental Neurogenetics, Rockefel

University, New York, NY 10065, USA
Preface
The following paper characterized the role of @nthe process of apical

constriction during the mesoderm invagination.idtiiy, we found that loss of Cno
causes epithelial breakdown, but not to the sarteneas mutants of core components of
cell adhesion, indicating that Cno regulates, lmiitassential for cell adhesion. Next, we
observed thatno mutants displayed an inability to properly intdiz@their mesoderm
similar to mutants affecting Rho signaling and eelhesion further suggesting that Cno
regulates cell adhesion or potentially actomyostivay. In examining Cno’s role in
both of these processes, we examined the localizafiactin, myosin, and components
of AJs (E-cad and Arm). Although, we did not obseneticeable defects in apical

localization of AJs, we did observe actin and mydballs” centered in the apices of the

cell undergoing apical constriction suggestingraability of the apical actomyosin



network to alter the cell membrane potentially tuenproper tethering of this network
to cell junctions as these “balls” also exist imanutants. Furthermore, closer
examination uncovered minor localization of AJ cam@nts to these “balls”, suggesting
the tearing away of AJs from the cell cortex. Weenable to reinforce the idea that Cno
acts as a scaffold linking AJs to a contractil@aotosin network in three ways: Cno co-
localizes to AJs, has a C-terminal actin bindinghdm, and has a PDZ domain that binds
E-cad. In addition, we found that loss of Arm oroGnbinding partner Echinoid (Ed) did
not alter Cno localization suggesting that the naeedms for regulating its localization
have yet to be uncovered. However, global disrmpbiothe actin cytoskeleton did alter
Cno localization indicating that the newly discae@actin binding domain of Cno is
important for cortical association.

My part in this work was characterizing the rofélee Cno’s binding partner
Rapl, a small GTPase. Rapl was previously shownermct with Cno during dorsal
closure, a later morphogenetic event in Drosopdmtédryogenesis (Boettner et al., 2003).
Previous work also suggested that Rapl may haeeidah mesoderm invagination
(Asha et al., 1999). As a result, | examifaplmutants to compare to the defects we
observed irtcnomutants. | found that loss of Rapl lead to epighéieakdown,
indicating a similar role in regulating cell adh@si Also, Rap1l mutants fail to complete
mesoderm invagination, with mutants displayingdame actin and myosin rich “balls”
found in Cno mutants. However, | observed addifisgies in gastrulation that resulted
in a twisted ventral midline, unlikeno mutants, suggesting Cno-independent roles for
Rapl in gastrulation. Lastly, | found that Cno lacation was altered iRaplmutants

leading to reduced Cno localized at the cell cqorseppporting a pathway where Rapl
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regulates Cno localization, and ultimately, itdipto strengthen the attachment
between the apical actomyosin network and thecoetex via its interaction with AJs.
Abstract

Cadherin-based adherens junctions (AJs) medidtadigesion and regulate cell
shape change. The nectin-afadin complex alsoifssato AJs and links to the
cytoskeleton. Mammalian afadin has been suggésted essential for adhesion and
polarity establishment, but its mechanism of actsoanclear. In contrasDrosophila’s
afadin homolog Canoe (Cno) has suggested rolagnalgransduction during
morphogenesis. We completely removed Cno from goshitesting these hypotheses.
Surprisingly, Cno is not essential for AJ assembhfor AJ maintenance in many
tissues. However, morphogenesis is impaired fiogrstart. Apical constriction of
mesodermal cells initiates but is not completetlie &actomyosin cytoskeleton
disconnects from AJs, uncoupling actomyosin coctsbn and cell shape change. Cno
has multiple direct interactions with AJ proteibst is not a core part of the cadherin-
catenin complex. Instead Cno localizes to AJs Bapl and actin-dependent
mechanism. These data suggest Cno regulates érfletoveen AJs and the actin
cytoskeleton during morphogenesis.
Introduction

Embryonic cells self-assemble tissues and orgdhgs morphogenesis process
requires dynamic regulation of cell adhesion anbdstape change (Halbleib and Nelson,
2006), which are coordinated by cell-cell adhejenstions (AJs). AJs link neighboring
cells to each other and to the apical actin cytet&r. Central to AJs are cadherins,

transmembrane homophilic adhesion proteins. Tdyaplasmic tails bingcatenin (fly
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Armadillo (Arm)), which bindsxcatenin {cat). acat can directly bind actin filaments.
Each of these proteins is essential for cell adimeand epithelial integrity, with loss
leading to very early defects in embryogenesis (€tcad., 1996; Kofron et al., 1997;
Larue et al., 1994; Muller and Wieschaus, 1996yd®et al., 1997). It was assumed AJs
directly link to actin via the catenins. Howeveiings are more complex. While E-
cadherin (Ecad) binds both catenins, awdt binds actin, these interactions are mutually
exclusive, and thus cadherin-catenin complexesatdrind actin (Drees et al., 2005;
Yamada et al., 2005). However, many morphogere®nts require intimate

interactions between AJs and the cytoskeleton, ptioig us to explore other proteins

that may regulate adhesion and linkage to actin.

One interesting candidate is the nectin-afadinglern Nectins are
transmembrane immunoglobulin domain proteins callping with Ecad at AJs
(Takahashi et al., 1999) and mediating homophiiit beterophilic adhesion (Sakisaka et
al., 2007). The four mouse nectins complicate-tdfsfsinction analysis, but expression
of soluble nectin extracellular domain diminishe#f adhesion in culture (Honda et al.,
2003). These and other data (e.g. Tachibana, &4I0; Fukuhara et al., 2002) led the
authors to suggest nectins are “necessary andiguffifor the recruitment of Ecadherin
to the nectin-based cell-cell adhesion sites arg] javolved in the formation of
Ecadherin-based cell-cell AJs”.

Nectins are thought to associate with actin veaRhctin binding protein afadin
(=AF6), which binds via its PDZ domain to nectirté€@mini and localizes to AJs
(Mandai et al., 1997). Afadin’s structure suggesssaffolding role (Fig. 1A). It has two

Ras association (RA) domains, Forkhead-associ&tdd) and Dilute (DIL) domains,
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and a C-terminal actin-binding domain. Rapl isutifd to be the preferred binding
partner for the RA domains (Linnemann et al., 1984} afadin and Rap1l are
functionally linked (Kooistra et al., 2006). Afadprovides a potential direct link
between nectins and actin, and afadin also asssondth other actin binding proteins,
includingacat (Pokutta et al., 2002; Tachibana et al., 2000).

This raised the possibility afadin plays an impaottrole in adhesion. Afadin
knockdown in MDCK cells reduced Ecad at AJs afta*@hift, though, surprisingly,
total cell surface Ecad and catenin associatiore wachanged (Sato et al., 2006jadin
null embryoid bodies have many AJ and tight juntiooteins mislocalized (Komura et
al., 2008), suggesting afadin is important in dghimg polarity and cell adhesion.
Afadin knockout in mice resulted in embryonic ldityawith defects during and after
gastrulation. These workers concluded afadin isgfamolecule essential for structural
organization of cell—cell junctions of polarizedtaplia during embryogenesis (Ikeda et
al., 1999)”, or that loss of afadin “disrupts epiihl cell-cell junctions and cell polarity
during mouse development” (Zhadanov et al., 19%®)wever,afadin’sphenotype is
much milder than those caused by loss of Ecad @.atal., 1994) ow-E-catenin (Torres
et al., 1997), which disrupt the trophectodermhegitm and block implantation.

Drosophilahas one afadin homolog, Canoe (Cno; Miyamoto.ei@b5), and at
least one nectin, Echinoid (Ed), to which Cno bifM&i et al., 2005). Cno also
genetically interacts with and binds Rg@bettner et al., 2003) and Polychaetoid
(Pyd=fly Zona Occludens-1; ZO-1; Takahashi eti98). Surprisingly, studies of Cnho
suggested a different model in which it is a sddffor signal transduction proteinsno

genetically interacts with Receptor tyrosine kinRse, JNK, Notch, and Wnt pathways
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(Matsuo et al., 1999; Takahashi et al., 1998; Migtoret al., 1995; Carmena et al.,
2006), but mechanisms by which Cno influences $iiggaemain unclear. As in mice,
Cno regulates morphogenesis. Zygotic mutants Hefexts in cell shape change during
dorsal closure (Boettner et al., 2003; Jirgens €1384; Takahashi et al., 1998), and in
asymmetric divisions and cell fate choice in thevoas system and mesoderm (Carmena
et al., 2006; Speicher et al., 2008). Howeversarsudies left intact maternally
contributed wildtype Cno.

These data provide several alternate hypothesé&nim’afadin function: at one
extreme, it may be essential in cell adhesion wdtiléne other it may transduce signals
regulating cell shape changBrosophilaprovides powerful tools to distinguish between
these mechanistic hypotheses. Here we examireotisequences of completely
eliminating Cno function from the onset of embryoggis. Our data suggest Cnho
regulates links between AJs and actin during amioastriction, providing one possible
solution to the dilemma posed by Weis and Nelsae€B et al., 2005; Yamada et al.,
2005).

Results
Complete loss of Cho leads to severe morphogerdefiscts

Cno plays important roles in dorsal closure, mesmg and neural development
(see Introduction), but these studies only examaygpbtic mutants. We hypothesized
maternal Cno masked earlier roles. To eliminateemal and zygotic Cnad"*
mutants), we screened for neno alleles on a Flippase-recombination target (FRT)
chromosomednois very close to the FRT site), allowing us to o Cno from the

germline (Chou et al., 1993knd*? has an early stop codon (K211Stop) after the Rt
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binding domain (Fig. 1A), suggesting it is null.aMrnal and zygoticnd*? mutants lost
Cno immunoreactivity with a C-terminal antibodydFiB vs. C; imaged on the same
slide), confirming that there is not stop codordtBeough or re-initiation. While it is
possible the remaining short protein fragment e&dlpced, we think this is unlikely.

First, nonsense mediated mMRNA decay usually effityalegrades mRNAs with such
early stop codons (Gatfield et al., 2003; Muhlemanal., 2008). Second, we could not
detect a stable product ofid?, with a much later stop codon (Q1310Stop; data not
shown). Finally, a second independent early trtiogdnas a similar phenotype (see next
paragraph).

To assess how complete Cno loss affects morphsegemee examined cuticles
secreted by epidermal cells (Fig. 1D). Zygato mutant embryos die; 88% have
defects in head involution but close dorsally (Rig), while 11% have defects in head
involution and dorsal closure (Fig. 1F). Loss a@tarnal Cno is not fully rescued by
zygotic wildtype Cno; ~30% of paternally rescued ami die, with defects in head
involution (data not shown)end”? mutants (Fig. 1G) are much more severe than zygotic
mutants, consistent with strong maternal contrisutiMostcnd’* embryos (83%)
entirely lack ventral cuticle, secreted by ventralirogenic epidermis, but retain dorsal
cuticle, secreted by non-neurogenic dorsal epide(Fig. 1G).cnd**°MZ mutants (a
second putative null; Q140STOP) had similar phepesy(data not shown). Thad"*
phenotype is not as severe as that of mutants eetyplacking core AJ proteins
DEcadherin (DEcagTepass et al., 1996) armadillo (arm=RcateninCox et al., 1996;
Mdller and Wieschaus, 1996), in which only cutisteaps are secreted (Fig. 1H). This

suggests Cno is not essential for epithelial iritggHowever,cnd”’4 mutants mimic
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shotgunzygotic mutants—these mutants retain maternal DBcéadack zygotic DEcad
(Tepass et al., 1996; Fig. 11), and thus lose Adtion as maternal DEcad is depleted.
This is consistent with Cno modulating adhesionrdulater morphogenesis.
Cno is not essential for AJ assembly and is onlgueed for AJ maintenance in some
tissues

To further test Cno’s roles in AJs, we assessefrétein localization itnd**
mutants. We first examined AJ assembly. Durinltulzgization, DEcad first localizes
to basal junctions near the invaginating actomyésint and then relocalizes to apical
spot AJs; as the germband extends these smoothtoltelt AJs (Harris and Peifer,
2004; Tepass and Hartenstein, 1994). Initial Agawbly incnd’* was indistinguishable
from wildtype (Fig. 2A vs B, C vs D; Arm anctat also assembled correctly; Suppl. Fig.
1A-F; data not shown), and AJ proteins became Hypieariched (Fig. 2F). Apical actin
also appeared normal, co-localizing with DEcad (B#y vs B’, C vs. D). This is in
striking contrast to the loss of junctional DEcad golarized Factin iarm mutants (Fig.
2E,E’; Cox et al., 1996). Maturation of spot Addelt AJs (Suppl. Fig 1A-F) also
proceeded normally. Finally, AJ protein levels &aprmal at these stages (Fig. 3, 0-4h;
DEcad 102%, Arm 111%:cat 90% of wildtype; mean of 3 experiments). TwwC
binding proteins, Pyd and Ed, localize to AJs fittve start, and both localize normally in
cnd"mutants (Suppl Fig. 1G-J). These data suggesisomat essential for AJ
assembly or initial maturation.

In many embryonic cells, Cno is also not essefiahJ maintenance. lond"*
AJs and cell shapes remain normal in amnioseragaZF, arrows) and dorsal epidermal

cells (Fig. 21 arrowheads, J vs. K) through gerntbaatraction. However, in a subset of
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ectoderm AJs are not maintained normally. As #rendpand extends, ectodermal cells
initiate mitosis; as they divide they round up apical AJ protein accumulation is
reduced (Fig. 2L,N, arrows). As they exit mito#ids reassemble and cells become
columnar again. lend”, while dorsal ectodermal cells retain columnapshand
normal AJs (Fig. 2J), many ventral neurogenic estiwodl cells have reduced DEcad. It
appears that after division they do not regain olar shape with small apical ends (Fig.
2M,0 brackets). To ensure cells properly exitetbais, we labeled embryos with the
mitotic marker anti-phosphoHistoneH3; large regiohgentral epidermis exited mitosis
without properly reassembling AJs or regaining ootar shape (Fig. 2P,Q - arrows). AJ
fragmentation occurred prior to loss of corticdim¢Fig. 2R, arrows). Arm and DEcad
levels are also somewhat reduced at this stage{F#&8h; DEcad 87%, Arm 83%.cat
102% of wildtype; mean of 3 experiments). Morphuoggs is compromised: the
epidermis separates from the amnioserosa (Figar28y) and segmental grooves never
retract (Fig. 2S arrowheads). Ultimately, ventells are lost (Fig. 2T, brackets), likely
explaining the retention of dorsal but not ventuaticle (Fig. 1G). Thus Cno is
dispensable for AJ assembly and maintenance in tissyes, but regulates AJ
maintenance in some morphogenetically active cells.
Cno loss disrupts mesoderm invagination

While AJs are established normally in Cno’s absenu#phogenesis is affected
from the start. Gastrulation initiates after ckllization. The ventralmost cells form
mesoderm and undergo coordinated apical constrittiggered by a pathway involving
the ligand Fog, the G protein Concertina (Cta), REB2 and Rho (Pilot and Lecuit,

2005). In response, mesodermal cells accumulatalagrtin and myosin, apically
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constrict (Fig. 4A,B), and internalize as a tubg(BC). If AJs are disrupted, mesoderm
invagination is compromised (Dawes-Hoang et al0520and thus coordinating AJs and
actin is critical to couple actomyosin constricttoncell shape change.

cnd’* morphogenetic defects begin at gastrulation. Wildtmesoderm, marked
by the transcription factor Twist, is completelyamalized during gastrulation (Fig.
4D,E). In contrastgnd’ mutants do not completely internalize mesodemanycells
remain on the embryo surface and begin to dividdisaberrant location (Fig.4G,H).
The degree of defect in mesoderm invagination dar@em complete failure to defects
only at the anterior and posterior ends (data hoivs).

We next examined mechanisms by which this occGrso, unlike Arm, is not
essential for AJ assembly (Fig. 2A-E’), even inaginating mesoderm (Fig. 2G vs H).
Second, Cno is not required for mesoderm spedificaascnd”’ mesoderm expresses
Twist, the transcription factor conferring mesodatfate (Fig. 4G,H). A third
hypothesis is that in Cno’s absence, mesodermial fedl to initiate apical constriction,
as doRhoGEF2mutants (Barrett et al., 1997), or fail to corettin a coordinated way, as
do fog or cta mutants (Sweeton et al., 1991). Howeeag"* mutant cells initiate
constriction and do so fairly synchronously (Figvs- I; occasional cells in both
wildtype and mutant constrict more slowly than theighbors). Howevernd”*cells
arrest partway through apical constriction. Livalgsis using Moesin-GFP (MoeGFP)
to highlight Factin confirmed this. Wildtype mesoohal cells constrict rapidly and
fairly synchronously (Fig. 5A; Suppl. Video 1). foantify this we measured change in
cell cross-sectional area of eight randomly chasg#is, confirming rapid, synchronous

constriction in wildtype, with occasional cells tagg behind (Fig. 5D)cnd”? mutants
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(distinguished from paternally rescued embryosgiasimarked Balancer chromosome)
initiated apical constriction in a timely manneut then had a variable phenotype (like
the variability in mesoderm invagination). In legvere mutants constriction went at the
same rate as in wildtype (Fig. 5B,E, Suppl. Vid¢ado2it halted prematurely—thus as
mesodermal cells initiated division (Fig. 5B, 32mHsrow), they re-emerged from the
furrow. In more severe embryos (Fig. 5C,F, Sugpleo 3), constriction was slower
than in wildtype and more cells lagged behind; tleky allowed mesodermal cells to
divide before being internalized. These data ssiggeo acts by a novel mechanism to
ensure completion of apical constriction.

To identify this mechanism, we looked in detaitgtoskeletal rearrangements.
The first step is apical recruitment of actin angbsin (Fig. 6B,H, arrows), where they
assemble into a contractile network (Fig, 6A,A”alabt shown); actin is also enriched in
a ring at AJs (Fox and Peifer, 2007).cid* actin and myosin are recruited to the
apical cortex (Fig. 4L, arrowheads, 6D, arrow).ldtipe constricting cells elongate
along the apical-basal axis, and this occurs ndynratnd”? mutants (Fig. 4L).

In wildtype, actomyosin constriction begins as saesmmyosin arrives apically
and is coupled to cell shape change, with AJs ngowmiward as constriction proceeds
(Fig. 6A-A"). One hypothesis is that Cno reguldies extent of actomyosin constriction,
so it does not go to completionénd’* mutants. However, this is not the case—instead
actomyosin constriction initiated correctly (Fid) But became uncoupled from cell
shape change. In wildtype actomyosin contracsaroupled to reduction in diameter of
the cell's apical end (Fig.6A-A”",B-B”,E,H). Iond"4, myosin (Fig. 6C,C",D,F) and

actin (Fig. 61) both coalesced into “balls” at &twl apex, which were not contiguous
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with AJs (Fig. 6E vs. F). To explore dynamic ckelgtal rearrangements, we used
MoeGFP to visualize Factin (Suppl. Video 4 showslswype MoeGFP) and Zipper-GFP
(myosin heavy chain) to visualize myosin (Suppld&b 6 shows wild-type Zipper-GFP).
In cnd”4, balls of both Factin (Fig. 6J; Suppl. Fig. 2AR:s(Suppl. Video 5) and myosin
(Fig. 6G; Suppl. Fig. 2C vs D; (Suppl. Video 7) lszaed as invagination proceeded.
These data support a model (Fig. 6L) in whicld"* cells apically constrict without fully
effective linkage between AJs and the actomyosiwor, the contractile network
detaches from AJs before full cell constrictiongd amesodermal cells are not efficiently
internalized.

In contrast, other gastrulation events are morenabr Posterior midgut cells also
apically constrict (Sweeton et al., 1991), leadimgnternalization (Suppl. Fig. 1K).
cnd’” mutants successfully internalize the gut (Supigl. EL), although the midgut
epithelium may be less organized (Suppl. Fig. 1Mgteral ectodermal cells intercalate
during germband elongation, narrowing the ectoderthe dorsal/ventral axis and
elongating it in the anterior-posterior axisnd”’* mutants extend their germbands and
intercalation proceeds normally (Suppl. Fig. 1Ns@&mecnd*? mutants do not extend as
far as wildtype, but this may be a secondary camsecg of ventral furrow failure).
Intercalation is thought to be driven by oppositenpr polarization of myosin and AJ
proteins (Suppl Fig. 1P-P”; Bertet et al., 2004ari¥enship et al., 2006; Zallen and
Wieschaus, 2004). Ectodermal cellsitd"* mutants planar polarize myosin and AJ
proteins (Suppl. Fig. 1Q-Q”); in fact planar pokation is even more pronounced than in
wildtype (Suppl. Fig. 1P-P” vs Q-Q”), and mutarg$ain accentuated planar polarity

through the end of germband extension (Suppl. Byvs S).
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acat localizes to actomyosin balls in cffo

We next looked in detail at the apparent separatigkls and the apical
actomyosin web, examining whether AJ proteins aedated in actomyosin balls in
cnd’” mutants. We first examined DEcad, a transmemhpestein. The actomyosin
“balls” were apical to AJs (Fig. 7C-C” and D-D” asections of the same embryo at AJs
(C) or more apical (D); we visualized actomyosifidoaith anti-phosphotyorosine
(PTyr), as DEcad and phalloidin are not well presdrby the same fixation). DEcad
was largely retained in AJs after detachment (FAgA”, arrows), and only weakly
localized in actomyosin balls (Fig. 7A-A”, B-B” amvheads). We sometimes noted
“strands” of DEcad joining balls to AJs (Fig. 7B-Birrows)—these were reminiscent of
less dramatic deformations of the lateral membodserved during normal apical
constriction (Martin et al., 2009) and may repregmints of remaining attachment
between AJs and the balls. Ed also did not styoagtumulate in actomyosin balls (data
not shown). In contrasicat accumulated at easily detected levels in acbsmyballs
(Fig. 7C-E”, arrows), as well as remaining in ABgy( 7C-C”, arrowheads). This is
consistent with existence of two poolsogft, one in AJs and one bound to actin (Drees
et al., 2005).
Canoe is enriched at tricellular AJs along with ausset of actin

Cno localizes to AJs in embryos and imaginal d{Se&kahashi et al., 1998).
However, apical junctions are already complex eirtassembly. Bazooka (Baz—fly
PAR-3) and DEcad localize apically from cellulatina onset (Harris and Peifer, 2004),
while aPKC, Par6 and Crumbs are recruited to an evare apical position during

gastrulation (Harris and Peifer, 2005; Huttereallet2004; Tepass, 1996). AJs initially
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assemble as spot AJs that do not precisely cothrecaiith actin, and smooth out to form
belt AJs during gastrulation.

To place Cno in the apical junctional protein natey we examined its
localization and explored how it localizes apicallyno has similarities and differences
in localization with AJ proteins. Apical junctioassemble as cells form from the
syncytium. As actomyosin furrows ingress, DEcazhlizes to basal junctions just
behind invaginating actomyosin (Hunter and Wiesseh2000; Thomas and Williams,
1999) and also begin to localize to apical junctiomhile Baz is apical throughout
(Harris and Peifer, 2004). Cno also remains apamlocalizing with DEcad at apical
junctions (Fig. 8H-H", arrow), but not basal jurwts (Fig. 8H-H”, arrowhead). In fact,
like AJ proteins and Baz (Harris and Peifer, 20@4Cartney et al., 2001), Cno is
already cortical before cellularization, localiziagapical ends of syncytial furrows (Fig.
8G, arrow). As embryos gastrulate, DEcad and Bealize more tightly to apical AJs
(Harris and Peifer, 2004), as does Cno (Fig. 8I-Thus Cno is part of the apical
junctional complex from the start.

To get a detailed view of Cno localization, weked at cells en face. AJs
initially form as spot AJs around the apical cor{f€gpass and Hartenstein, 1994). Cno
co-localizes at spot AJs apically, with some enmient at tricellular junctions (Fig. 8A-
A" arrowheads); however, when we imaged 2um mosalbg Cno, unlike AJ proteins,
is strikingly enriched at tricellular junctions ¢Fi8B-B”, arrowheads). Intriguingly, a
subset of actin is also enriched at tricellularcpions (Fig. 8E-E” arrowheads; visualized
with anti-actin Ab; this is also apparent using /&6¢°; Fig. 8E” inset). As gastrulation

begins, spot AJs mature into less punctate belt(lAdsis and Peifer, 2004). Like AJ
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proteins and Baz, Cno also becomes more eveniyldittd, but remains enriched at
tricellular junctions, as does actin (Fig. 8C-DFFarrowheads; actin visualized with
phalloidin). Thus Cno is in apical junctions frahe start, but does not strictly co-
localize with AJ proteins and localizes more clgseith a subset of cortical actin.
Cno can bind DEcad but is not a core AJ component

Cno/Afadin has known direct interactions with Adteins, including Nectins/Ed
(Takahashi et al., 1999; Wei et al., 200tat (Tachibana et al., 2000; Pokutta et al.
2002), and the tight/AJ protein ZO-1/Pyd (Takahatlal., 1998; Yokoyama et al.,
2001). This suggests Cno may have multiple, ghrtiedundant interactions with AJs.
Cno/afadin interacts with nectins via its PDZ dom@iakahashi et al., 1999; Wei et al.,
2005). Ed (ending in the sequence EIIV) and Néctending EWYYV) have class Il PDZ
binding sites. Interestingly, DEcad also has atpéaC-terminal type Il PDZ binding
site (it ends with the sequence GWRI; matchingcthresensus XgXg, where @ is any
hydrophobic amino acid; Hung and Sheng, 2002)ighsirongly conserved in all
Diptera, which diverged ~250 million years ago (Zdob et al., 2002). We thus tested
whether Cno’s PDZ domain can bind the DEcad taurified Cno PDZ domain does not
bind GST alone, but does bind GST fused at itsr@iteus to the last 7 amino acids of
DEcad (Fig. 9A). These data are consistent witlsddEas a Cno binding partner. Given
this and Cno’s localization to AJs we explored viakeetCno is a core component of the
cadherin-catenin complex. DEcad, Arm amdt co-IP as a stable complex from
embryonic extracts (Fig. 9B). In contrast, Cnaas detected in these IPs (Fig. 9B),

suggesting it is not in the core complex.
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Cno apical recruitment requires Factin but not Ads Echinoid

This raises questions about mechanisms by whichi€recruited to and
maintained at AJs. We first considered the hypathinat cadherin-catenin complexes
recruit Cno, since Cno/afadin can bind battat (Pokutta et al., 2002) and DEcad (Fig.
9A). To test this we madem"“ mutants, in which both DEcad andat are lost from
the cortex (Fig. 9D-D”; Cox et al., 1996; Dawes-iHgat al., 2005), disrupting AJs.
Surprisingly, Cno localizes normally arm™ mutants (Fig. 9C’ vs. D’). This suggests
Cno has other means of reaching the cortex.

We next tested the hypothesis that Cno is recojeEd. Cno is mislocalized in
ed mutant wing disc cells, suggesting Ed helps laeatno to AJs (Wei et al., 2005). Ed
localizes to spot AJs, and transitions to belt &g. 8A,C,D,l insets). Cno localized
normally ined"? mutants (Fig. 9E’ vs. F’), consistent with the afvs¢ion thated"”
mutants do not have morphogenetic defects untdalamlosure (Laplante and Nilson,
2006; Lin et al., 2007). Thus, while Cno binds Edp has other ways to localize to AJs
in embryos.

Baz, which also localizes to apical junctions peledently of AJs, is positioned
apically by cytoskeletal cues, including bindingagmcal actin-based scaffold (Harris and
Peifer, 2004, 2005). Afadin is a Factin bindingtpin (Mandai et al., 1997). We thus
examined whether Cno could directly bind Factike lafadin. We fused GST to the C-
terminal 491aa of Cno, which shares sequence ocaatgar with afadin’s Factin binding
site, and performed actin sedimentation assaystermine if Cno directly associates
with Factin. GST alone was a negative control @G&d -ocat (671-906) a positive

control (Pokutta et al., 2002). Little GST pelkkigith Factin; most remains in the
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supernatant (Fig. 10A; 11% pelleted; mean of 6 erpnts). GSTecat pelleted with
Factin (Fig. 10A; 84% pelleted; mean of 3 experitapnGSTCno (1560-2051) also
pelleted with Factin (Fig. 10A; 41% pelleted; medid experiments), to a degree similar
to afadin (Lorger and Moelling, 2006), suggestingp@an directly bind Factin.

Cno'’s ability to bind actin and its co-localizatiwith a subpool of actin at
tricellular junctions suggested the hypothesis @rat is recruited apically by an actin-
based scaffold. To test this, we examined Cndilcatéon after depolymerizing actin
with cytochalasin. When actin is depolymerizethatend of cellularization, DEcad
remains cortical but distributes all along the aplzasal axis (Harris and Peifer, 2005;
Fig 10B” vs. C”). Strikingly, Cno is lost from tredrtex and accumulates in the
cytoplasm or nucleus (Fig. 10C-C”,E-E”; residuattmal Cno was present in cells where
some cortical actin remained; arrow). We saw sineffects in extended germband
embryos (Suppl. Fig. 3). These data suggest Crexisited/retained at the cortex, at
least in part, by interacting with the corticalinatytoskeleton.

Rapl is essential for mesoderm invagination and Guootical recruitment

Both afadin and Cno bind the small GTPase Rapd las is thought to activate
Cno during dorsal closure (Boettner et al., 20@@3). We thus examined whether Rapl
also works with Cno during mesoderm invaginationgbneratindrap'# mutants using
the null alleleRap£™2 (deleting the entire coding region; Asha et @99). Previous
work suggested Rapl plays a role in gastrulatismialline cells, which meet at the
ventral midline after gastrulation, did not do sdRiap1'* (Asha et al., 1999). We
extended this analysis. Loss of maternal and zydreapl disrupts ventral cuticle (Fig.

1J), and Twist positive mesoderm remained on thiasel after gastrulation (Fig. 4J), as
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in cnd’. In someRap1"“ mutants the germband became twisted during gastmila
(Fig. 4K), as is seen in mutants litag that disrupt invagination of both mesoderm and
the posterior midgut (Sweeton et al., 1991).

To further examine parallels betweRap1'* andcnd”“ mutants, we examined
localization of AJ and cytoskeletal proteins. illiAJ assembly was normal Rap1*“
(Suppl. Fig. 4A vs B), as iond"* (Fig. 2A-D’). However, as itnd"#, coupling between
actomyosin constriction and cell shape change vespted inRap1'?. Balls of actin
(Fig. 60) and myosin (Fig. 6M,N) appeared at theasurface of mesodermal cells,
and cell constriction halted prematurely, with mpdsalls not contiguous with AJs (Fig.
6N). These data are consistent with Cno and Refixigaogether in this process.

Cno binds Rapl, and epistasis analysis suggegts &as upstream of Cno in
dorsal closure (Boettner et al., 2003). We thydaed whether Rapl regulates Cno
recruitment to AJs. We examined Cno localizatianry cellularization and early
gastrulation irRap1* mutants. Cno recruitment to the cortex was suhisignteduced
at cellularization and early gastrulation (Fig. 9%&- This suggests Rapl binding plays
an important role in Cno cortical recruitment.

We also explored Rapl localization, using GFP-R#pZn by its endogenous
promotor (Knox and Brown, 2002), to see if its lation was consistent with a role in
recruiting Cno to AJs. During cellularization, GRRpl accumulated in the cytoplasm,
in a large structure just above nuclei (Suppl. B{@, arrowheads), and all along the
lateral cell cortex, from apical junctions (Supfply. 4C, arrows) to the basal end (Suppl.
Fig. 4C, inset). GFP-Rapl remained cortically@med during gastrulation (Suppl. Fig.

4E, H). Interestingly, in apically constrictingliseof the posterior midgut, while GFP-
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Rapl is found all along lateral membranes (Suppl.#5-G’, arrow), it accumulates at
elevated levels in a region overlapping the AJpfbUFig. 4G, arrowhead). We next
examined whether Cno is required for GFP-Raplaartocalization. We saw no
differences in GFP-Rap1 localization in wildtypecad”” (Suppl. Fig. 4D,F,H-I"),
consistent with Rapl acting upstream of Cno inpdiway.
Discussion

AJs mediate cell adhesion and anchor and regtilatenderlying actin
cytoskeleton. We have a working model for how eathcatenin complexes regulate
these events, but less is known about the passitém of nectins and the linker
afadin/Cno. Studies in mammalian cells and embiagagely focus on a model in which
the nectin-afadin complex is critical for cell adlmn, working in parallel with cadherin-
catenins (see Introduction). In contrast, studifd3rosophilaCno suggest it is a scaffold
for signal transduction (see Introduction). We ptetely removed maternal and zygotic
Cno, allowing us to assess the consequences ofletaipss of function from the onset
of embryogenesis, and explore Cno’s mechanismtafrac
Cno is not essential for AJ assembly or maturation

Work in cultured mammalian cells using nectin m@ession or dominant
negative approaches led to the model that necaidiaicomplexes play a key role in cell
adhesion, recruiting cadherins to nascent AJs (H@&t@l., 2003; Tachibana et al., 2000).
However, multiple nectins made genetic tests & fiypothesis problematic. Afadin
knockout in mice resulted in defects at and afsstmilation and subsequent lethality
(Ikeda et al., 1999; Zhadanov et al., 1999). Hamvestefects occurred much later than

those caused by loss of core AJ proteins (Laraé €1994; Torres et al., 1997). Thus
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the mouse data suggested loss of zygotic afadis Wotdisrupt adhesion to the same
degree as loss of cadherin-catenin; however, a& th@bryos retained maternal afadin,
an essential role for afadin in adhesion and elmthategrity remained possible.

We tested whether Cno is essential for AJ asseorliyaintenance by
completely removing maternal and zygotic Cno frowa onset of fly embryogenesis.
The results were striking. Initial assembly of lvadn-catenin based AJs, establishment
of epithelial cell polarity, and organization ofiegd actin were all normal in Cno
deficient embryos. Further, the first step in Adtanation, coalescence of spot AJs into
belt AJs underlain by actin, was completed on sgleedinlike what was observed in
afadin knockdown MDCK cells (Sato et al., 2006heSe results are in strong contrast to
loss of Arm, which disrupts all these events (Cbalg 1996; Muller and Wieschaus,
1996). Thus Cno is not essential for AJ assembigital maturation. Further, many
tissues maintained normal AJs and architecturaigiréate embryogenesis, suggesting
that Cno is not essential for AJ maintenance peorsessential to maintain actin-AJ
connections in non-morphogenetically active tissaeghese are essential for AJ
integrity (e.g, Quinlan and Hyatt, 1999). Diffecers between our work and that in
cultured mammalian cells could reflect differenceassembly and regulation of AJs in
insects and mammals. However, they suggest fuetkidoration of whether afadin is
essential for AJ assembly in mammals is warrardeyl; generating afadin null epithelial
cells or maternally mutant mice.

Loss of Cno does affect maintenance of tissueitathre in a subset of cells.
Many cells in the neurogenic ectoderm lost colunsiape, and membrane DEcad was

reduced. This coincided with two morphogeneticnésrea series of cell divisions, and
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invagination of a subset of cells to form the CNEith involve significant AJ
remodeling, and thus the ventral epidermis is paldrly susceptible to reducing DEcad
levels (Tepass et al., 1996; Uemura et al., 1998 neuroepithelium is also the tissue
most susceptible to afadin loss in mice (Ikedd.etl899; Zhadanov et al., 1999),
perhaps because of similarly dynamic cell behaviowill be interesting to explore
Cno’s role in this morphogenetically active tissuenore detail, using genetic
approaches to block cell division or neuroblasagination; the latter alleviates effects of
reducing DEcad (Tepass et al., 1996). It will ddednteresting to explore mechanisms
by which Cno acts—e.qg. it may regulate cadheriffitkang, as suggested in mammalian
cells (Hoshino et al., 2005), or it may help celassume a columnar shape by regulating
connections between cadherin-catenin and actin.
A role for Cno in regulating AJ:actin linkage

Crosstalk between AJs and actin is critical in yneontexts, from maintaining
stable adhesion to mediating morphogenesis (Gatk®aifer, 2005). The classic view
of AJs postulated direct connection between cadkeaienin complexes and actin,
mediated byicat. However, recent work undermined this idea3ret al., 2005;
Yamada et al., 2005), raising the question of hotinas connected to AJs, and causing
some to question whether such a connection evamrac©ne morphogenetic event that
compellingly suggests AJs are connected to actpisal constriction, during which
constriction of the apical actomyosin web is codpteshape change (Suppl, Fig. 5A,
top). Disrupting AJs uncouples these events (Dadaeng et al., 2005), supporting the
need for a connection, but the nature of the lials wnclear.

The phenotype of cno mutants is consistent with @laying a critical role in this
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connection. In its absence, AJs assemble nornedtin and myosin accumulate
apically, and apical constriction initiates. Howewcell constriction halts before
completion, while cytoskeletal constriction con&suuncoupling these events (Suppl.
Fig. 5A, bottom).

Our data are consistent with several models far i@rihis process. The first step
in all is Cno recruitment to the cortex. To ourgsise, this is not dependent on either the
cadherin-catenin complex or the nectin Ed, thouglcannot rule out a redundant role
for them. Instead, the GTPase Rapl is criticale €peculative possibility is that Rapl
binding the RA domains opens up a closed confoonats is seen, for example, in
formins (Suppl. Fig. 5B-D). Thus Rapl recruitmehCno to the cortex could also
activate it, allowing it to interact with other paers. At least one partner is Factin.
Consistent with this, Cno, like afadin, can binadtig and the actin cytoskeleton plays a
critical role in cortical Cno localization.

Once Cno is recruited apically by Rapl and adtiinen could help stabilize links
between actomyosin and AJs in several ways. |htbg a direct link, binding actin and
interacting by multiple redundant and low-affiniberactions with several AJ proteins
(Suppl. Fig. 5E). Cno/afadin has well documenteeat interactions with Nectingcat,
and ZO-1, and we documented a direct interactiatsd?DZ domain with DEcad.
Alternately, Cno may regulate interactions moreargxtly. It is intriguing thaticat acts
later during germband elongation in linking a stgbpulation of Factin at spot AJs with
the larger cortical actin network (Cavey et alQ20 Our observation thatat is
strongly enriched in actin “balls” that detach fré@s in Cno’s absence, while also

remaining at AJs, is consistent witbat acting on both sides of the linkage. Cho may
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regulate interactions between junctional and datinnd pools oficat, either directly or
acting as a scaffold to recruit another regulauppl. Fig. 5F). It will be important to
test these models—the n&vosophilaacat mutants (U. Tepass, pers. comm.) will help,
as will two-color simultaneous imaging of FactirdaiJs. It will also be important to
further analyze Cno’s actin binding domain by sibkeected mutagenesis. Other models
for Cno function remain possibl®ictyosteliumRapl regulates myosin disassembly
during cell motility (Jeon et al., 2007), and aated myosin can activate Rapl (Arora et
al., 2008). Cno/Rapl might regulate actomyosirtreatility, for example, and in its
absence apical actomyosin might become hypercdihrad/e did not observe any
acceleration of cell constriction, as might be extee from the simplest versions of this
model. However, Cno/Rapl regulation of myosin reman open possibility.
Regardless of the mechanism, Cno’s enrichmenmicatitilar junctions along with
a sub-population of actin suggests the possilitity these structures might have a
special role in AJ-actin connections. Intriguingyuse Tricellulin plays a special role at
tricellular junctions in maintaining tight junctier{lkenouchi et al., 2005). However, our
analysis and that of Martin et al., (2009), sugdfest all spot AJs maintain connection to
the apical actin web, during normal constrictiond a@aring disconnection in cno mutants.
It will be interesting to explore how forces aengrated in the apical cortex, how
contractility is regulated, and how and where thetactile network is coupled to AJs.
Constriction in thédrosophilaventral furrow is rhythmic, suggesting a racheting
mechanism (Martin et al., 2009). This resembleatudiseen in the one céll elegans
embryo (e.g., Munro et al. 2004). One other stgkihing about the ventral furrow is

that cells do not constrict isometrically, but et constrict more quickly in the
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dorsal/ventral dimension than in the anterior/pastelimension (Fig. 4F, Fig. 5A). This
bias seems less pronouncean®@”* mutants (Fig. 41, 5C), perhaps suggesting a
requirement for cortex-AJ connections to maintaynametric cell constriction.

Mammalian afadin plays a role in epithelial wourehling—in its absence, cells
migrate into wounds more rapidly (Lorger and Mawglli2006). While afadin
knockdown did not affect stable AJs, it reduceda8dociation with the cytoskeleton after
wounding, reducing adhesion and increasing diraatity of cell migration. This
function required afadin’s actin binding domaingpyiding a second context in which
Cno/afadin may help link AJs and actin.

Cno is not, however, critical for all actin-AJ emttions. Cadherin-based
adhesion itself, which does not require Cno, ingslactin-AJ interactions (Quinlan and
Hyatt, 1999). Likewise, conversion of spot AJbéit AJs, which involves connections
to actin (e.g., Cavey et al., 2008; Maddugoda.ef8D7), does not require Cno. Loss of
Cno also did not halt germband extension, whiclelves reciprocal planar polarization
of myosin and AJs. However, Cno may play a resingirole in this process, as planar
polarity is enhanced iond"* mutants. This is interesting, as actin depolyration also
enhanced AJ planar polarity here (Harris and PeX@®d7), suggesting that AJ-actin
connections restrain planar polarity. Perhapsno’€absence subtle uncoupling of AJs
from actin occurs.

We thus hypothesize that Cno is one aspect oflaggun of AJ-actin linkage.
However, this linkage will be complex, with differteproteins mediating interactions in
different circumstances. The mammal-specific proEPLIN regulates

maturation/remodeling of AJ-actin connections dy#d assembly (Abe and Takeichi,
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2008). Likewisegpcat regulates lateral mobility of AJ complexes (€aet al., 2008),
and Myosin VI acting with vinculin, and Cno/afadimding partners in the ZO-1 family
also regulate maturation of belt junctions (Ikertuwet al., 2007; Maddugoda et al.,
2007). Perhaps different proteins evolved to radpgo distinct forces exerted on AJs,
differing either in magnitude and acceleration. Ghallenge is to identify all proteins
regulating AJ-actin connections and to determimd tinechanisms of action.
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Materials and Methods
Fly Stocks

Mutations are described at flybase.bio.indiana.adlid type wasyellow white
or Histone-GFP All experiments were done at 25°C unless nated? was generated
by EMS on an isogenic FRT82B linend**was sequenced by PCR amplifying

fragments of theno coding sequence and sequencing them at the UNG&tdme
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Analysis Facility. Cuticle preparations were madan Wieschaus and Nusslein-Volhard
(1986). Unless noted, fly stocks were from thedBhngton Drosophila Stock Center
(Bloomington, IN). Sources of other stocks ar&uppl. Table 1.cnogermline clones
were made by heat shocking 48-72h leéFLP; FRT82B:nd*YFRT82Bovd 8 larvae
3hrs at 37°C.arm™**** anded ’? germline clones were generated similarly.
Immunofluorescence and image aquisition

The following fixations were used: myosin/Arm/CEd/ heat-methanol (Miller
and Wieschaus, 1996); phalloidin/Dcad2, 10min, I6fnaldehyde; phalloidin, 5min,
37% formaldehyde. All others were fixed as in &myoed et al. (2001). Embryos were
methanol-devitillinized, or hand-devitillinized fphalloidin. Embryo cross-sections
were performed as in (Dawes-Hoang et al., 2009). dFug treatments, dechorinated
embryos were washed twice with 0.9% NaCl and intad#r 30min in 1:1 octane/0.9%
NaCl with 1Qug/mL cytochalasin D (Sigma, St. Loius MO; dissohnedMSO).
Control embryos were treated with DMSO carrier alokEmbryos were fixed
immediately after drug treatment (Harris and Pe2€05). All embryos were
blocked/stained in PBS/1% goat serum/0.1% TritohG®-and mounted in Aqua-
Polymount (Polysciences, Warrington PA). Suppl.l&dblists antibodies and probes
used. All images and movies were acquired at rimnmperature. Fixed samples were
imaged with LSM510 or Pascal confocal microscopss)g a Zeiss 40X NA 1.3 Plan-
Neofluar oil immersion objective, and LSM softwarave imaging was performed using
the Perkin-Elmer Ultra VIEW spinning disc confod@RCA-ER digital camera, a Nikon

40X NA 1.3 Plan-Fluor oil immersion objective, aM@tamorph software. Adobe
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Photoshop CS2 was used to adjust input levelsesmtin range of signals spanned the
entire output grayscale and to adjust brightnedscantrast.
Vector construction, Protein Expression and Proteurification

GSTwu-catenin (671-906) was from Sabine Pokutta and\Béis (Stanford
University, Stanford CA; Pokutta et al., 2002). eT@no-Cterminus (aal560-2051)
fragment was amplified by PCR and cloned into pGEX Healthcare, Piscataway, NJ).
The Cno-PDZ (aa833-929) fragment was amplified GRRnd closed into pET28
(Novagen, Gibbstown NJ). GST-Ecad (GST-DDQGWRI3wamplified by PCR and
cloned into pET28. GST fusion constructs in the&eGvector were expressed Encoli
BL21-Gold (DE3) cells (Stratagene, Cedar Creek TBacteria were grown in LB+
media with 10Qg/mL ampicillin at 37°C to OB between 0.8-1.0, induced with 1mM
isopropyl-g-D-thiogalactopyranoside and grown 3risaat 37°C. Pelleted cells were
resuspended in 20mM Tris pH 8.0, 200mM NaCl, ImMI&G1% Triton-X, 0.1mM
PMSF + a protease inhibitor cocktail (Roche, Indgalis IN), and lysed using a
microfluidizer. The lysate was cleared by cengiétion and incubated with glutathione-
agarose (GE-Healthcare) O/N at 4°C. GST fusioteprs were purified over 20mL Bio-
rad columns and where either kept on beads foresuient manipulations or eluted with
20mM Tris pH 8.0, 200mM NaCl, 10mM Glutathione (®ig, St. Louis MO).
Constructs in the pET-28 vectorfd@noPDZ and EGST-Ecad) were expressed in
E.coliBL21-Gold (DE3) cells (Stratagene, Cedar Creek. TBacteria were grown in
LB+ media with 2Qg/mL kanamycin at 37°C to Qi) between 0.8-1.0, induced with
1mM isopropyl-g-D-thiogalactopyranoside and growimaBirs at 37°C. Pelleted cells

were resuspended in 25mM Tris pH 8.0, 300mM NaQhnM¥ imidazole, 1% -
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mercaptoethanol, 0.1mM PMSF and lysed using a ffhigdizer. The lysate was cleared
by centrifugation and incubated with®NTA agarose (Qiagen, Gaithersburg, MD) 3
hours at 4°C. The columns were washed with 20naoluolumes of lysis buffer and
bound protein step eluted using 3 column volumdgsié buffer supplemented with 285
mM imidazole.
Actin Sedimentation Assay

Rabbit skeletal muscle actin (Cytoskeleton, IBenver CO) was stored in 5mM
Tris, pH 8.0, 0.2mM CaGJ| 0.5 mM DTT, and 0.2 mM ATP at 0.4 mg/ml. EitligM
or 5uM actin was used. Aliquots of 156.25uL were polymed with 3.2uL 50X
polymerization buffer (2.5M KCI, 100mM MggI50mM ATP, protease inhibitor
cocktail (Roche, Indianapolis IN) for 1hr at RT.SGfusion proteins were precleared by
centrifugation for 7min at 436,000 x g at 4°C (TILAO rotor, Beckman 100 tubes).
Precleared GST fusion protein (final concentratiohSuM or 2 uM) was added to
polymerized F-actin and incubated 30min at RT.téins bound to F-actin were
separated from unbound protein by centrifugatiom7aih 436,000 x g at 4°C. Sample
buffer was added to supernatant and pellet frastibailed, and loaded on a 10%
polyacrylamide gel. Gels were stained with CooneaBsilliant Blue.
GST pull downs

50ul of Glutathione beads were saturated with GST & <&cad then washed
using wash buffer (25 mM Tris pH 8.0, 300 mM Nal %p-mercaptoethanol). GST
and GST-Ecad-bound beads were incubated in batbhiwnl of purified CnoPDZ,
nutating at 4°C for 30 minutes. Resin was pellated supernatant containing non-bound

CnoPDZ was removed. Beads were washed twice ainheing 1 ml wash buffer.
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Proteins were eluted from the beads usingul@0wash buffer supplemented with
50mM Glutathione. 1@ of the eluate was loaded on a 20% polyacrylargeleas was
10ul of the CnoPDZ load. Gels were stained witlor@assie Brilliant Blue.
Protein Preparation and Immunoprecipitations

Protein samples were prepared by grinding dechateal embryos on ice in
Laemmli buffer with a plastic pestle and then babiler 5Smin. Immunoprecipitations
were performed as described in Harris and Peif#352 Samples were separated by 6%
SDS-Page and immunoblotted (see Suppl. Table anfiloody concentrations). Signal
was detected using ECL Plus (GE Healthcare, PisegtaNJ).
Online Supplemental Material

Supplemental Table 1 includes genetic and antilbedgents used in this paper.
Fig. S1 Cno is not required for the transition frepot to belt adherens junctions,
posterior midgut invagination, and is not essetitiaintercalation but restrains planar
polarity during germband extensioRkig. S2 The actomyosin cystoskeleton becomes
uncoupled from cell shape changeimd"“mutants. Fig. S3 Actin is required to retain
Cno at the cortex after gastrulation. Fig. S4 Gpl localization overlaps AJs and
does not require Cno function. Fig. S5 ModelsGap function. Video 1 shows WT
ventral furrow formation, MoeGFP. Video 2 showsitd cnd”? mutant ventral furrow
phenotype, MoeGFP. Video 3 shows a seead®? mutant ventral furrow phenotype,
MoeGFP. Video 4 shows WT ventral furrow formati®oeGFP. Video 5 shows a
cnd’? mutant ventral furrow phenotype highlighting thetim balls, MoeGFP. Video 6
shows WT ventral furrow formation, ZipperGFP. \ide shows @nd”4 mutant ventral

furrow phenotype highlighting the myosin balls, @ZgnGFP.
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Figure 2.1. cno mutants have defects in morphogenesiéA) Domain structures anctho

mutant. (B,C) Stage 7 wildtype ono"- MZ embryos, stained for Cno and for anti-
phosphotyrosine (PTyr, insets) to show cell bordensl imaged on same slide. (D-J) Cuticles,

anterior up. Genotypes indicated. (ECFI))RZ zygotic mutants. Head involution defects (arrows)
XP33

Dorsal closure defects (arrowhead). (B - MZ. Only dorsal cuticle remains. (ldjm
MZ mutant (in eggshell); cuticle fragmented. gig*®® zygotic mutant retains only dorsal cuticle.
(J) Rap1MZ mutant retains only dorsal cuticle (Rapl ddtaral of Results). Bar = 10um (B,C),
100um (D-J).
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Figure 2.2 Cno is not essential for AJ assembly.Embryos, antigens and genotypes
indicated. (A-F) Stage 8. (A-B’) Ventrolateraéws, anterior top left. (C-C’) Closeup of A-A.

WT. (D-D’) Closeup of B-B'cno. (E) arm'. Cortical DEcad lost. (F) Cross sectioanZ
DEcad remains apical. (G) Wildtype ventral furr(i#y cno'. DEcad maintained. () Stage 11,
cno'~. AJ normal in amnioserosa (arrows) and dorsalezpiis (arrowheads). (J,K) Dorsal
epidermis, stage 13-14. (c])oMZ. Als intact. (K) Paternally rescusiibling. (L-O) Lateral view,
stage 9-10. (L,N = closeup) Wildtype mitotic donmg{arrows). (M,0 = CloseumhoMz. Some
cells have reduced DEcad (brackets). (P,Q) StagendMZ. Arrows, fragmented AJs. (R)
Ventral midline, stage 1dno . AJ fragmentation precedes loss of cortical a@mows). (S,T)

Stage 13/1¢noMZ. Amnioserosa detaches from epidermis (arrow)nsegal groves never
retract (arrowheads), and parts of ventral epidearg missing (bracket). Bar = 30um (A-B, K-
T), 10um (C-J).
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Figure 2.3. AJ protein levels incno". Immunoblots, embryo extracts, antigens indicated.
4h through mesoderm invagination and early germileatension. 4-8 hours Extended
germband, stages 8-11. Tubulin = loading control.

Fig. 3
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Twi

Figure 24. Cno is essential for mesoderm invaginationEmbryos, antigens and genotypes
indicated. (A-C) Cross sections, wildtype venfratow. (A) Late cellularization. (B) Initial
furrowing. (C) Mesoderm internalized. (D-K) Veatviews, anterior up. (D,E) Wildtype,

mesoderm completely internalized. (F) Wildtypeidgiconstriction. (G,HyznoMZ , Twist
positive cells not completely internalized.¢ho  mesoderm initiates constriction. (J,Rap

phenocopiesnoMZ, but some exhibit twisted gastrulation (K). (11)0'v|Z mesodermal cells
elongate along apical-basal axis (red arrow) nedaip ectodermal neighbors (green arrow). Bar
= 30pm.
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Figure 2.5 Mesoderm invagination incnd”*. (A-C) Embryos, ventral views, anterior left,
genotypes indicated. MoeGFP reveals Factin. Etaeientral furrow. Arrows=mesoderm
cells round up to divide and emerge from furrow) SAills from Suppl. Video 1. (B) Stills from
Suppl. Video 2 (C) Stills from Suppl. Video D-F) Graphs, cell cross sectional areas as
ventral furrow invaginates. T=0 defined as 100Wildtype cells constrict to essentially zero
before invaginating, while mutant cells disapp@daiurrow before fully constricting. Bar =

30um.
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Before apical
constriction

Figure 2.6Cno regulates coupling of AJs to contractile netwde. Embryos, stage 6-8,
antigens and genotypes indicated. (A-A’,C-C’,G,J0¥1-Ventral views. (B,D-F’,H,l,K) Cross
sections. (A-A",B,E) Wildtype ventral furrow. Mgin (Myo) covers cell apices (arrows and

insets). Constriction coupled to actomyosin cantioa. (C,D,F)cnoMz. Myo condensed into
balls that are not contiguous with AJs (white as@md insets). Cell shape change is not

completed. (GEno'~. Myosin balls visualized live with Zipper-GFP. (MJT. Actin
accumulates evenly at apical surface (arrow):r(DMZ. Actin condenses into balls that are not

. . . . . MZ .
contiguous with actin at AJs. Constriction arréatsow, inset). (Jgno . Factin balls
visualized live with MoeGFP. (K) Probabteomaternal mutant. Balls of actin (inset) observed
even in embryos initiating invagination. (L) Mod#lalterations in actin, myosin and
constriction incno- . (M-0) Rapfﬂz. (M,N) Similar balls of Myo form and separaterfré\Js.
(O) Balls of actin. Bars = 30um (A,C), 10um (B, D-O
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H . . . Mz
Figure 2.7.Pools ofacat at AJs and actomyosin ballsVentral views, gastrulatingno
antigens indicated. (A-B”) DEcad localizes to A8sA”, arrows) but is only very weakly found
in actomyosin balls (arrowheads). Strands of DEmathect AJs to balls (B-B”, arrows). (C-

E") Apical (C-C") and more basolateral (D-D”) visvof same embryo, E-Etloseup. Pools of
acat at AJs (C-C”, arrowheads) and actomyosin KGHE”, E-E” arrows). Bars = 10pum.
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Figure 2.8.Cno is enriched at tricellular junctions with a sulpool of actin. Wildtype,

antigens indicated. (A-F") Surface views. (G-IOross sections. (A-B”) Cellularization. (A-A”)
Apically, Cno co-localizes with Arm and Ed (insit)spot AJs, with enrichment at tricellular
junctions (arrowheads). (B-B”) 2um more basal, @nstrongly enriched at tricellular junctions
relative to Arm (arrowheads). (C-D”) Mid (C-C”) tate (D-D”) gastrulation. Cno, Arm, and Ed
(inset) form belt AJs. Cno remains enriched agethigar junctions (arrowheads). (E-F”) Cno
localizes with a subpool of actin at tricellulan@tions (arrowheads) during cellularization (E-E”)
and gastrulation (F-F"). (E” inset) Actin visusdd with Moesin-GFP. (G) Cno already apical in
syncytial embryo (arrow). (H-H”) Cno colocalizestiwDEcad in apical AJs (arrow), but not
basal junctions (arrowhead). (I-I") Gastrulatiomdightly localized at AJs with Arm and Ed.
Inset = Cno and Ed channels alone. Bar = 10um.
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Figure 2.9. Rapl but not AJs or Ed are required for apical Cnorecruitment. (A) Purified
Cno PDZ domain incubated with GST or GST fused-ter@inal 7 amino acids of DEcad.
Input =1% of load, bound = 10% of bound fractidB) Embryonic extracts IPed with anti-Arm.
Input, unbound and IP fractions immunoblotted viitthicated antibodies. (C-J") Late
cellularization or early gastrulation (1,J). Antigeand genotypes indicated. Apical surface,
except D,F insets, which are cross sections. (REmoving AJs (C-D”arm”*%) or Ed (E-F”;
ed® does not affect Cno localization. (G-J”) RemoviRgp1 reduces cortical Cno. Bars =
10um.
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Figure 2.10. Factin is required for Cno cortical localization (A) Actin co-sedimentation
assays of GST-CnoCT, GSiktat, and GST as a negative control. S=supern®ahigh speed
pellet. (B-B”,D-D™) DMSO treated controls. (C-;E™) Cytochalasin treated. (B-B") DEcad
at apical and basal junctions. Cno only at apigattions. (C-C”) After depolymerization,
DEcad all along lateral cortex. Cno cytoplasmid aaclear. (D-D™”) Normal DEcad, Cno and
actin localization. (E-E™) Actin depolymerizedome residual cortical actin in cells at left
(arrows). DEcad remains cortical. Cno lost frammex (arrowhead) except where residual
cortical actin remains (arrows). Bars = 10um.
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Figure 2.S1. Cno is not required for the transitionfrom spot to belt adherens junctions,
posterior midgut invagination, and is not essentialor intercalation but restrains planar
polarity during germband extension. Embryos, antigens and genotypes indicated. Apical
surface sections except bottom panels of (G,H) kvhie cross sections. (A-F) Spot to belt AJ
transition, stages indicated. (G-J) The Cno Imgdiartners Ed (G-H) and Pyd (l,J) still localize
. MZ .
to AJsincno mutants. (K-M) Embryos, cross-sections, sta§e ®Ecad, genotypes
indicated. Arrows point to posterior midgut. (Kygbtically-rescued sibling with normal midgut
invagination. (L,M).cnoNIZ mutants. Midgut invagination is initiated (L) botaginated midgut
appears disorganized (M). (N-S) Embryos, antigemtsgenotypes indicated. (N,O) Each
sequence shows successive stills from movies efsiage 8 wildtype (N) @no’ mutant
embryos, visualizing MoeGFP to outline cells. totdating cells are color-coded. (P-Q”). Stage
7-8 wild type (P-P") ocno’~ mutant (Q-Q"). Normal planar polarity of Myosienfiched at
anterior/posterior boundaries; arrows) and Armifdrad at dorsal/ventral boundaries;
arrowheads) is accentuatedcimo . (R,S) Late stage 8 wild type (R) moMZ(S). AJ planar

polarity remains strong iono™. Cells form rows. Bars = (A-J, N-S) - 10pm. (K-M30pm.
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ZipGFP | 7m15s

zipGFP | 7m15s

Figure 2.S2. The actomyosin cystoskeleton becomeawxoupled from cell shape change in

cno" mutants. Stills from live imaging of gastrulating embryagntral view, anterior to the

left, genotypes indicated. Brackets mark venuraidw as it progresses. Arrows and insets show
“balls” of either actin (B) or myosin (D). (A) S8l from Suppl. Video 4. (B) Stills from Suppl.
Video 5 (C) Stills from Suppl. Video 6. (D) Hifrom Suppl. Video 7.Bar = 30um.
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Cytochalasin

->

Figure 2.S3. Actin is required to retain Cno at the cortex aftergastrulation. Stage 9

embryos, treatments and antigens indicated. (AGC™) DMSO-treated control embryos. (B-
B,D-D™) Cytochalasin-treated embryos. (A-A™") Stace view. Normal DEcad, Cnho and actin
localization. (B-B’) Surface view after cytochala treatment. Some residual cortical actin is
seen in columnar ectodermal cells (left arrowheadsd)in amnioserosa (arrows). DEcad remains
cortical. Cno is largely lost from the cortex (atheads), though some remains at cortex in
amnioserosa (arrows). (C-C™) Cross-section. OE&no, and actin at AJs (arrows). (D-D™)
Cross-section through furrow after cytochalasiatireent. DEcad is now all along lateral cortex
and Cno becomes largely cytoplasmic (arrows). Ba®Em.
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P ] ( s BH A
Figure 2.54. GFP-Rapl localization overlaps AJs and does not reqre Cno function. GFP-
Rap1 localization in wild type (A,C,E,F,H-H") amthd"’* mutants (B,D,G-G’,I-I'). (A,B) Late
cellularization. (C-G) Midgastrulation. (E) Crassction through posterior midgut. (C,D)
Arrows = cortical GFP-Rap1, arrowheads = local@atio apical punctate structure. (C inset)

Basal section of cells shown in C. Bars =10um.
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Table 2.S1: Fly Stocks, Antibodies, and Probes

Fly stocks Source

Moesin-GFP D. Kierhart (Duke University, NC, USA)

Zip-GFP (trap #CC0O1626) The Carnegie Protein Trap Library (Buszczak
etal., 2007)

HisGFPIIL R. Saint, (University of Adelaide, South
Australia, AUSTRALIA)

arm” Y FRT101/FM7 E. Wieschaus (Princeton, NI, USA)

ed” “FRT40A /CyotwiGFP

L. Nilson (McG1ill University, Quebec,

Canada)
Antibodies/Probes Dilution Source
F Western
anti-DE-DCAD2 1:100 DSHB
anti-DE-CAD]1 1:200 M. Takeichi (Kyoto University, Japan)
anti-ArmN27A1 1:100  1:50 DSHB
anti-alpha-catenin 1:100  1:200 DSHB
Phopho-Tyrosine 1:1000 Upstate Biotechnology
MABI150 1R (Actin) 1:1000 Chemicon
anti-Cno 1:1000 1:1000 K. Takahashi (Waseda University, Japan)
anti-Twist 1:2000 S. Roth (University of Koln, Germany)
anti-Zipper ((Myosin IT heavy 1:1000 C. Field (Harvard, MA, TUSA)
chain) D. Kiehart (Duke University, NC, USA)
anti-Echinoid 1:1000 L. Nilson (McGill University, Quebec,
Canada)
anti-Polycheatoid 1:1000  1:2000 A. Fanning (UNC-CH, NC, USA)
Alexa-phalloidin 1:500 Molecular Probes
anti-alpha-tubulin 1:2000 Sigma
Secondary antibodies: Alexas 488,  1:500 Molecular Probes
568, and 647
HRP Secondary Antibodies: Thermo Scientific
Mouse/Rat 1:10,000
Rabbit 1:100,000
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CHAPTER 3

A CONTRACTILE ACTOMYOSIN NETWORK LINKED TO ADHERENS
JUNCTIONS BY CANOE/AFADIN HELPS DRIVE CONVERGENT EMENSION

Jessica K. Sawyerwangsun Chdt, Kuo-Chen Junty, Li He®*, Nathan J. Harris and
Mark Peifer-?
*authors contributed equally
!Department of Biology, University of North CaroliaaChapel Hill, Chapel Hill, NC
27599, USAZLineberger Comprehesive Cancer Center, Universityasth Carolina at
Chapel Hill, NC 27599, USADepartment of Biological Chemistry, Johns Hopkins
School of Medicine, Baltimore, MD 21205, USA
Preface
The following work further examined the role of&im strengthening the
connection between AJs and the actin cytoskeletitside of the mesoderm. We
uncovered an apical actomyosin network within #teral ectoderm. Watching this
network using real-time microscopy, we observedogér contractions of the network
via the coalescence of myosin, correlating withngfes in cell shape. The actions of this
contractile network appeared to help control thephogenetic movement of germband
extension; therefore, we asked if Cno had a rote.Hedeed, we found that loss of Cno
led to reduced germband extension in addition emgerated planar polarization of
polarity cues along dorsal/ventral cell boundari®sexamining myosin iltno mutants,

we observed that the actomyosin network was pirtiaicoupled, leading to a lack of



cell shape change. This appeared to result froactatent of myosin cables from the
cell cortex reminiscent of the defects previouddgerved in the mesoderm. In addition,
loss of Cno did not cause excessive planar polawizaf actomyosin components. These
two pieces of evidence suggest that excessiveipalem of polarity cues was caused by
reduced actomyosin contractile activity followirgetloss of the contractile network’s
attachment to the cell cortex. This paper and oevipus work highlighted a conserved
role of Cno in strengthening AJs to properly regpileortical tension within a changing
epithelium.

My part in this work was characterizing mutantdRdio signaling to observe
whether planar polarity was altered in other mgahnat also failed at mesoderm
invagination. Looking atog mutants, which fail to produce the ligand thatuoels
actomyosin contraction in the mesoderm, we obsetivaidplanar polarity of Baz
remained relatively unperturbed. In addition, myasables were still properly formed in
these mutants and did not appear to separate frerell cortex as was observed in cno
mutants. Lastly, | provided support in developihg inethods used to measure changes
in cell shape.

Summary

Integrating individual cell movements to creagstie-level shape change is
essential to build an animal. We explored mectmasisf adherens
junction(AJ):cytoskeleton linkage and roles of lidkage regulator Canoe/Afadin during
Drosophilagermband extension(GBE), a convergent-extensiocgss elongating the
body axis. We found surprising parallels betwe®&EGnd a quite different

morphogenetic movement, mesoderm apical constnictermband cells have an apical
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actomyosin network undergoing cyclical contractiofifiese coincide with a novel cell
shape change, cell extension along the anterideposaxis. In Canoe’s absence, GBE
is disrupted. The apical actomyosin network detadlom AJs at anterior-posterior cell
borders, reducing coordination of actomyosin cantiiity and cell shape change.
Normal GBE requires planar-polarization of AJs #melcytoskeleton. Canoe loss subtly
enhances AJ planar-polarity, and dramatically iases planar-polarity of the apical
polarity proteins Bazooka/Par3 and aPKC. Chang@&arzooka localization parallel
retraction of the actomyosin network. Globallyweithg AJ function doesn’t mimic
Canoe loss, but many effects are replicated byajlattin disruption. Strong dose-
sensitive genetic interactions betweamoeandbazookaare consistent with them
affecting a common process. We propose a modehioh an actomyosin network
linked at anterior-posterior AJs by Canoe and cedipb apical polarity proteins regulates
convergent-extension.
Introduction

Morphogenesis is an amazing process that consienfde tissue shapes into
complex structures. It begins at gastrulation, nvadall of cells converts itself into an
outline of the body, with three germ layers androef anterior-posterior and dorsal-
ventral axes. We must learn how morphogenesegglated at all levels: from
molecular mechanisms to cellular events to tisswetlintegration. During
morphogenesis, cells change shape, divide, and ,jathwehile maintaining tissue
integrity. This requires coordinating cell-cellasion and cell shape change, events
driven by cadherin-based adherens-junctions (Addtlae actomyosin cytoskeleton.

Molecular mechanisms underlying this coordinatiemain largely mysterious. The
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connection was initially thought to be simple amect, with cadherins linking to actin
via [3- and_-catenin, but biochemical evidence suggests otlser{ree®t al,2005;
Yamadeet al,2005). Instead, recent work suggests distingelis act in different events
(e.g. Abe and Takeichi, 2008; Cawetyal ,2008; Sawyeet al,2009); among these is the
actin-binding protein Canoe(Cno=mammalian afad#other important challenge is
defining the roles and mechanisms of action okeddt linkers during distinct biological
processes.

Apical cell constriction durin@rosophilamesoderm internalization provides a
model of cell shape change during morphogenesisilevihe textbook model of apical
constriction involved constriction of a circumfetahbelt of actin filaments underlying
cell-cell AJs, recent work revealed that this i$ @avays the case. Instead, in the fly
mesoderm and amnioserosa, cell fate cues initisignaling pathway triggering
assembly and constriction of an apical actomyosiwark covering the surface of each
cell (Harriset al,2009). This network constricts in a cyclical fash with an
unidentified molecular ratchet driving progresstedl shape change (Martet al,2009;
Solonet al.2009). Cell shape change requires that the adilerametwork is connected
to AJs (Dawes-Hoanet al,2005). AJs also join cells, transmitting forcesnf cell to
cell across epithelial sheets. Tissue-level irgegn plays a key role in mesoderm
invagination. Forces transduced via AJs acrostisgkee modify individual cell shape
changes, as cells respond both to internally-géeei@ontractile forces and those
generated by the supracellular network (Magtimal,2010).

While it was clear that linkage of the apical antile network to AJs is crucial

for mesoderm apical constriction, the moleculakdige initially remained unclear. We
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previously explored the role of Cno in this proce€so interacts with nectins and other
AJ proteins, and was suggested to play importdasia mammalian cell adhesion
(Takaiet al,2008). We found Cno isn’t essential farosophilacell adhesion, but is
required for proper mesoderm invagination (Savegeal,2009). In Cno’s absence, the
apical actomyosin network constricts and cellsatetshape change, but then the
network detaches from AJs, preventing effectiveadesm invagination. These data
suggested that Cno mediates or regulates attactbatmeen the actomyosin
cytoskeleton and cell-cell AJs during mesodermalpionstriction.

Here we explore coordination of the actomyosimoskeleton and AJs during a
very different cell behavior: convergent-extensionwhich cells intercalate between one
another in the plane of the epithelium to elonglaéebody axis (Harrist al,2009; Yinet
al.,2009). This morphogenetic movement is also comta@astrulation in many
animals, but is thought to be cell biologically andchanistically very different from
apical constriction, though myosin regulation iscetritical.

In Drosophilathis process is called germband extension (GBg; A ,A’;

Zallen and Blankenship,2008). During GBE the eml@lpngates two-fold along the
anterior-posterior (AP) axis, while narrowing alahg dorsal-ventral (DV) axis.
Because embryos are constrained within the eggshisllleads to the posterior end of
the embryo moving from the posterior end of the @gg. 1A, red arrowhead) up around
the dorsal side to lie above the head (Fig. 1Ad,agowhead). Elongation in the first
few minutes is driven at least in part by oriented division (da Silva and Vincent,2007)
and relaxation of DV cell elongation caused by ndesm invagination (Butlest

al.,2009). In our current view, extension during test of GBE is dominated by
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intercalation of ectodermal cells (Fig. 1D; Irviaed Wieschaus,1994). As GBE
initiates, cells become planar-polarized, with Adtgins and Bazooka (=Par3) enriched
along DV borders and actin and non-muscle myosfmylosin) enriched along AP
borders (Fig.1D left; note they aren’t lost frone thther borders). Myosin enrichment
leads to formation of myosin cables extending axseveral cell diameters. Their
constriction shrinks AP borders, driving intercadatand elongating the ectoderm
(Fig.1D; Blankenshigt al,2006; Fernandez-Gonzaletzal ,2009; Rauzet al,2008;
Zallen and Wieschaus, 2004). Consistent with #ygptic myosin is required for full
GBE (Bertetet al,2004). Thus, cell shape changes and myosin anaagt during GBE
are thought to be quite distinct from those duapgal constriction.

Given the important role of Cno in apical congtoc during mesoderm
invagination, we explored whether it plays rolesitbsequent morphogenetic events.
We found Cno is required for completion of GBE.almalyzing Cno’s role, we
discovered surprising parallels between GBE andbdersn apical constriction in wild-
type embryos. Ectodermal cells are covered bysaillating apical network of actin and
myosin that drives periodic cell constriction. ther, this coincides with progressive
elongation of ectodermal cells along the antermsterior axis, contributing to body axis
elongation. In Cno’s absence, the apical actonmyostwork detaches from cell-cell
junctions in a planar-polarized way. This disrupgsrdination of apical myosin
constriction and cell shape change, blunting elbagaf cells along the AP axis. Loss
of Cno also leads to dramatic changes in locabpatif the apical polarity proteins Baz
and aPKC, which correlate with changes in myostaliaation. We propose a model in

which a contractile apical actomyosin network plagamportant role in driving body
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axis elongation during convergent-extension, witto @elping to maintain network:AJ
connections in a planar-polarized fashion, and toasdinate contractility and cell shape
change.
Results
Cno loss disrupts GBE

For actomyosin contractility to be coupled to sflape change, it is important
that the cytoskeleton is anchored at cell-cell AGsvzen Cno’s importance in linking AJs
and the actomyosin cytoskeleton during mesodergaaponstriction (Sawyesat al,
2009), we explored whether Cno loss affects GBEyparing GBE speed and extent in
wild-type (WT) and maternal/zygotic nidhd**mutants ¢nd*%). We imaged live for
80min from cephalic furrow initiation to the end\WT GBE. During the first 10 min of
GBE, WT andcnd”? mutants extend at similar rates, but tead"? mutants slow
significantly and fail to complete GBE (Fig.1Cdnd"* mutants only extend 74% as far
as WT (Fig.1A-C). The midgut is still internalizedcnd”* mutants (Sawyest
al.,2009), suggesting midgut invagination failure ismhat blocks elongation. These
data demonstrate Cno plays an important role in GB#h its loss disrupting GBE to a
degree similar in extent to that seerazor zipper(myosin heavy chain) zygotic
mutants (Zallen and Wieschaus, 2004; Bestetl, 2004).
An apical contractile actomyosin network during gaband extension

During GBE, the ectoderm lengthens ~2-fold in theakis and narrows in the
DV axis. In the current view, this is largely dgivby cell intercalation (Fig. 1D; Irvine
and Wieschaus, 1994), with important contributiosn DV cell relaxation (Butleet

al.,2009) and oriented cell division (da Silva andaént, 2007) during the first 10 min
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(Fig. 1C). Cytoskeletal and AJ proteins becomerecally planar-polarized during
GBE (Bertetet al,2004; Zallen and Wieschaus, 2004; Fig.1D), wittinaand myosin
enriched on AP borders and AJ proteins enricheBVdorders. Myosin planar-
polarization triggers formation of myosin cablefiepn extending several cell diameters
(Fig.2A arrowheads), constriction of which help&/dintercalation (Fig. 1D;
Blankenshipet al,2006; Fernandez-Gonzaletal,2009; Rauzet al,2008).

We re-examined the dynamic localizations of my@sid AJs during WT GBE.
The planar-polarized myosin cables that othersipusly reported were easily observed
(Fig.2A), but we were surprised to find myosin wasonfined to AJs. Instead the
apical surface of each ectodermal cell was covlyeal dynamic myosin network
(Fig.2B; Moviel) resembling that in apically-consting mesoderm (Martiet al,2009)

. Our live-imaging revealed that, as in mesodenygsin spots and filaments formed on
the apical surface, coalesced by constriction,dhssipated (Fig.2C,arrowheads). Thus
despite major differences in cell shape changesglunesoderm invagination and GBE,
both share an apical contractile network. Whilermanuscript was in preparation, Rauzi
et al, (2010) and Fernandez-Gonzalez and Zallen (isspriedependently identified and
characterized this contractile apical actomyosiwoek.

In fact, individual germband cells go through npié rounds of myosin network
formation, constriction, and dissipation (Fig.2DKcedergoing 6 rounds;
Moviel,asterisk). Double-imaging with DEcadherifG®EcadGFP) revealed pulses of
myosin constriction coincided with periodic decresas apical cell area (Fig. 2D),
suggesting the network is coupled to AJs. We asgdmated analysis of many cells (He

et al,2010) to quantitate this. This also revealedquici pulses of apical myosin
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accumulation and of cell shape change in individe#ls (Fig. 3A); the amount of apical
myosin accumulation and the degree of change Iraceh varied between pulses, as was
previously observed in tHerosophilamesoderm and amnioserosa (Maditral, 2009;
Solonet al, 2009). When we calculated the rate of chandgkdre two parameters, the
peaks of apical myosin change and cell area chaege more regular (Fig.3C). Apical
myosin pulses peaked every 162+44s (Fig.3E). fdgslarity was also revealed by
auto-correlation analysis of individual apical miyogeaks; in addition to the correlation
of a peak with itself, there were also clear peskset by ~160s (Fig.3G,| arrows).
Finally, this analysis revealed a strong corretabetween the timing of pulsatile
increases of apical myosin and timing of cell caogon (Fig.3J arrow,L,M). Myosin
increase slightly preceded constriction (by ~6.5g,33,L), consistent with the
hypothesis that myosin contractility drives celhstriction. This hypothesis is reinforced
by instances where myosin cables bridging AJsferdint cortical points appeared to
exert force and alter cell shape (Fig.2E, arrowbgkibvie2). Together, these data
reveal a surprising parallel between cells underggebnvergent extension during GBE
and cells undergoing apical constriction: bothreleacontractile apical actomyosin
network undergoing pulsatile constriction.
A novel cell shape change--anterior-posterior celbngation--coincides with cycles of
actomyosin contraction

The cyclical pulses of myosin contractility in theesoderm lead to progressive
apical constriction (Martiet al, 2009). We thus tested the hypothesis that @jiclic
constriction of ectodermal cells also coincidedwpatogressive cell shape change. At

gastrulation onset, cells begin isometric and herab(Zallen and Zallen, 2004), but

88



mesoderm invagination drives substantial elongatiogctoderm cells along the DV axis,
especially near the ventral midline. During thetften minutes of GBE, these cells then
return to a more isometric shape (Butdéeal,2009).

We observed a second novel, spatially distindtstelpe change during the period
of pulsatile contractions in germband cells. Wil areas increased after each round
of myosin dissipation (Fig.2D), over multiple rowncklls underwent a progressive
change in cell shape. This lengthened cells albag\P axis (Fig.2D, arrows; Moviel,
asterisk; below we refer to this as AP cell eloraygt

This change in individual cell length could cobtrie to the elongation of the
entire tissue. To test this hypothesis and tordete the average amount of cell
elongation during this process, we quantitated gearn cell shape and apical area in
many cells between the end of cellularization d®niddle of GBE. We compared
lengths of AP and DV cell borders and assessedlaged area (Suppl.Fig.1A,B). To
remove bias, we measured all borders and used Ihageassify borders as AP or DV
(Suppl.Fig.1 legend). Prior to mesoderm invagoratcells are isometric with equal AP
and DV border lengths (mean AP:DV border=2.6:2.6ompl.Fig.2A, E left). As GBE
and pulsatile ectodermal cell constriction bega®ils elongated ~2-fold along the AP
axis (elongating DV cell borders). In contrasi] mngth along the DV axis (and thus
AP cell borders) remains constant (mean AP:DV be2i®:4.3um; Suppl. Fig. 2B, E
right). As a result of cell elongation, the apiaata of cells increases ~50%
(Suppl.Fig.2C,D). These changes parallel thosehlgerved in individual cells
(Fig.2D,arrows). These data are consistent wighhypothesis that this novel cell shape

change—AP cell elongation—helps elongate the tissoeg the AP axis during GBE
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(Suppl.Fig.3C). Perhaps the same planar-polanzgukin cables that help drive cell
intercalation (Suppl.Fig.3A,B double-headed arroatsp constrain cell elongation along
the DV axis and thus restrict it to the AP axis.

During GBE myosin detaches from AJs in a planar-poized way in cn§* mutants
Since Cno is required for effective GBE (Fig. 1®§ next explored the cell
biological effects of Cno loss. Based on its knownles, we tested two hypotheses. Cno

might regulate linkage between the actomyosin &gleson and AJs during GBE, or it
could regulate cell-cell adhesion. Consistent whinfirst hypothesis, myosin
localization was dramatically altered in the latetoderm otnd"“ mutants during

GBE. Asin WT, myosin became planar-polarizedyearlGBE, enriched along AP
borders. In WT, a single myosin cable co-localingith AP AJs (Fig.4A, J arrows),
suggesting cables in adjacent cells are very claggbosed. In contrast, amd"

mutants, we saw two distinct myosin cables at APboeders that remained at the apical
cortex but separated from one another (Fig.4B, eéetwarrows; single myosin cables
were seen at DV borders). This suggests the myuwimorks in adjacent cells detached
from AJs, retracting unto the apical surface. Eresparated myosin cables were also
apparent in live imaging with myosin-mCherry (Fi§,4etween arrows; Movie3). F-
actin exhibited similarly altered localization; Vdrtical cables (Fig.4D, arrows)
sometimes appeared detachednd", forming parallel cables (Fig. 4E, between
arrows). Detached myosin cables were seen thraughe germband during early GBE
(Suppl.Fig.4A-B; unless noted, phenotypes werelllighnetrant-quantitation is in
Suppl.Table3). Myosin separation from AJs was glsite striking in rosettes, where

multiple cell vertices meet. Normally, myosin ltzas tightly to vertices (Fig.4L,
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magenta arrow, insets). In contrastci’* myosin instead formed rings around
vertices (Fig.4M, arrows). Despite these dramet@nges, an apical myosin network
remained, in which myosin condensations formeddissipated (Suppl.Fig.4E, arrows;
Movie3). Together these data suggest that Cnass@agpecific, planar-polarized role in
attaching the apical myosin network and junctiangbsin cables to AP cell borders and
to cell vertices during GBE.
Myosin cable detachment is not due to cell sepaati

The simplest hypothesis to explain these obsemsitis that Cno regulates
linkage between the actomyosin cytoskeleton andddisig GBE, as it does during
mesoderm apical constriction (Sawwtrl, 2009). However, we first needed to rule out
an alternate hypothesis: that in Cno’s absenckadhlksion is compromised, causing
cells to separate. AJs assemble normalnici’” mutants, and in dorsal ectodermal cells
AJs are maintained through the end of morphogenmsiking this possibility less likely
(Sawyeret al.2009). To rule out more subtle changes in celkadin, we explored
whether cells separate using SEM. Cells went frommded during cellularization
(Suppl.Fig.5A,B) to more tightly adherent duringlg&BE (Suppl.Fig.5C,E vs D,F,G),
with no discernable differences betwes@"* and WT. As GBE progresses, mitotic
domains in the lateral and ventral ectoderm begtosis, and those cells round up in WT
and mutants. However, cells that hadn't yet digdidemained similarly adherent in WT
andcnd”? (Suppl.Fig.5H vs 1). Thus substantial cell sefaratioes not explain myosin
detachment icnd"? mutants.

We also analyzed lateral and AJ markers. In \W@& dasolateral protein Nrt

directly underlies the single myosin cable (Fig.dffows). Incnd’* a single Nrt-stained
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cell border (Fig.4G,between arrows) remained betvtke two myosin cables,
supporting the idea that cells didn’t substantiaparate. We also examined the
relationship between AJs and myosin cables. WTsmycables co-localize with AJ
proteins like DEcad (Fig.2E, 4J arrows). In cositrincnd?? mutants, myosin cables
separated from AJs (Fig. 4H,K; as observed bofix@d embryos using Arm (fly Bcat)
as an AJ marker, or via live imaging, using DEcdéP Arm and DEcad remained as a
single border at AJs between detached myosin cébigglH,K, between arrows;
Movie3). Together, our data support the hypothdsis myosin cables detach primarily
due to weakened AJ:actomyosin network linkagescalbtseparation

We examined AJs and myosin further, exploringrthedationship along the
apical-basal axis. WT cortical myosin cables add Are in the same plane (Fig.2E,4J
arrows). In contrast, detached myosin cabledf'“ are more apical than the AJs from
which they detached. In the apical plane wheradtetd Myosin cables reside, gaps and
discontinuities in Arm localization are sometiméserved (Suppl.Fig.4B, purple
arrows). However, at the level of the AJs (1.5porerbasal), Arm was substantially
more continuous (Suppl.Fig.4C, purple arrows). eéDdpparent apical discontinuities in
Arm localization occur at cell vertices where muiki cells met (Suppl.Fig 4B,C, yellow
asterisks and arrows; abnormal cell arrangementsrates were also seen in SEM;
Suppl.Fig 4D, arrows). Together, these data sudges helps link the actomyosin
network tightly to AP AJs and at multicellular jurans, and that in its absence the
network detaches.
Cno loss reduces coupling between the apical actosity network and cell shape

change
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These dramatic changes in linkage of the apidahaygosin network ircnd”4
mutants provide a possible mechanistic explanatfdhe defects seen in GBE—perhaps
tight linkage is critical for coupling apical actgosin contractility and cell shape change.
To test this hypothesis, we analyzed the effectSraf loss on periodic contractions of
the actomyosin network and on cell shape changautymated analysis of many cells.
cnd” cells retained a contractile apical myosin netwtbe underwent cycles of
appearance and dissipation (Fig.3B,D), suggeshiatight AP connections of the
network to AJs are not essential for maintaining grocess. However, pulses of apical
myosin became significantly less frequent and tegslar in periodicity than in WT
(225£67s vs. 162+44s in WT; Fig.3C vs. D, E vs ¥gH,I). Further, the correlation
between pulses of apical myosin and periodic changeell shape was significantly
reduced (Fig.3J vs. K, L,M). These data suggedtatiachment of the actomyosin
network to AP cell boundaries mediated by Cno iganant for the fidelity and coupling
of periodic pulses of apical actomyosin and pedadill shape change.

Our data above suggest that the pulsatile changesl shape coincide with a
novel progressive cell shape change that contistiot&BE: cell elongation along the
AP body axis (Suppl.Fig.2E). We hypothesized thstuption of the fidelity and
coupling of actomyosin contractility and shape geseen itnd"'* mutants might
disrupt AP cell elongation. We found thatcimd"? mutants cell elongation along the AP
axis is significantly reduced (Suppl.Fig.2B; cdtrgation along the AP axis elongates
DV cell borders), leading to reduced cell shaps@mietry during early GBE (DV/AP
cell border ratio=1.41 vs. 1.70 in WT). This fitell in with the reduction of GBE we

observed irtnd”%. Failure to fully extend cells along the AP aaiso resulted in smaller
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apical areas afnd"* cells (Suppl.Fig.2D). Thus, Cno loss reduces @mbasymmetric
cell elongation, supporting a mechanism in whicbhaming of the actomyosin network
along AP borders may help drive GBE.

We also examined the effects of Cnho on the othapes change, which occurs
during the first 10 minutes of GBE, in which ectaodal cells that were stretched along
the DV body axis by mesoderm invagination relaariasometric shape (Butlet
al.,2009). In contrast to AP cell elongation, thif seape change does netjuire Cno.
cnd”’” mutants elongate as fast as WT during the firsniilutes of GBE (Fig. 1C), when
DV relaxation plays an important role (Butktral, 2009). Further, live-imaging
confirmed that DV relaxation still occurs imd"4 mutants (Suppl.Fig.6Avs.B).

While Cno plays a clear role in AP cell elongatitive effects of Cno loss on
tissue-level rearrangements are more complex. Muatlls retain some ability to change
shape, and detached myosin cables still appeat@diéve cell rearrangements,
shrinking AP boundaries (Suppl.Fig.3D-F, blue, nglow arrows, G vs. H), but there
are clear delays in GBE (Fig. 1). In the futureiit be important to explore in detail how
Cno loss affects the entire suite of cell behavitsiging GBE.

The apical myosin network in the ectoderm detacfresn AJs in cnd’? mutants but
spot connections remain

One puzzling feature of the detachment of myosimfAP AJs icnd”’* mutants
is that the detached myosin cables remain witHewamicrons of AJs. This contrasts
with what we observed in the mesoderm, where tkectled apical actomyosin network
constricted to a ball (Sawyet al.,2009; Suppl.Fig.4F,G, arrows). We hypothesized th

this might reflect residual, Cno-independent cotinas between AJs and the apical
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actomyosin network in the ectoderm. To test this|ooked compared progression of
detachment in the invaginating mesoderm and thalgand. Strikingly, live-imaging of
invaginating mesoderm revealed DEcad-containing bmane strands (Supp. Fig.4G,
arrowheads) extending between myosin balls (Sugpf&, arrows), suggesting residual
network:AJ connections exist in this tissue. Theeee also visible in SEM
(Suppl.Fig.4H; similar membrane strands were se@elis with reduced AJ function;
Martin et al,2010). Thus, in mesoderm residual AJ:network egtions exist, but are
not sufficient to resist constriction of the apioafosin network.

We then explored lateral ectoderm cells that pigaie in GBE. Irend”?
mutants, during early GBE, the apical myosin nekworectodermal cells separated from
AJs, but didn’t collapse into balls as it did ietimesoderm. Instead, myosin initially
formed rings just inside AJs (e.g., Fig.5A, arroMsvie4), consistent with remaining
connections between the network and AJs. Striigjrihlese myosin rings went through
cycles of formation, constriction, and dissipat(erg., Fig.5B-cell 1 arrows; Movie4).
Cells also periodically changed shape (Fig.5B’sc&H3 constrict and then relax, while
cell 4 starts constricted and relaxes; Movie4) ststent with the possibility that some
connection remains between network and AJs. Al thirservation also supported a
remaining connection. Along the basolateral agtfece, cortical DEcad was smooth
(Fig.5C,D basal), as in WT. However, in the apitalst plane where DEcad was visible
(1um more apical), the cortex appeared very congd|uvith membrane strands less
dramatic but reminiscent of those in mesoderm §&¢D apical, arrows). Strands were
often embedded in the apical myosin network, #say remained attached to it

(Fig.5E,arrows). These strands were also visib®EM (Fig.5F vs. G). Together, these
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data suggest Cno helps maintain tight connectiehsden the apical actomyosin
network and AJs in the ectoderm, but that othetgime mediate residual spot
connections. Further, the effects of Cno los$i&GBE suggest that Cno has a planar-
polarized role in maintaining AJ:network linkageghe GBE, whereas in the mesoderm
its role is uniform around the cell.
Cno is planar-polarized with cytoskeletal rathereth AJ proteins

Given the striking planar-polarized defects in élseomyosin network during
GBE incnd”?, we examined if Cno is planar-polarized in thisqess. Cno largely
colocalizes with AJs from gastrulation onset (Savetel, 2009), suggesting the
hypothesis that during GBE it would become enrictiedV cell borders like the AJ
proteins. However, unlike DEcad, Cno is enrichetlieellular junctions with a subset of
actin (Sawyeet al,2009), and its affects on myosin attachment arst mi@matic at AP
cell borders where myosin and actin are enrichedsistent with the alternate hypothesis
that it would co-localize with cytoskeletal proteinTo determine if Cno is planar-
polarized, we immunostained WT embryos, measureghrfiaorescence intensity of
Cno on all cell borders, and then compared boralegeed along AP or DV axes of the
embryo (AP borders=0-29° vs. DV borders=60-90°;®ujg.1). Interestingly, Cno is
enhanced on AP borders with myosin and F-actihgrahan being enriched along DV
borders with other AJ proteins (AP/DV=1.20; Fig.@Brows vs. arrowheads; Fig.6M;
Table 1). This is consistent with the planar-pakedl myosin detachment we observed in
cnd’?, supporting the hypothesis that Cno plays a pdstity important role in

regulating linkage between AJs and apical actonmyaking AP borders.
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Cytoskeletal planar polarity is not altered in cto

During GBE, myosin and actin become enriched orbARlers (Bertegt
al.,2004; Blankenshipt al,2006; Zallen and Wieschaus, 2004). This is thotmhelp
drive GBE. Given the dramatic, polarized disruptas the apical actomyosin network in
cnd’?, we initially hypothesized that Cno loss wouldealtytoskeletal planar polarity,
reducing asymmetric accumulation along AP cell basdIn our previous studies we
noted in passing that Arm and myosin planar polamitght be altered iend"? (Sawyer
et al,2009). To examine this in detail, we quantitgtetttional and cytoskeletal planar
polarity in WT andcnd”? during early GBE, comparing protein ratios on AR/Borders
to remove variation between experiments due t@uifftial staining. Surprisingly, Cno
loss had no effect on planar-polarization of myasifr-actin. They were similarly
enriched on AP borders and"? and WT (Fig.6M; in contrast, Nrt isn’t planar-potzed
in WT orcnd”%; Fig.6C,D,M; Table 1; Suppl.Table 1). Thus, detent of the
actomyosin network from anterior-posterior AJs adesffect myosin’s ability to
accumulate in a planar-polarized manner and Cnotigssential for myosin planar-
polarization.
Cno loss subtly enhances AJ planar polarity

Cno and its mammalian homolog Afadin both locatzéJs, and Cno can bind
to DE-cadherin in vitro (Sawyeat al, 2009). One hypothesis is that Cno regulates
localization of AJ proteins, perhaps specificalifeating AP cell borders where myosin
detaches in its absence. cind" mutants AJ proteins remain at AP borders where
myosin has detached (Fig. 4; Suppl.Fig. 4B,C) thistdidn’t rule out more subtle

changes in their localization. We thus quantitatent and DEcad planar-polarization.
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Previous studies revealed subtle Arm and DEcadaplpalarization in WT (Blankenship
et al,2006; Harris and Peifer, 2007). In our hands, Aas a trend toward slight DV
enrichment in WT (Fig.6E,N, red vs. yellow arrowddsaSuppl.Table 1), while we didn’t
detect DEcad planar-polarization in WT (Fig.6G,Np§l.Table 1), perhaps due to
differences in fixation or measurement. clio", in contrast, both Arm and DEcad were
noticeably planar-polarized, with clear DV bordariehment (Fig.6F,H red vs. yellow
arrowheads, 6N; Table 1; Suppl.Table 1). We atsmened absolute levels of AJ
proteins by immunostaining WT and mutant embrygetioer. Nrt was unchanged,
while overall levels of DEcad and Arm were reduabdut two-fold on both AP and DV
borders (Suppl.Table2). However, this reductionnbkely to disrupt cell adhesion, as
heterozygous mutants for either gene are WT du@Bg; in fact, no defects were
observed in DEcad zygotic null mutants until aBBE (Tepas®t.al.1996). Thus Cno
helps restrain planar-polarization of cadherinsgte€omplexes; this could be direct, or
indirect via effects on actin and myosin.

Planar polarity of apical polarity proteins Baz ar@PKC is dramatically enhanced in
cna*”

Like myosin, the apical polarity protein Baz isiarportant player in GBE
(zallen and Wieschaus, 2004). The contractileamctomyosin network we observed
during GBE is reminiscent of that in one-cglleleganembryos (Munreet al,2004). In
C. elegansthis network plays a role in cell polarization; agertilization, the
actomyosin network contracts anteriorward amaterior Par” proteins including Par3
(fly Baz) and aPKC move anteriorly (Muneb al,2004), suggesting the possibility the

two may be coupled. Therefore, we tested the Ingsis that loss of Cno and the
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dramatic changes in the apical actomyosin netwarklevaffect Baz and aPKC
localization.

Baz initially colocalizes with DEcad in spot AMafris and Peifer, 2005), and
then becomes planar-polarized during GBE, withalimient on DV borders with AJ
proteins. Strikingly, Baz planar polarity is vestyongly enhanced icnd”*, increasing
from ~2-fold to ~9-fold (Fig.6l1 vs. J, red vs. yell@akrowheads, 5N; Table 1;
Suppl.Table 1). We also measured absolute Batslevé&\P and DV borders in WT and
cnd’?, immunostaining them together and quantitating #scence. While Baz is only
slightly reduced on DV borders amd"* relative to WT (13% less; Suppl.Table 2), it is
substantially reduced on AP borders (60% less; Shgiple 2), suggesting enhanced
planar polarity is primarily due to Baz loss fror®? Aorders (Fig.6J). We cannot exclude
the possibility that the techniques we used (imnfluncescence and SEM) missed slight
cell separation apically, which might contributeaggparent Baz reduction, but we think
this less likely as we measured multiple plangh@éz-axis. Thus Cno function is
required to retain Baz at AP borders, preventiagxcess planar-polarization.

Along DV cell borders, we observed another dramettenge in Baz localization
in cnd™ mutants. While Baz remained enriched at DV borirecsnd”?, it was largely
restricted to central regions and didn’t extendddices where DV met AP borders
(marked by Nrt; Fig.7A-A”, arrows). In contrasttiviBaz, AJ proteins like Arm are not
restricted to central DV borders and extend alivtlag to cell vertices (Fig.7B’, arrows).
Strikingly, Baz localization along DV borders didtrextend past the myosin cables that
were detached from AP border AJs (Fig.7C,D,arrow3)is raises the possibility that

Baz localization may be influenced by, or influeneg/osin localization.
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To determine whether these changes in localizatiere particular for Baz or
affected other apical polarity proteins, we exardinKC. aPKC localizes apically to
Baz and AJs during early gastrulation (Harris aadd?, 2005), but its planar-
polarization during GBE had not been assessedfoura aPKC is enriched with Baz on
DV borders in WT (Fig.6K red vs. yellow arrowheafhl). Strikingly, aPKC planar
polarity is also strongly enhanceddnd” (Fig.6L, red vs. yellow arrowheads, 6N; Table
1; Suppl.Table 1); like Baz, aPKC appeared reducedP borders . Further like Baz
and unlike AJ proteins, aPKC was restricted toraémV borders ircnd”* (Fig.7A™,
arrows). Thus Cno is required for correct planalapzation of both Baz and aPKC.
These data raise the possibility that apical acttsimymay be coupled in some way to
Baz and aPKC, as Cno loss affects their localinangoarallel.

Mesoderm influences ectodermal cell shape changeeifirst ten minutes of
GBE (Butleret al,2009). While we had ruled out a role for Cnohistearly cell shape
change, to be certain that failure to fully invesg@mesoderm did not contribute to
alterations in myosin and Baz localizatiorcimd"#, we examined Myosin and Bazfing
mutants, which do not complete mesoderm invaginatieog acts via a completely
different mechanism than Cno, acting as the ligaraisignaling pathway that triggers
apical myosin accumulation and apical constrichbthe mesoderm (Harret al.,2009).
In fog mutants we found that myosin cables don’t detaamfAP AJs, and Baz planar-
polarization isn’t dramatically altered (Suppl.l6G-E), confirming that the changes we
see incnd"? (Suppl. Fig. 6F) aren't solely due to defectivesoerm invagination.
Together, these data suggest that Cno is requrpbperly maintain Baz and aPKC at

AP borders, and prevent their excessive planarrzalzon.
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Globally reducing cell adhesion does not closelymg Cno loss

Our data suggest Cno helps maintain integrityefapical actomyosin network
and couple it to AJs, disrupting this network impaiell shape change and GBE, and
Cno also helps maintain normal Baz and aPKC loatim and planar-polarization. We
next explored the mechanisms by which Cno regul@®s, actomyosin, and planar
polarity. We tested three hypotheses. First, @ight be essential for cell adhesion, as
suggested for mammalian afadin (Ta&gal,2008). Second, Cnho might affect
actomyosin. Third, Cno might cooperate with Bathis process.

To test the hypothesis that reduced adhesion iespilae effects of Cno loss, we
examined embryos with globally reduced cell adhesid/e used embryos
maternally/zygotically mutant for the strong alledem®***°* which have severely
reduced Arm functionarm™4; null arm alleles disrupt oogenesis; Peiégral,1993). In
arm"¥ mutants, epithelial integrity is lost during |&8E, as cells lose adhesion to
neighbors (Fig.8A vs. C). In contrashd"* mutants maintain epithelial integrity
(Fig.8A vs. B; Sawyeet al, 2009), suggesting any role of Cno in adhesidess critical
than that of Arm. However, one can examanei"~ mutants during early to mid-GBE,
before the ectodermal epithelium disintegrates (Eattoanget al,2005; Martinet
al.,2010).

We explored whether globally reducing AJ functioimics the effects of Cno
loss during early GBE, befosrm™* mutants lose epithelial integrity. First we exaed
myosin cables at AP cell borders. anm™4, myosin planar polarity isn't altered (Fig.8L,
Table 1), and initially myosin cables remain tigtdaksociated with AJs on AP borders

(Fig.8D, arrows), thus resembling WT (Fig.8E, arsdwThis contrasts with widespread
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cable detachment at AP cell bordersim@"* (Fig.8F, arrows). Myosin localized
normally to puncta at the center of some rosettesm"* (Fig.8G, arrow). However, as
GBE progressed, while some groups of cells retanoethal myosin localization
(Fig.8H, yellow arrows), myosin was preferentialigrupted at AP boundaries (Fig.8H,
blue arrows), as epithelia began to disintegraig@§E). Thus, strongly reducing AJ
function doesn't affect apical actomyosin ancho@asgapidly as does as Cno loss, but
ultimately disrupts myosin cables anchored at AJs.

We next examined localization of Cno, Baz, and @Rarm"* (Arm and DEcad
levels are strongly reducedanm™?, preventing examination; Dawes-Hoagtgal,2005;
Sawyeret al,2009). Cno planar polarity isn't affectedarm™* (Fig.8L; Table 1).
Interestingly, Baz localization also wasn’t substlly altered during early GBE in
arm"“—Baz planar polarity remained unchanged (Fig.8L{&4h, Baz was retained on
AP borders (Fig.8J'vs I', yellow arrows), and on Dd@rders Baz extended to vertices
(Fig.8J'vs I, arrowheads). This is in strong aast withcnd”'?, where Baz was strongly
reduced on AP borders (Fig.8K,arrows) and wasicéstr to central DV borders
(Fig.8K,arrowheads). aPKC planar polarity was eckd inarm“* (Fig.8L; Table 1),
but this enhancement was substantially weakerithand"* (Fig.8L; Table 1). In
contrast tacnd”™? (Fig.8K”), aPKC was not restricted to central D\ttbers inarm™“
(Fig.8J"vs. I"). Thus globally reducing adhesiomedn’t have the striking effects on Baz
and aPKC localization we saw nd"?.

Globally reducing cell adhesion also doesn’t miefiects of Cno loss on cell
shape. Unlikend”4, in which cell elongation along the AP axis is &imed, in early

GBE arm™“ cells elongated as much along the AP axis as \WPHS Fig. 2B), and
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arm" cells have normal apical areas (Suppl.Fig.2D)likdrbothcnd"*and WT,arm"*
cells also elongated along the DV a8sippl.Fig.2B), perhaps because cells round-up as
adhesion fails.Consistent with thisarm“ cells also have larger apical areas than WT or
cnd"? before GBE (Suppl.Fig 2C), perhaps due to redagpéchl tension (Martiet al,
2010). Thus, globally reducing adhesion alone dmégphenocopy the changes in cell
shape or protein localization observeai@? mutants. However, it remains possible
that incnd”“ adhesion is reduced in a planar-polarized waycaks® borders, and this
asymmetric loss of adhesion accounts for phenotgpssrved ircnd"%.
Globally reducing F-actin partially mimics Cno loss

We next tested the hypothesis that Cno’s primaley is to regulate apical
actomyosin, by disrupting actin with the actin-depeerizing drug cytochalasinD
(cytoD) during early GBE. DEcad and Baz becomaalgolarized prematurely in
cytoD-treated embryos (Harris and Peifer, 2008)this study we examined the effects
of actin depolymerization in more detail, quanirgtplanar-polarization. CytoD
strongly reduced cortical actin, as expected (SUgpl7A,B). This, in turn, strongly
reduced cortical myosin (Suppl. Fig.7C vs. D,arrpyseventing assessment of its planar
polarity. Like Cno loss (Fig.6N), however, Cyto@atment subtly enhanced DEcad and
Arm planar polarity (Suppl. Fig.7E’-H’ yellow vsaerrowheads, Suppl. Fig.7K,Table
1;data not shown). Strikingly, actin depolymeriaatalso had effects similar to Cno loss
on Baz and aPKC planar polarity, increasing botlp(h Fig.7G” vs. H”, I’ vs. J”;
yellow vs red arrowheads; Suppl. Fig.7K; Table CytoD-treatment made Baz
localization less continuous on DV borders; howetrex obvious retraction of Baz and

aPKC from vertices seen amd"* is not apparent.

103



Effects of actin depolymerization or Cno loss efi shape change were also
roughly similar. Both reduced AP cell elongatiarridg early GBE (Suppl.Fig.2B)—in
fact actin depolymerization had even more dranedfiects, with AP and DV borders
remaining almost the same length. In additionhlaatin depolymerization and Cno loss
reduced apical area during early GBE relative to &% DMSO-treated controls
(Suppl.Fig.2D). Taken together, these results asigiipat disrupting the cytoskeleton
more closely mimics Cno loss than does global reoluin cell adhesion. However,
global cytoskeletal disruption didn’t precisely plbeopy Cno loss, perhaps because Cno
preferentially regulates AJ:cytoskeleton connedialong AP cell borders.
cno and baz exhibit strong, dose-sensitive genigtieractions

We then tested the hypothesis that Cno coopernatie8az during GBE. One
method of assessing whether two proteins workaaramon cell biological process is to
look for dose-sensitive genetic interactions, inaHowering levels of one protein
enhances effects of reducing levels of anotheriléMhaternal/zygotibaz mutants lose
cell adhesion at gastrulation (Harris and Peifé4}0zygoticbazmutants, which retain
maternal Baz, maintain epithelial integrity pastEsBnd >90% have only modest defects
in integrity of the epidermal epithelium later,rasealed by holes in the cuticle secreted
by the epidermis (Shaat al,2010; Fig.9A,B). This phenotype is enhanced 50
reduction (maternal/zygotic heterozygosity) of kmoBaz binding partners like DEcad,
aPKC and Crumbs (Shab al,2010), demonstrating that phenotypic enhancenant c
indicate cooperation with Baznois recessive, and thus flies with 50% reduced Cno
levels (maternal/zygotic heterozygotes) are adaltle with no noticeable defects.

We thus tested the hypothesis that Cno cooperateBaz during GBE, by assessing
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whether reducing Cno levels by 50% (usomg heterozygous mothers), modifies effects
of reducing Baz. To do so, we crossed femalegdwtgous for both genes to WT
males; all progeny thus had reduced maternal lefddsth proteins, and becaus&zis

on the X chromosome, 25% were zygoticédlaz mutant, while none wereno zygotic
mutants. Reducing Cno levels strongly enharzets phenotype. The fraction of
embryos with severe cuticular integrity defectgy(#C-E) increased from 5% baz
mutants alone to 59% llazmutants with reduced Cno levels (Fig.9F). Tbhosand
bazexhibit strong dose-sensitive genetic interactions

In contrast, reducing Cno levels didn’'t enhan@pghenotype of zygotic myosin
heavy chain mutants ppel); there was no change in severityzgdper’'scuticle
phenotype (32% mild/68% severe defects versus 38&665% severe defects).
However, absence of a dose-sensitive interactionti®vidence for or against a
functional relationship, as it depends on relakexels of maternal and zygotic gene
product.

To explore the cell biological mechanisms by whials baz cnogenetic
interaction affects development, we compared magphesis irbazzygotic mutants
versusbazmutants with reduced Cno levels, generated usieagitoss outlined above. In
bazmutants, epidermal AJs remain largely intact tgtothe extended germband stage
(Shaocet al,2010; Fig.9G vs. L). Reducing Cno levels promagadier disruption of
AJs; 21% of extended germband embryos had moderateong AJ disruption
(n=66;Fig.9H,I, arrowheads) vs. 8%lwdz mutants (n=63). Most strikingly, 47% béz
mutants with reduced Cno levels had a partiallynogentral furrow (Fig.91-K; n=49),

suggesting a possible failure of apical constrictid his phenotype was never observed
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in bazmutants (n=27), but is characteristiccof"* mutants (Sawyest al.,2009). Thus
bazandcno exhibit strong, dose-sensitive genetic interadifsom gastrulation onward,
consistent with the two proteins cooperating ingame process.
Discussion

Coordinating adhesion and the cytoskeleton isreisdéor morphogenesis.
Recent work on apical constriction provides a maddiow cell shape change is coupled
to actomyosin contractility. Our data suggest tmatpling AJs to a contractile apical
actomyosin cytoskeleton plays an important rola wrery different cell movement:
convergent-extension durim@rosophilaGBE. We identified a novel cell shape change,
AP cell elongation, which contributes to WT GBEurther, we found that Cno is
required for maintaining attachment of the apicabmyosin network AJs in a planar-
polarized way. Disrupting this connection resuitfailure of GBE and prevents
coordination of apical myosin contractility andiadape change. Our data are consistent
with a model in which Cno tightly couples apicalaunyosin to AP AJs and coordinates
apical polarity proteins with the network, helpingegrate individual cell shape changes
across the tissue.
A dynamic apical actomyosin network as a generalti@e of cell intercalation

Previous studies illustrated how an apical conileaettomyosin network powers
apical constriction (reviewed in Sawyaral,2010). In contrast, convergent-extension
duringDrosophilaGBE was thought to involve planar-polarized enleament of
contractile actomyosin cables, driving cell intéati@n and body elongation (Zallen and
Blankenship, 2008). We were surprised to find,thmaaddition to junctional cables,

germband cells also have an apical actomyosin nmktthat undergoes cyclical
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constriction and relaxation. This coincides wittdanay help drive cell shape change.
The asymmetric cue of planar-polarized myosinkislji to impose asymmetry.
Together, asymmetric cortical myosin and cycligaltcactions may help extend cells in
one-dimensioninsteadof shrinking them in all dimensions, thus contribgtto tissue
elongation. While our manuscript was being revidextuit's and Zallen’s labs
independently discovered and described the apetalark—the Lecuit lab data further
suggest myosin condensations preferentially moweutd AP borders, helping drive cell
rearrangement (Rauet al,2010; Fernandez-Gonzalez and Zallen, in pressjh 8ur
data on Cno and the Lecuit lab’s datasecatenin further suggest that different proteins
linking this apical network to AJs are critical fitre fidelity and coupling of apical
myosin contraction to cell shape change.

We also identified a novel cell shape changertet help drive AP body axis
extension—AP cell elongation. Cno and presumahkale of the apical actomyosin
network to AJs are important for this cell shaparde. One speculative possibility is
that an asymmetric ratchet acts in germband c#lsgctively preventing elongation along
the DV body axis while allowing cell elongation afpthe AP body axis. It is also
possible that outside forces, such as shape chafgfes first cells to divide, help
reshape ectodermal cells, but we think this is likesy as we examined cell shapes
during early GBE before germband mitotic domaingd#i. Ratchets have also been
proposed during mesoderm invagination (Maetiral,2009) and during dorsal closure,
where amnioserosal cells apically constrict (Soétral,2009). Prior to dorsal closure
onset, amnioserosal cells have periodic apicahagbsin contractions, but cells only

retain changes in shape after a junctional actomymsse string appears. Disrupting the
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purse string disrupts dorsal closure, suggestjog&ional actomyosin cable can act as a
ratchet.

Studies inXenopussuggest that the role of a dynamic, planar-patariapical
actomyosin network in convergent-extension is corexe(Skogluncet al,2008; Kim
and Davidson,2011). Myosin organizes actin intoaigic foci that move within
intercalating cells along their mediolateral axis.myosin’s absence, actin foci are lost
and convergent-extension is disrupted. Thus dyoactomyosin foci may play a
conserved role in convergent-extension.

It will be interesting to identify regulators shagicontractile activity in different
tissues. Jak/Stat signaling restricts apical catsin to the mesoderm (Bertet
al.,2009); in its absence apical myosin accumulatéisarectoderm and those cells
inappropriately apically constrict. Thus althougittbmesoderm and ectoderm share an
apical contractile network, its regulation is turtbffierently. Further, different actin
regulators regulate apical and junctional myosiith Wasp regulating the apical pool.
Cno: one of several important players linking AJs actin during gastrulation

Linking AJs to actin is key in diverse processesrfradhesion itself to
morphogenetic movements as different as apicaltgotisn and collective cell migration
(Gates and Peifer, 2005). Cno regulates linkagmglunesoderm apical constriction, but
isn’t required for cell adhesion (Sawyadral,2009). Other AJ-actin linkers act in other
contexts (e.g., Abe and Takeichi,2008; Cagtgl,2008), suggesting cells use distinct
linkers in circumstances with different force regen Our data suggest that during GBE,
Cno regulates AJ:actomyosin network connectiorntma@specifically along AP borders.

Core AJ proteins are more reduced on AP borderadf* mutants than in WT. In WT,
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slightly reducing AJ proteins on AP borders mayliiate shrinkage of these borders
during GBE. It is tempting to speculate that Cnbacement along AP borders
provides extra support when DEcad/Arm are redusteengthening AJ-actomyosin
linkages along AP borders, yet still allowing cgtlape change. In this model, when Cno
is absent, AJ-actomyosin linkage is weakened abédders, leading to inefficient cell
shape change, impairing GBE, and accentuating tieduaof AJ proteins.

Our data further suggest Cno isn’t the only AJ:awtosin linker during GBE.
While the actomyosin network detaches from AJsnid"?, it doesn't collapse into a balll;
instead cables remain 0.2-Qrb distant from AJs. A second connection is algzpsued
by the appearance of apical strands of DEcad btrggérom the cortex to detached
myosin incnd™“. It will be interesting to determine what pro&itompose these other
AJ:actomyosin links.a-catenin regulates actin:AJ linkage just priorhis stage (Cavey
et al,2008), and also plays a role in GBE (Raetzal, 2010), although how-catenin
mediates linkage remains mysterious.
Coordinating actomyosin and apical polarity proteina conserved contractility
modulator?

Both myosin and Baz/Par3 are important GBE regtdgiBertetet al,2004;
Zallen and Wieschaus, 2004). One of the most mimgrconsequences of Cno loss was
dramatic change in Baz and aPKC localization. Téteong reduction along AP borders
and restricted localization along DV borders cates well with altered localization of
apical actomyosin, which detached from AP AJs atihcted along DV borders from
vertices. These data suggest coordination ofc¢teayosin network and Baz/aPKC

facilitates efficient cell shape change. Consistéth this, an interesting recent paper
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demonstrated that Baz is required for reciprocahgi-polarized distribution of myosin
and AJs. Baz localization, in turn, is restrictgdlie cytoskeletal regulator Rho-kinase
(Rok), leaving Baz enriched at DV borders (Simods&? al,2010). This suggests a
complex network of interactions.

In C. elegansa contractile actomyosin cytoskeleton positionsalgpolarity
proteins (PAR3/PAR6/aPKC) anteriorly in one-cellegos, and this complex then
alters the actomyosin network, promoting asymmeiitical flow to maintain anterior
and posterior domains (Munga al, 2004). It is tempting to speculate that the demna
contractile actomyosin network plays a similar role this model, planar-polarization of
the network would create a symmetry break (Betetl,2004; Blankenshipt al,2006;
Simoes Sdet al,2010), helping trigger Baz/aPKC planar-polarizatid hey, in turn
may feedback to modulate actomyosin contractititiving GBE. Strengthening AJ-
actomyosin linkages via Cno could help ensure iefiiccell shape changes that are
integrated across the tissue.

Several mechanistic hypotheses are consistentowitdata, which aren’t
mutually exclusive. First, Cno may directly aff@&az/aPKC localization during
assembly or maintenance, working in parallel aenes with Rok (Simoes Sdé
al.,2010), with actomyosin positioning and contratgtithen modulated by Baz/aPKC.
Consistent with this, previous work revealed that Bemains apical in the absence of
AJs; residual epithelial cells retain polarizedrabut have hyperconstricted apical ends
(Harris and Peifer,2004). Further, PAR proteirgutate actomyosin contractility during
DC (Davidet al, 2010). Second, Cno could alter the actomyosiward, which in turn

may affect proper Baz/aPKC localization. Baz dppossitioning requires the actin
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cytoskeleton (Harris and Peifer,2005). We fountthadisruption and Cno loss alter Baz
localization similarly, consistent with this hype#siis. Finally, Baz/aPKC may mediate
Cno apical positioning, as Baz does for AJs (Hand Peifer,2004). Of course, more
complex interplay with feedback between actomyasid Baz/aPKC seems likely,
creating a network of interactions rather thamadr pathway. Teasing out the complex
coordination of AJs, apical polarity protein, ahé tactomyosin network during
morphogenesis is an exciting challenge.
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Materials and Methods
Flies

Mutations/fly stocks are described at flybaseibthana.edu and Suppl.Table 4.
WT=yellow white. Experiments done at 25°C unlested. cno germline clones were
made by heat-shocking 48-72h hsELPRT82Bcn64FRT82Bovd 8 larvae 3h at
37°C. arm****germline clones were generated similarly.
Microscopy

Antibodies are in Suppl.Table 4. Embryo fixatipreparation, and drug
treatments as in Sawyer et al.,(2009). For SEM,rgoswere dechorionated with

50%bleach, fixed 5 min in 37%formaldehyde, handHxikwized, post-fixed in
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2.5%qgluteraldehyde:0.1M Cacodylate, specimens peeday UNC’s Microscopy
Services Laboratory, and imaged on a Zeiss Suprelfitmissions Scope. Fixed
samples were imaged with a LSM510, a Zeiss 40X-Rlanfluar-NA1.3 oil immersion
objective, and LSM software. Live imaging was peried with a Perkin-
ElmerUltraVIEW spinning disc confocal, ORCA-ER cameNikon-60X-PlanApo-
NA1.4 or 100X-PlanApoVC-NAL1.4 objectives, and Metaywh. 4-D DIC imaging used
a Diagnostic Instruments SPOT2 camera and Nikop&eH00 microscope with a 20X-
Nikon Plan-Fluor-DICM-infinite-NAO.5 objective. 1in optical sections were acquired
every 2 min for 5h and analyzed with Metamorph Attobe PhotoshopCS2 we adjusted
input levels so the main range of signals spanheemtire output grayscale and adjusted
brightness and contrast.
Quantification of planar polarity and cell shape e@mge

Stacks from Stage7-early stage8 embryos were @chwith a Zeiss40X-Plan-
Neofluar-NA1.3 oil immersion objective, zoom 2. dfefluorescence intensities of all
borders (zoom 300%) were measured with ImageXsttiol (line width=3). To ensure
the entire border was measured, stacks of 4 plagsn apart were used, and
measurements were averaged to obtain border waitiebackground (measured
similarly, but in the cytoplasm) subtracted to abthe final value. Borders were sorted
by angles (relative to embryo DV axis). AP bordé€29°. DV=60-90°. Ratios from 5
embryos fronk2 experiments were averaged. Cell border lengidsaaeas were
similarly measured.

Automated analysis of apical myosin accumulationdapell area
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To obtain the data analyzed in Fig. 3, time-laps@ges of DEcad-GFP were first
processed using NIH-ImageJ software in the follgnsteps: 1) image background was
first subtracted by the rolling ball algorithm fuimn with a radius of 50. 2) remaining
background noise and irrelevant dim particles viergner subtracted by direct
subtraction. 3) the resulting images were filtdogda Gaussian blur filter with radius of
3-4 pixels and segmented by watershed segmengatigrAn. 4) segmented images
were corrected manually based on the original imadée segmented images were
analyzed by MATLAB (MathWork) to track each celtsgasure cell area and calculate
average Sgh-mCherry intensity within the area. f@yze changes over time, time series
data of cell area and average Sqgh-mCherry intemngte first smoothed by a Gaussian
filter with a width of 5 data points in MATLAB softare, and intervals between
neighboring peaks were calculated. For area realydbecause we were interested in cell
constriction, the inverse of the changes was u3ée correlation coefficient was
calculated with time offsets from -200 to +200 as@reviously described (He et.al.,
2010). The heat-map was constructed by correlabbdgferent individual cells with
coefficients coded in rainbow color. Two-side tttegth unequal variance was conducted

in Microsoft Excel. All error bars are standard @¢won of the mean (s.d.m.).
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Figure 3.1.Cno loss disrupts GBE. A,B. Embryos, anterior left. A,A’ Stills frommovie of

WT. embryo. A.t=0. The onset of GBE, as markg@ppearance of the cephalic furrow. A’
t=80min, GBE is complete. Red arrow=end of gernb3fellow line=total length from cephalic
furrow to posterior. Blue line=elongated germbaitbte that in 80 min the end of germband
extends from the posterior end of the egg up ardbedorsal surface to a position above and just
behind the head. Bnd", onset of GBE. B’cnd”%, 80min. GBE does not go to completion--
note position of end of germband (red arrow). 8EGlows and does not go to completion in
cnd™ mutants. Degree of extension was normalized torgonsize using the ratio of the length
of the posterior portion of the germband to thaltdistance from cephalic furrow to posterior
end; WT extends 84% of this distance. In this gclial WT GBE was thus set at 100%. WT,
N=8.cnd", N=6. Error bars=s.d. Bars52®. D. Diagram illustrating planar-polarizationdan
cell intercalation in WT. Actin and myosin are iehed at AP borders and AJ proteins and Baz
enriched at DV borders. Contraction of myosin eali$ thought to drive cell intercalation.
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ell kape change during GBE.
WT embryos expressing DEcad-GFP and myosin ligairemCherry(=Spaghetti-squash (sgh)),
stage 7 . In all Figures, unless noted embryosuaterior left, dorsal up, antigens and genotypes
indicated. A. Arrowheads=myosin cables at AJs.ARical view, contractile actomyosin
network (asterisks=cells in C,D). C-E. Movielstitime=Minutes:seconds. C,D. Single pair of
cells. C. Arrowheads=myosin condensations fornaingd dissipating. D. Multiple cycles of
contraction and relaxation coincide with progressongation of cells along the AP body axis
(red arrows). E. Myosin cable forms and congreetll (arrowheads). Barsgd.
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Figure 3.3. Automated analysis reveals correlated apical mgin accumulation and cell
constriction in WT, and a reduced correlation incno*? mutants. A,B. Cells undergo periodic
changes in apical myosin accumulation and cell.a@l surface area (blue line) and apical
myosin intensity (Sqh-mCherry intensity; pink liref)one representative WT (A) ond”™ (B)

cell over time. Asterisks=positions of peaks retogd by MATLAB. At=time interval between
neighboring peaks. C,[Rate of change of apical cell area (blue line) apidal myosin intensity
(pink line). These are the same cells analyzgzhirvels A and BE,F. Histograms, time intervals
between neighboring apical myosin peaks in WT(B)@ad"“(F). Incnd™ the time between
peaks lengthens and the regularity of peaks ditmasis G,H. Auto-correlation coefficient of the
rate of apical myosin intensity changes in WT (6J end"* mutant (H). Each row shows the
correlation from a different cell as a functiontiofie offsets from -200s to 200s. The correlation
coefficient from -1 to 1 was color-coded accordioghe scale on the left color bar. Averaged
auto-correlation coefficients of apical myosin imgity from 54 WT cells (green line) and 53
cnd”* mutant cells (red line) plotted with different #roffsets. The curve of WT cells showed
clear peaks around +/- 150s (arrows) which werkitosnd’“. This result suggests periodic
activity in WT is more regular than end" mutants, which is consistent with the broader
distribution ofAt in cnd™®. J,K. Correlation coefficients between cell surfacea reduction and
the rate of apical myosin intensity change in WjTa@dcnd" (K). Each row shows the
correlation from a different cell as a functionvaiious time offsets. |. Averaged correlation
coefficients between cell area reduction and apisaidsin intensity change from 54 WT cells
(green line) and 58nd" cells (red line). Both showed a negative shiftfs&for WT and -17.5s
for cnd"?), suggesting that in both situations myosin charmyeceded the cell area activity. The
increased time shift between myosin and cell aread”“ might be a consequence of weakened
mechanical linkage. J. The average maximum coioelabefficients between area reduction and
apical myosin intensity change of WT aend”“ plotted in a bar graph for comparison. p-value
was calculated by Student’s t-test. Reductiorhefrhaximum correlation coefficient suggested
Cno loss weakened linkage between cell area dysaamid myosin activity.
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Figure 34. Cno loss leads to planar-polarized detachment of éhapical actomyosin

network. Embryos, stage7. A-C. Fixed(A,B) or live(C) eytdis. Contrast the single myosin
cable on AP borders in WT (A,arrows) with the datsttcables on AP bordersdnd*”
(B,C,arrows). D,E. Cortical actin (D,arrows) Isadetached at some AP bordersma"*
(E,arrows). F-K. WT myosin cables co-localize witht (F,arrows) and DEcad (J) at cell
borders. Ircnd™ Nrt (G,arrows), Arm (H,arrows), and DEcad (K,arg)vocalize between
detached myosin cables. L-N. In WT, myosin |larsgito rosette vertices (L, arrows=vertices,
asterisks=cells in rosettes), whilednd"? myosin localizes in rings around vertices (M,arshw

I and N illustrate these changes diagrammaticdlgrs=mum.
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fan G e . { cno'?
Figure 35. After Cno loss, apical actomyosin retains connectits with AJs in the ectoderm.
A-E. cnd", DEcad-GFP and Myosin(Sgh)-mCherry. Lateral estotsoon after mesoderm
invagination. A. Myosin rings detach from AJs blotnot constrict to balls (arrows), in contrast
to the mesoderm. B. Movie stills from movie 4—¢imminutes:seconds. Myosin rings appear
and disappear (B, afrrows). Cells 1-3 constrict toen relax (e.g. B, arrowheads) while cell 4
relaxes. C,D. Apical and more basolateral sectidtateral ectoderm iand"“mutants Apically
DEcad-containing membrane is stretched into str@ddarrows), while 1um basally it is more
continuous. E. Strands are often embedded inimywgys (arrows). F,G. SEM also reveals
membrane-strands tnd"“(G) which are not observed in WT (F). Bargab
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Figure 3.6. Cno loss doesn't affect cytoskeletal planar polant but enhances planar polarity
of AJ and apical polarity proteins. A. Diagram, actin/myosin are enriched on AP leosd
(yellow) and junctional proteins are enriched on Bfders (red). B-L. Stage7. B. Cnois
enriched on AP (arrows) relative to DV bordersd@aeads). C-L. Planar polarity, WT versus
cnd”. Red arrowheads=DV borders. Yellow arrowheadsbéilers. C,D. Nrtisn't planar-
polarized in either genotype. E-H. Cno loss suétlhances Arm and DEcad planar polarity. |-
L. Cno loss dramatically accentuates Baz and aplé@ar polarity. Bars3fn. M,N.
Quantitation of planar polarity iond"* mutants versus WT.
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Figure 3.7. Changes in Baz and aPKC localization itno"* mutants parallel actomyosin
retraction. Stage%nd”’” mutants, antigens indicated. A. Baz and aPK(hdtiealize only to
central DV borders (arrows), not reaching vertisth AP borders. B. Arm (B’, arrows) isn'’t
similarly restricted, but extends all the way toties. C,D. (D=close-up). Baz along DV
borders often only reaches edge of detached myasiles (arrows). Barsghn.
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Figure 3.8. Globally reducing cell adhesion doesn’t mimic Cnodss. A-C. Stage8. D-K.
Stage7. A-C. Arm reduction (C) but not Cno Id8¥sl€ads to widespread disruption of cell
adhesion and epithelial integrity during early sgD-F. Inarm"* myosin initially remains in
attached cortical cables (D,arrows), as in WT (Bas), but in contrast tond"* (F, arrows). G.
In arm™?, some rosettes retain tight myosin localizatioth@vertex (arrow). H. As GBE
continuesarm™ cells begin to separate, and many myosin cabkesld¢blue arrows).
However, some cables remain tightly cortical (y@ll&rrows). I-K. Baz and aPKC are retained
on AP borders imrm* (J, yellow arrows) and extend all along DV bordgrsblue arrowheads),

more resembling WT (I) thaend"(K). L. Planar polarity quantitation. Bars A-C32@, D-
L=5um.
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" 1
F Minor Morphological Sheet Sheet and Scraps Scraps
bazX"%¢/+ X +Y 32% 63% 4% 1% 0% 210

bazX1%/+; cno®¥/+ x +/Y 4% 38% 23% 34% 29%, 261

Cuticle preparations illustrating different phernmg seen in progeny. F. Reducing Cno
enhances theazphenotype. In both cases, we analyzarzygotic mutant progeny. In the top
cross, embryos had wild-type levels of maternal amgbtic Cno. In the bottom cross, levels of
maternal Cno were reduced by 50% (note—no embrytss cross are homozygous mutant for
cnog. G-L. Stage 9-11 embryos of the indicated ggmed. Reducing Cno leads to earlier
defects in epithelial integrity ibazmutants (arrowheads=epithelial disruption), arsd é&ads to
failure of mesoderm invagination in many embryastrows=closed (G,L) or open (I,K) ventral
furrows. Bars=2(m.
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Stage 5 Stage 7 Supp| F|g 1
Measuring DV and AP border lengths

A

AP borders
extend along
|IDV axis of
embryo

P 60-90° -
DV borders extend along AP axis of embryo

Figure 3.S1. Quantitating cell shape, apical cellraa and Fluorescence intensity All
images used for measurements were acquired wigiss 20X-Plan-Neofluar- NA1.3 oll
immersion objective with zoom 2. A. Measuring &Rd DV borders and Fluorescence
Intensity Measurements. Border lengths and Fluerese Intensity were measured using
ImageJ’s line tool. Border lengths were measuoedtage5/6 (left panel) and stage7
(right panel). Measurements were subsequentlgdday angles (relative to the embryo
DV axis). AP borders=angles 0-29° and DV bordengges 60-90°. Only borders fitting
these definitions were used to calculate DV andoAfler lengths. 5 embryos were
measured for each stage. Fluorescence Intensgylata@rmined using ImageJ’s line tool
with a line width of 3, and obtaining the Mean Gk&lue for each line. Stacks of 4
planes, 0.pm apart, were used to ensure the entire bordenweasured. These four
measurements were averaged to obtain a mean ftgoras intensity border value. From
this, the background (measured the same way, lbeioytoplasm) was subtracted to
obtain the final value. For markers that showeshsstion in apical planes, a neutral
marker (i.e. Nrt) was used to direct measuremdifts.line width used often overlapped
separated borders. Only stage7 (right panel) arlg stage8 embryos (not

depicted) were measured. Measurements were doytadgles relative to the embryo
AP axis as described above. Ratios from 5 embnyws &t least two different
experiments were averaged. B. Area Measuremerd.at@as of 20 cells for stage5/6
(left panel) and stage7 (right panel) were measusaty ImageJ’s free hand selection
tool and then measuring the area of that seleci@mbryos were measured for each
stage.
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Cell Border Lengths

Cell Border Lengths during early GBE (stage 7)
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Suppl. Fig. 2

Diagrammatic representation
of change in cell shape
Figure 3.S2. Cell shape and apical cell area in Wand mutants. A-D. See Suppl.

Fig 1 and legend for Methods. E. Diagrammatigesentation of AP cell elongation
from stage 5 (left) to stage 7 (right).
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Supp. Fig. 3

(A,B) andcnd™* (D,E), expressing DEcad-GFP and myosin(sgh)-m@herr
times=minutes:seconds. WT aadd"“ cells begin roughly isometric in shape (0:00).
Numbered cells=three cell columns in each genotypauble-headed and single headed
yellow, blue and red arrows=shrinking cell boundsyipresumably due to myosin cable
constriction. Purple arrows=other rosettes formdngng movie. C,F. Subset of the
illustrated cell columns. Cell shape changes aadangements re-shape the tissue,
narrowing it in the DV axis and elongating it iretAP. G-H. Close-ups of two
timepoints in the WT (G) aznd”* (H) movies illustrating the formation of two cell
rosettes in each genotype (yellow arrows), as agell cells in each genotype that have
changed shape (blue arrows). Scale banmse5
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Figure 3.S4. Myosin detachment from adherens junatins incnd"4. A. Late stage7
cnd’? embryo, illustrating widespread detachment of rityeables from AP borders.
B,C. Apical and more basal views of the regiondzbin panel A. Detached myosin
cables are very apical. Purple arrows illustratg tnost regions of maximal myosin
detachment apically have largely intact AJs mosala Asterisks and yellow arrows
are regions of apparent apical “cell separatioat torrespond to vertices of cell rosettes
with largely intact AJs more basally. D. SEMsirhilar stagend’ mutant. Yellow
arrows are presumptive rosettes. E. Stills from Mdvillustrating thatnd” cells retain
cyclical actomyosin appearance and disappearaacews). F,G. Mesoderm and"~.
Myosin balls (arrows) are connected to DEcad-cairigimembrane strands
(arrowheads). H. SEM, same stage"’ mutant, with apparent balls (arrows) and
strands (arrowheads). Scale baggnb
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- 7 Stageécno"" Suppl Flg 5
Figure 3.55. Cell-cell adhesion is not substantiglreduced incnd”“. SEMs of WT or
cnd’? embryos of the indicated stages. Scale bans=5
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Figure 3.56.cnd"“ undergo some cell shape changes of GBE correctind failure to
fully invaginate mesoderm is not the sole cause ofio"* myosin or Baz defects.A,B.
Stills from DEcad-GFP movies of ventral ectoderndengoing dorsal-ventral relaxation
to isometric shapes in WT aedd”?. Double-headed arrows indicate individual cells
undergoing this cell shape change. C-F. Stafgg {C-E) orcnd’* mutant (F) embryos,
stained for myosin and Baz. Neither myosin detaafitmor enhanced Baz planar
polarity is seen ifiog mutants. Scale barsgf.
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Suppl. Fig. 7

DV/AP Ratio

DECad
B DMSO M cytoD

Figure 3.S7. Actin depolymerization partially mimics effects of Cno lossStage?.
A,B. Cortical actin is strongly reduced by cytoDMSO=control). C,D. Cortical
myosin (C,arrows) is also strongly reduced by cy{Blarrows). E-J. Yellow
arrowheads=AP borders, Red arrowheads=DV. DEcatl}; Baz (F,H), and aPKC(J)
planar polarity are all enhanced by actin depolynag¢ion relative to the DMSO control
(E,G,I) K. Planar polarity quantitation. Bargeb.
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Table 3.1: Comparing degree of planar-polarizatiorbetween different genotypes

and conditions

WT vs. cno™?

*¥*N =35 embryos, from at least 2 different experiments

ki)

Protein | BT DV/AP Ratio™ cno™ DV/AP Ratio” p values Differences in degree of
planar polarity': WT vs. cno™?
Nrt 0.9440.03 0.96+0.03 0.157
Arm 1.08+0.09 1.56+0.14 0.021
DEcad 0.98+0.06 1.23+£0.05 0.015
aPKC 1.26+0.14 5.19+0.89 0.002
Baz 1.9140.22 8.81£1.48 0.002
WT AP/DV Ratio® eno™ AP/DV Ratio” p
Myo 2.6140.33 2.93£0.71 0.688
F-actin 1.61+0.10 1.67+0.26 0.852
Cno 1.2240.10 - -
WT vs. arm”™ and cno™ vs. arm™”
Protein | T DV/AP Ratio™ arne™™ DV/AP Ratio” p values p values
Differences in Differences in
degree of planar degree of planar
polaritylz polaritylz
WT vs arnd’® arm® vs cno
Nrt 0.9440.03 0.91+£0.03 0.561 0.040
aPKC 1.26+0.14 1.87+0.21 0.038 0.007
Baz 1.9140.22 2174022 0.434 0.002
WT AP/DV Ratio™ arnt™® AP/DV Ratio”
Myo 2.6140.33 1.88+0.24 0.107 0.196
Cno 1.2240.10 1.17+£0.10 0.746 -
DMSO vs. cytoD
Protein | DAMSO DV/AP CytoD DV/AP p values Differences in degree of
planar polarity': DMSO vs cytoD
Ratio® Ratio™
Nrt 0.9340.01 0.83+£0.02 0.0047
Arm 1.28+0.04 1.474+0.09 0.073
DEcad 1.104£0.05 1.48+0.08 0.003
aPKC 1.19+0.08 1.61+0.10 0.010
Baz 1.60+0.08 321+015 p<0.0001

! pvalues of comparisons of degree of planar polarity between different genotypes or conditions, as determined by
student T-test
The planar-polarization of Ntt in arm® and after CytoD treatment may reflect partial failure of the restriction of Nt to
the basolateral domain (see Harris and Peifer, 2004), perhaps in a planar-polarized way.
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Table 3.51: Assessment of planar polarity of junatinal and cytoskeleton proteins in
different genotypes and conditions

Protein WT
DV/AP Ratiot s.e.m p value of DV/AP
difference
Nrt 0.94+0.03 0.068
Arm 1.08+0.09 0.39
DEcad 0.98+0.06 0.59
aPKC 1.26+0.14 0.025
Baz 1.9140.22 p=0.0001
AP/DV Ratiot s.e.m p value
Myo 2.61£0.33 p=0.0001
F-actin 1.61+0.10 p=0.0001
Cno 1.22+0.10 0.030
Protein cno™
DV/AP Ratiot s.e.m p value
Nrt 0.96+0.03 0.86
Arm 1.56+0.14 0.0004
DEcad 1.23+0.05 0.0004
aPKC 5.19+£0.89 p=0.0001
Baz 8.81£1.48 p=0.0001
AP/DV Ratiot s.e.m
Myo 2.934£0.71 p=<0.0001
F-actin 1.67+0.26 0.002
Protein arm™®
DV/AP Ratiot s.e.m p value
Nrt 0.91+0.03 0.0009
aPKC 1.87£0.21 0.0002
Baz 2.174£0.22 p=0.0001
AP/DV Ratiot s.e.m p value
Myo 1.88+0.24 0.0002
Cno 1.17+0.10 0.035
Protein DMSO
DV/AP Ratiot s.e.m p value
Nrt 0.93£0.01 0.011
Arm 1.28+0.04 p=0.0001
DEcad 1.10£0.05 0.022
aPKC 1.19+0.08 0.007
Baz 1.60+0.08 p=0.0001
Protein CytoD
DV/AP Ratiot s.e.m p value
Nrt 0.83£0.02 p=0.0001
Arm 1.47+0.09 p<0.0001
DEcad 1.48+0.08 p=0.0001
aPKC 1.61+0.10 p=0.0001
Baz 3.2140.15 p=0.0001

N= 5 embryos, p-values determined by student t-test
AP borders and DV borders were normalized using the average fluorescence of all borders measured in an embryo
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Table 3.S2: Absolute Values — Nrt, Baz, DEcad, Arm

NRT
Protein AP+s.d DV+s.d
WT 45.894£13.54 42.28416.11
cno™ 47.58+13.82 412241572
WT vs. cno™* AP borders p' WT vs. cro”° DV borders p'
0.9 0.9
4% more Nrt on cno™ > AP borders 3% less Nrt on cno'™ DV borders
BAZ
Protein AP+s.d DV+s.d
WT 42 .84+£21.75 78.42429.64
eno™® 17.05+9.13 67.91+16.95
WT vs. cno™ AP borders p1 WT vs. cno” > DV borders p1
0.04 0.5
60% less Baz on cno~ AP borders 13% less Baz on cno’™~ DV borders
DECAD
Protein APts. d DV+s.d
WT 60.63£13.01 64.26+10.82
cno™ 23.164+2.64 257241 .55
WT vs. crio” = AP borders p1 WT vs. cro” = DV borders p1
0.0002 P<0.0001
62% less DEcad on cno™ AP borders | 60% less DEcad on cno™™ DV borders
ARM
Protein AP+s.d DVxs.d
WT 90.05+£37.55 99 52436.77
cno™™ 43.754£17.47 61.55424.27
WT vs. cno” > AP borders p1 WT vs. crio” = DV borders p1
0.04 0.09

51% less Arm on cro™ AP borders

38% less Arm on cno™™ DV borders

**N = S embryos for each condition, WT and eno™” from the same experiment,
imaged on the same slide
! pvalues determined by student T-test, using n= 35 embryos
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Table 3.S3: Penetrance of major phenotypes

cno™ Phenotype Penetrance in stage6-8 embryos
Widespread myosin detachment from AP boundaries  15/15 embryos scored
(fixed embryos)
Arm planar-polarization enhanced (fixed embryos) 23/23 embryos scored
Baz retracted from tricellular junctions (fixed 20/20 embryos scored
embryos)
aPKC retracted from tricellular junctions (fixed 23/25 embryos scored
embryos)
Myosin detached from AP borders (live with sgh- 8/12 embryos scored*
mCherry)
DEcad planar-polarization enhanced (live with 8/12 embryos scored*
DEcad-GFP)
Myosin Rings in stage6/7 7/9 embryos scored™*
arn?Z Phenotype Penetrance in stage6-8 embryos

Widespread myosin detachment from AP boundaries | 9/29 embryos scored
(fixed embryos-st 6/7 before ectoderm fragments)
Myosin detachment primarily at vertices and AP 8/29 scored
borders but some borders OK
Myosin detachment primarily at vertices and many 7/29 embryos scored

borders OK

Myosin largely unaffected 5/29 embryos scored
Baz retracted from tricellular junctions (fixed 0/53 embryos scored
embryos)

aPKC retracted from tricellular junctions (fixed 0/29 embryos
embryos)

Fixed embryos were evaluated visually for major phenotypes not otherwise quantitated. Embryos were
staged by examining pattern of divisions in mitotic domains, and ero™ mutant embryos were identified by
severity of defects in mesoderm invagination.

* For living embryos, because filming sometimes started before gastrulation, some paternally rescued
mutants are included, thus reducing apparent penetrance.
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Table 3.S4: Fly stocks, antibodies, and probes

Fly stocks Source
yw Bloomington Stock Center (IN, USA)
ubiecadGFP,sqhCherll J. Zallen (Sloan-Kettering, NY, USA)
tubCnoGFP Marek Mlodzik (Mount Sinai Medical Center, NY, USA)
eno™ TM3twiGFP
arm™* P FRT101/FM7 E. Wieschaus (Princeton, NT, USA)
Antibodies/Probes Dilution Source
anti-DE-DCAD2 1:100 Developmental Studies Hybridoma Bank
anti-ArmN27A1 1:100 Developmental Studies Hybridoma Bank
Anti-Nrt 1:100 Developmental Studies Hybridoma Bank
anti-Cno 1:1000 1. Sawyer and N. Harris (UNC-CH, NC, USA)
anti-Baz 1:1000 J. Zallen (Sloan-Kettermg, NY, USA)
anti-aPK.C 1:1000 Santa Cruz Biotechnology
anti-Z1p (myosin I heavy cham) 1:1000 C. Field (Harvard, MA, UUSA)

D. Kiehart (Duke University, NC, USA)

MABI150 1R (actin) 1:1000 Millipore
Alexa-phalloidin 1:500 Molecular Probes
Secondary antibodies: 1:500 Molecular Probes

Alexas 488, 568, and 647
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CHAPTER 4

RAP1 AND CANOE/AFADIN ARE ESSENTIAL FOR ESTABLISHMHET OF
APICAL-BASAL POLARITY IN THE DROSOPHILA

Nathan J. Harris*, Wangsun Choi*, Kaelyn D. Sumygrand Mark Peifer
*authors contributed equally

Preface

In this chapter, | have included mine and otherskvimward understanding the
role of Rap1l signaling in regulating both the ekshinent and maturation of polarity
duringDrosophilaembryogenesis. Included is work done in paralefiiy lab colleague
Wangsun Choi examining the role of Cno in this pssc In my previous work (described
in Chapter 2), we learned that Rapl mutants exddbitultiple defects in morphogenesis
during gastrulation. This suggested that we hadoyahcover the primary defects caused
by loss of Rapl that ultimately lead to these olEdefects. As a result, | examined
events prior to gastrulation to better understaad1rs role in building a polarized
epithelia competent for effective morphogenesisvamking with Rap1l, it quickly
became apparent that we also needed to furtharmmarstanding of how polarity is
primarily established and its role in regulating tbcalization of Rapl’s binding partner
Cno. Therefore, | also examined the effects on IGoalization caused by disrupting
apical polarity. We have prepared a manuscript iogehis work for publication.

Abstract



The establishment and maintenance of apical-bafigdalarity is critical for
assembling epithelial tissues and maintaining propgan architecture. THarosophila
embryo provides a superb model for this procesoul current model, apically
positioned Bazooka/Par3 protein is the initial pdyacue as cells form during
cellularization. Bazooka then helps position badherens junctions and aPKC. While
we know that a polarized cytoskeleton is critical &pical positioning of Bazooka, the
proteins mediating this process remained unknoMere, we report that the small
GTPase Rapl and the actin-junctional linker pro@anoe/afadin are essential for the
initial establishment of polarity, as both adherpmetions and Bazooka are mis-
positioned in their absence. This does not simplglve a role for Rapl or Canoe in
organizing the actin or microtubule cytoskeletassthese become properly polarized in
their absence. We found that Rapl and Canoe playnciing roles in proper
polarization of Bazooka during gastrulation, wittneequences for epithelial integrity.
However, after gastrulation other polarity cues eanto play and partially restore apical
Baz localization in the absence of Rapl or Canwe. next tested whether the current
linear model for establishment of apical polargyoo simple. We found that both Baz
and aPKC play roles in initial Canoe localizatidespite being “downstream” of Canoe.
Further, Rapl, Bazooka and aPKC, but not Canog,rplas in establishing columnar
cell shape. These data re-shape our model forifyodstablishment, suggesting it is
regulated by a network of proteins rather thamedr pathway.

Introduction
Polarity is a fundamental property of all cell®rh polarized cell divisions in

bacteria or fungi to the elaborate polarity of mes. Among the most intensely studied
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forms of polarity in animal cells is epithelial apl-basal polarity (Goldstein and Macara,
2007). Polarity of epithelial sheets is key tathenction as barriers between body
compartments, and is also critical in collectivé# osegration and cell shape change
during morphogenesis, as cytoskeletal and apicslolarity often go hand in hand.
Loss of apical-basal polarity is a hallmark of ns¢éasis (Wodarz and Nathke, 2007). We
have made significant advances in defining the nmaci required for cell polarity in
many settings, but fundamental questions remainswered.

Cadherin-catenin complexes, which assemble inter&hs junctions (AJs) near
the apical end of the lateral cell interface, argcal polarity landmarks that define the
boundary between apical and basolateral domainsif@ieret al, 1988). Studies in
C.elegansaandDrosophilaidentified and characterized other key regulatdrapical-
basal polarity (Goldstein and Macara, 2007; Lyneti Hardin, 2009; Harris and Tepass,
2010; Laprise and Tepass, 2011). In the textbo®k,the apical domain is defined by
the Par3/Par6/aPKC and Crumbs/Stardust(Palsl)/eémplexes (Assemat al,

2008), while Scribble, Dlg, Lgl, and Parl define ttasolateral membrane. Complex
cross-regulatory interactions between apical arsdlageral proteins maintain these
mutually exclusive membrane territories (Bilagral, 2003; Tanentzapf and Tepass,
2003; Lapriseet al, 2009). These proteins also play roles in othyees of polarity
during morphogenesis (St Johnston and Sanson, 2031¥ly Par3 (Bazooka; Baz),
aPKC, and AJ proteins are planar-polarized aloegatiterior-posterior axis during
Drosophilaconvergent extension, thus regulating polarizéidncevements (Zallen,

2007).
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Polarized cytoskeletal networks also play keysateestablishing and
maintaining apical-basal and planar polarity. Ehestworks are thought to be
physically linked to apical junctional complexeBhe earlier model suggesting that
cadherin-catenin complexes link directly to actiaacatenin is now viewed as over-
simplified (Dreeset al, 2005; Yamadat al, 2005). Instead, different proteins are
thought to mediate this connection in differenstiss and times (e.g., Abe and Takeichi,
2008; Caveyet al, 2008; Sawyeet al, 2009).

Among the linkers is Canoe (Cno)/Afadin, an attinding protein that binds
transmembrane nectins via its PDZ domain (Maedai, 1997). While originally
hypothesized to be essential for cell adhesionsement work support a model in which
afadin modulates adhesive and cytoskeletal machohaing cell migration in vitro
(Lorger and Moelling, 2006; Miyatat al, 2009; Fournieet al, 2011) and the complex
events of mouse gastrulation (Ikeelaal, 1999; Zhadanoet al, 1999). Afadin has two
N-terminal Ras association domains for which thals@TPase Rapl is the major
binding partner (Linnemann et al., 1999), and Afiealnd Rapl are functionally linked in
both flies and mice (Boettnet al, 2003; Hoshinet al, 2005). Rap1, Cno, and the Rapl
GEF Dizzy/PDZGEF are all essential for maintaingfigctive linkage between AJs and
the apical actomyosin cytoskeleton during apicaistaction ofDrosophilamesodermal
cells during fly gastrulation (Sawyet al, 2009; Spahet al,2012). Rapl regulates Cno
loclaization to the membrane (Sawytral, 2009). Cno plays a related role during
convergent extension, though its role is planaapoéd during this process (Sawysr
al., 2011). Cno also regulates collective cell migratsignaling, and oriented

asymmetric divisions (e.g. Boettnetral, 2003; Carmenat al, 2006; Carmenat al,
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2011; Weeet al, 2011). The Rapl/Cno regulatory module is alsooirtgmt in disease, as
Afadin or Rap1l are implicated in congenital disosdef the cardiovascular system
(Gladinget al, 2007) and cancer metastasis (Fourateal, 2011). It remains unclear
whether these diverse roles all involve junctiotesieletal linkage or whether some are
independent functions.

The small GTPase Rapl plays diverse cellular roddammalian Rapl isoforms
are perhaps best known for regulating integrin-th@e#l matrix adhesion (Bos, 2005;
Kim et al, 2011), but Rap1l also regulates cell-cell AJsathiDrosophilaand mice
(Kooistraet al, 2007; Boettner and Van Aelst, 2009). In murindathelial cells, for
example, Rapl, its effector Kritl, and VE-cadhdéoirm a complex that regulates
endothelial cell junctions and stabilizes apicadaolarity (Gladinget al, 2007;
Lampugnanet al, 2010; Liuet al, 2011). InDrosophilaimaginal disc cells, Rapl
regulates the symmetric distribution of DE-cadh€b&cad) around the apical
circumference of each cell (Knox and Brown, 200Rap1 carries out these functions via
a diverse set of effector proteins, including KritlAM, RIAM, and Cno/Afadin
(Kooistraet al, 2007; Boettner and Van Aelst, 2009). Thus Raplits effectors are
candidate proteins for regulating interactions leemvAJs, polarity proteins and the
cytoskeleton during polarity establishment and neaiance.

The earlyDrosophilaembryo provides among the best models for estabgjsh
and maintaining apical-basal polarity (Harris, 201Blies start embryogenesis as a
syncytium, with 13 rounds of nuclear division withaytokinesis. Membranes then
simultaneously invaginate around each nucleus,ifagm6000 cells in a process known

as cellularization (Fig. 1A, right). Prior to adhrization, the egg membrane is a polarity

145



cue for underlying nuclei. This ultimately becontles apical end of the new cells.
Apical-basal polarity is initiated during cellulaation (Harris, 2012). In the absence of
cadherin-catenin complexes, cells form normallythen lose adhesion and polarity as
gastrulation begins (Coat al, 1996). These data and earlier work from celiuel
(Gumbineret al, 1988) suggested AJs are the initial apical ddewever, we found that
Bazooka (Baz)/Par3 acts upstream of AJs in thisge® (Harris and Peifer, 2004).
Strikingly, Baz and DEcad co-localize apically fréhe onset of cellularization in spot
AJs (Fig. 1A right; cadherin-catenin complexesas® enriched in “basal junctions” just
above the invaginating actomyosin front; Hunter #Widschaus, 2000). In the absence
of Baz, DEcad loses its apical enrichment and tediges all along the lateral
membrane, while in the absence of AJ proteins,rBamins apically localized, and a
subset of cells retain residual apical-basal piylaaithough cell shapes are highly
abnormal (Harris and Peifer, 2004). Cadherin-gatand Baz complexes form
independently before cellularization, and Baz thelps position DEcad) in the
apicolateral position where spot AJs will form (MGt al, 2009).

This placed Baz atop of the polarization netwdtig (1A, left), raising the
guestion of how it is positioned apically. Two askeletal networks play important roles
in initial Baz positioning (Harris and Peifer, 2Q003isrupting dynein led to Baz
spreading along the lateral membrane, suggestitagiped transport along microtubules
(MTs) plays a role. Depolymerizing actin also dégdized apical Baz, as did
significantly overexpressing Baz, suggesting amdeased scaffold with a saturable
number of binding sites anchors Baz apically. Whibth actin and MTs are required for

initial Baz polarization, they are not the only sueéMis-localized Baz is re-recruited or
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re-stabilized apically at gastrulation onset ifheitinitial cue is disrupted, suggesting a
third cue (Harris and Peifer, 2005) perhaps invav@PKC/Par6 (Hutterat al, 2004).
Thus the current model for initial establishmenapical-basal polarity involves a
relatively simple pathway in which Baz is positidregically, and then positions other
apical polarity players (Fig. 1A, left). Howevence initial polarity is established,
events become more complex, with a network of miytu@inforcing and inhibitory
interactions between apical and basolateral pglagmplexes leading to polarity
elaboration and maintenance.

These were significant advances, but the protinesting apical accumulation of
Baz remained unknown. Work on apical constrictiothe fly mesoderm (Dawes-Hoang
et al, 2005; Martinet al, 2010), convergent extension during gastrulati®ertetet al,
2004; Zallen and Wieschaus, 2004), establishmeant&rior-posterior polarity in one
cell C. eleganembryos (Munreet al, 2004), and on apically constrictimyosophila
amnioserosal cells (Davet al, 2010), suggested that a complex network of icteras
link AJs, the apical polarity proteins Baz and aRk@d the actomyosin cytoskeleton.
Our recent work on Canoe and Rapl’s roles in mesodeical constriction (Sawyet
al., 2009) and convergent elongation (Sawsfeal, 2011) suggested they also fit into
this network. These data led us to explore whd®agxl and Cno play roles in initial
apical positioning of AJs and Baz and thus in ttaldishment and early maintenance of
polarity.
Results
Rapl is required for initial apical positioning oAJs

In our current model for apical-basal polarity eishment, apical Baz directs
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apical positioning of AJs and aPKC, while a poladzytoskeleton is important for Baz
apical localization and/or retention (Harris andféte2004, 2005). However, the
proteins directing Baz apical positioning remain@#nown. Based on Rapl’s roles in
regulating cell-cell and cell matrix adhesion (Kstoaet al, 2007; Kimet al, 2011) and
AJ:actin linkage during apical constriction (Sawgéeal, 2009), and its presence at the
plasma membrane during cellularization (Sawsteall, 2009), we hypothesized that
Rapl might be part of the mechanism regulatinggirgipical positioning of AJs and Baz.
To test this hypothesis, we used the FRT/DFS appr@@houet al, 1993) to generate
embryos completely lacking maternal Rap1, usingntiiealleleRapF* (calledRap1
below) and crossed themRapl/ +fathers. We cannot distinguish maternal/zygotic
mutants Rap1'4) from embryos receiving paternal wild-tyPap1(Rap1") until mid-
late gastrulation.

Cadherin-catenin complexes are already at the marabn wild-type syncytial
embryos (Grevengoest al, 2003). As cellularization begins, they form ptanio the
egg membrane that are recruited into apicolat@@l AJs as membranes invaginate (Fig.
1A; Harris and Peifer, 2004; McG#it al, 2009; Fig. 1D bracket=Armadillo (Arm)=03-
catenin;). AJ proteins also accumulate in basattjons (Fig. 1A, D arrowhead; Hunter
and Wieschaus, 2000) just behind the actomyosgsrat the front. Lower levels of
DEcad and Arm are also found all along the newiynied lateral membrane. The twin
apical and basolateral enrichment of cadherin-tatsomplexes is readily apparent in
maximum intensity projections of many cross sedififig. 1F), which overlay the
forming AJs of many nascent cells.

We tested the hypothesis that Rapl helps reguiiditd apical positioning of AJs.

148



Rap1* mutants end embryogenesis with a fragmented cyelepl. Fig. 1A vs B;
Sawyeret al, 2009), suggesting epithelial integrity is diseghtbut this could due to
early effects on polarity establishment or muchkrlaffects on polarity maintenance.
When we examined initial apical positioning of spdt during cellularization, it was
significantly disrupted ilRapIlmutants. While AJ proteins still accumulated isdda
junctions (Fig. 1E,H arrowheads, | vs. J), the aljpanrichment of AJ complexes was
substantially reduced during late cellularizatias §een in individual cross sections; Fig.
1D vs. E, brackets). The difference was accentuatprojected cross-sections (Fig. 1F),
overlaying AJs of many cells (Fig. 1G vs. H, braske InRapInutants, AJ puncta
localized all along the lateral cell interface.ffBiences began as early as mid-
cellularization (Fig. 1K vs. L, brackets). To qtigate alterations in AJ positioning and
to compare multiple embryos, we used Plot ProfilemageJ to measure average image
intensity in projected cross sections from four eyob at late cellularization—these are
displayed as heat maps (Fig. 2A, left; intensitgakor coded), or graphically (Fig. 2A,
right) from apical (top) to basal (bottom). Whikesre is some variability between
embryos, the dual peaks of Arm at forming AJs aashbjunctions are readily apparent
in wild-type (Fig. 2A). Incontrast, ilRapInutants, the apical peak of Arm at
assembling spot AJs is essentially gone, thoughaisal junction peak remains in 3 of 4
embryos. Some apical spot AJs were sedRaiplembryos at gastrulation onset (Fig. 1B
vs C; stage 6), suggesting that the initial defetheir positioning may be partially
rescued later—we explore this below. Togetheisdlgata suggest that Rapl is required
for initial apical positioning of AJs.

Cno is also required for initial apical positioningf AJs
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Rapl has many effectors mediating its diverse fanst(Kooistraet al, 2007),
including Cno/afadin. Cno regulates AJ:actin iat#ions during gastrulation (Sawyetr
al., 2009; 2011). Furthermore, Cno is positionedtfecaearly polarization, as like Baz
(Suppl. Fig 2H) and AJ proteins (McCartnetyal, 2001), Cnho already localizes to the
egg plasma membrane in syncytial embryos (Supgl.ZA), and to developing apical
junctions during cellularization (Suppl. Fig. 2B,Gawyeret al, 2009). Finally, Rapl is
required for effective localization of Cno duringllalarization and early gastrulation
(Sawyer et al., 2009). Given their parallel ralesnany events, we tested the hypothesis
that Cno is the Rapl effector regulating initialcapAJ positioning.

To do so, we examinamhd*? maternally null mutant embryos (hereaften; as
with Raplwe can only definitively identify the 50% zygotilsarescued embryos until
late in gastrulation). Strikingly, while wild-typeellularizing embryos exhibit
enrichment of cadherin-catenin complexes in bott $Js and basal junctions (Fig. 1P),
cnomutants lost apical AJ protein enrichment (Figv$PQ, brackets, R vs. S brackets,
U vs. V). In contrast, basal junctions appeareunab (Fig. 1P vs. Q, arrowheads, R vs.
S arrowheads, W vs. X). We quantitated thesegdsm multiple embryos, as we had
with Raplmutants. Once again, in wild-type peaks of Armeweradily apparent both in
assembling apical AJs and in basal junctions &), while incnomutants the apical
peak was blunted or lost (Fig. 2D). Apical sposAle seen later in gastrulaticigo
embryos (Sawyeet al, 2009), even those in which mesoderm invagindtih stalled
(Fig. 1M, N vs O), suggesting that this initial deff may be partially rescued later.
Together, these data suggest that both Rapl aeffatdor Cno regulate the initial

positioning of AJs during establishment of apicatal polarity.
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Rapl and baz exhibit strong dose-sensitive geneateractions in epithelial integrity

These data are consistent with the possibility Begil and Cno directly regulate
AJ positioning or that they act on the upstreanulagr of AJ positioning, Baz/Par3.
One way to assess whether two proteins work togatheecell biological process is to
look for dose-sensitive genetic interactions, sineth reducing levels of one protein
enhances the effect of lowering levels of the oth&ke adopted an approach used by
Harris’ lab to screen for proteins working with Bazepithelial development (Shao al,
2010), using zygotic mutants to reduce rather tianinate gene function. Embryos
retaining maternal Baz but lacking zygotic Baz diomn out of Baz protein. While
they establish apical-basal polarity correctly kmbaz"* mutants), a subset of embryos
lose full epithelial integrity later, and end whbles in the cuticle (explaining the name
bazooka ranging from minor (27%) to significant (71%),ttaimost all retain large
portions of intact cuticle (Fig. 3A,B). This gdype is sensitized for alterations in
apical-basal polarity regulators, and is signifitaenhanced by heterozygosity for
known regulators including Crumbs, aPKC and DE&ith6et al, 2010).

We thus hypothesized that if Rapl is an imponpdaer in apical-basal polarity,
it would also enhanceaz Raplheterozygotes are viable and fertile, and eRapl
zygotic mutants survive embryogenesis normally atemally supplied Rapl, dying as
late larvae/pupae. We thus assessed whether ngdBepl enhanced the effect of
reducing Baz levels. Strikingly, even the smadluetion in Rap1l levels in embryos
maternally and zygotically heterozygoias Raplenhanced the defectsludizzygotic
mutants, leading to stronger disruption of cutiotegrity (Fig. 3B, top versus middle

genotype). Further reducing Rapl levels by rengpeyygotic Rapl caused an even
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stronger enhancement (Fig. 3B, top versus bottamtgpe). To confirm this was due to
effects on AJ integrity, we visualized Arm at stdgk focusing on the amnioserosa as it
is especially sensitive to reduced Baz levels (Stad, 2010). While only 12% dfaz
zygotic mutants had defects in amnioserosal Aditie this increased to 64% when
Rapl was reduced maternally and zygotically (Figjv8 D, E). Together, these data are
consistent with the hypothesis that Rapl and Bapete in maintaining epithelial
integrity; similar dose-sensitive genetic interant exist betweecnoandbaz(Sawyeret
al., 2011).
Rapl and Cno act upstream of Baz/Par3, regulatitg apical positioning

These genetic data are consistent with the hypisthest Rapl and Cno act
together with Baz to maintain epithelial integritpuring wild-type cellularization, Baz
helps recruit AJ proteins into apicolateral compkexhe spot AJs (McGidt al, 2009).
Baz remains in this apical position throughoutudatization (Fig. 1A); unlike AJ
proteins, however, Baz does not assemble into pasetions (Harris and Peifer, 2004;
McGill et al, 2009). While it is clear that cytoskeletal iretions help position Baz
apically (Harris and Peifer, 2005), proteins madathis remained unknown. We
considered two mechanisms by which Rapl and Cnatmediate the initial apical
positioning of AJs. First, as Baz is requireddpical AJ positioning (Harris and Peifer,
2005), Rapl and Cno may be the missing playersgqaapstream of Baz. Alternatively,
Rapl and Cno might not affect Baz localizationihatead might directly position AJ
proteins. To distinguish between these mechanism&xamined the initial apical
positioning of Baz irRaplandcno mutants.

When we examined Baz localizationRapInutants, we found the normal
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exclusively apical localization of Baz during cdditization was substantially disrupted.
In wild-type, Baz is restricted to apical compleXEgy. 4A,A’,C). In contrast, in
RapInutants, while Baz still formed membrane-associgtettta, its restricted apical
localization was lost and Baz was redistributeagklhg the lateral membrane, both at the
end of cellularization (Fig. 4B, B’, D), and evearker during mid-cellularization (Fig.

4E vs. F). Baz was found basal to its normal pmsinh spot AJs (Fig. 413 vs J3, arrows)
and also more apical (Fig. 411 vs J1, arrows)nsxient with the partial zygotic
phenotypic rescue seen in later embryos (see bglade allembryos had defects in

Baz localization, the degree of disruption of Bazalization fell into two overlapping
classes, which we hypothesize repregtajilmaternal mutants that receive a wild-type
paternal copy oRapl,andRaplmaternal/zygotic mutantRap1'“)—these are present
at a 1:1 ratio in the progeny. In the most seetass, which we suspect are the
RapI*“mutants, Baz apical localization is almost compyeiest. Strikingly, we saw a
very similar disruption in apical enrichment of Bazno mutants (Fig. 4G vs H; | vs K).
We quantitated the effects of both mutants on Baalization, once again measuring
relative intensity of Baz from the apical to thes@leends of the cells in multiple embryos.
Wild-type embryos uniformly displayed a sharp appzak of Baz at the position of the
forming spot AJs (Fig 4L). In contrast, Raplmutants this sharp apical peak was lost.
Raplmutants fell into two phenotypic categories of @drequency and different
severity, likely representingap'4 mutants (Fig. 4M) and zygotically rescued embryos
(Fig. 4N). However, in both classes exclusive ajpBaz enrichment was lost—this is
particularly apparent when the levels in all thebeyns in each phenotypic category were

averaged (Fig. 4Q). lonomutants, Baz also becomes distributed all alon@heal-
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basal axis (Fig. 40 vs P). There was no obviog®eiy rescue of this phenotype, as the
embryos did not fall into two clear classes, anéraging the distribution in the entire set
of embryos emphasized the loss of apical enrichrffégt 4R). Thus both Cno and Rapl
are essential for the initial apical positioningB#z, putting them atop the current
hierarchy of factors mediating the establishmergmtal-basal polarity.
Rapl and Cno are not essential for basic cytoskaletganization during
cellularization

These data suggest Rapl and Cno act upstream @b Bagulate its apical
positioning. One mechanism by which this couldusgs by regulating cytoskeletal
polarity, which is established prior to cellulatiba. As cellularization begins, the
centrosomes in each cell are positioned aboveubkeinand nucleate a basket of MTs
with their plus ends deeper in the cytoplasm (EA). Meanwhile, actin rearranges from
a cap above each nucleus into a network of actimayosin at the embryo cortex, which
begins contracting, pulling in membrane around eathas the cellularization front
moves inward (Fig 1A, actomyosin front). A pooladftin also remains at nascent apical
AJs (Fig. 1A, actin scaffold). Baz positioning vegs both the apical actin scaffold and
Dynein-directed MT transport toward what will becethe apical domain (Harris and
Peifer, 2005). We thus tested the hypothesisGhatand Rapl regulate Baz via roles in
organizing actin or MTs.

To test this mechanism, we examined the orgaoizati the actin and MT
cytoskeletons ifRaplandcno mutants during cellularization (at this early gtage
cannot determine which embryos are paternally excuWe first examined MT and

centrosomal polarity. In wild-type, centrosomes apical to each nucleus (Fig. 5A,
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arrowheads) and baskets of MTs extend basally BAgarrows)—these baskets are also
visible as rings of bundled MTs in cross sectiohfooming cells (Fig. 5C). IiRapl
mutants we saw no obvious defects in either apealrosomal positioning (Fig. 5B,
arrowheads) or in MT baskets projecting basallg.(bB, arrows, Fig.5D). As we
explore in detail below, defects in apical cellshdéegin to appear during cellularization
in Raplmutants, but centrosomes were positioned apiedibye nuclei even in
misshapen cells (Fig 5B; Fig. 5E vs. F). Similaviye saw no apparent defects in apical
centrosome positioning or formation of MT basketsno mutants (Fig. 5G vs H, C vs

). Thus the MT cytoskeleton becomes correctjaoized in the absence of Rapl or
Cno, suggesting their effects on Baz localizatiomdt result from indirect effects on
MTs.

We also examined actin and myosin during cellaédion. The fact that mutant
embryos cellularize correctly already suggestetttiere were not major defects.
Myosin accumulated correctly at the cellularizatiomt in bothRap1(Fig. 5J vs K,
arrowheads) andnomutants (Fig. 5R vs S, arrowheads), and to th&@rgjomyosin rings
(Fig. 5L vs M). Actin accumulated at the cellutaiion front in botfRap1(Fig. 5N vs
O, arrowheads? vs Q) anano(Fig 5T vs U). Actin also accumulated normally at
nascent apical AJs (Fig. 5N vs O, brackets). Gbast with this, myosin is correctly
recruited apically in the mesoderm of b&hplandcnomutants at gastrulation onset,
and initiates constriction (Sawyet al, 2009). Together these data suggest that there
are not substantial disruptions of the actomyosikl® cytoskeletons in eithdRaplor
cnomutants, making it less likely this indirect mexisan explains their effects on

apical-basal polarization. We discuss alternatehaeisms in the Discussion.
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Rapl and Cno play roles in polarity maintenance kather cues partially restore apical
Baz during gastrulation

The data above suggest Rapl and Cno regulateitia¢ éstablishment of apical-
basal polarity by helping position Baz and AJs.wdwer, loss of Cno (Sawyet al,
2009) does not cause the same early, dramaticotienuof the ectodermal epithelium
seen when either Baz or AJ proteins are lost (€@, 1996; Tepasst al, 1996). Two
mechanisms could be at play: 1) While the presenh&az is clearly required for
epithelial polarity, perhaps its apical restrictismot essential or 2) alternately, other
cues might restore more normal Baz localizatiorenvadditional polarity cues like the
aPKC/Par6 module come into play at gastrulatiorebttsreinforce and elaborate initial
polarity (Huttereret al, 2004; Harris and Peifer, 2005).

To test these alternate hypotheses, we examined¢bBalization inRaplandcno
mutants at gastrulation onset (stage 6) and ashgardnextension began (stage 7). In
both mutants, 50% of embryos receive a wild-typemel copy of the relevant gene, and
thus are potentially zygotically rescued. As gaation begins in wild-type, AJs and Baz
continue to co-localize (Harris and Peifer, 20020%). Apical junctional complexes
tighten along the apical-basal axis, and duringestathey move to the apical end of the
lateral cell interface (Fig 6A,G). We found abdkatRapImutants lost apical
enrichment of Baz during cellularization. As gakttion commenced (stage 6; Fig.
6B,C) and germband extension began (stage 7; Hig), Baz continued to be mis-
localized inRaplmutants, with many Baz puncta remaining basaléaaghical junctions.
However, there was clearly some restoration ofaBaz, both in presumptivRap*

(Fig. 6B,H) and presumptive zygotically-rescued grob (Fig. 6C,I; we divided
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embryos into classes based on phenotypic sevéfity; stage 6 and 6/12 stage 7 embryos
had the less severe phenotype). There was sipatéal rescue of apical Baz
enrichment ircnd”’# mutants, with subtle restoration of apical Baza@mnent at stage 6
(Fig. 6D vs E), and significant restoration of gpiBaz, albeit with remaining mis-
localized Baz, at stage 7 (Fig. 6J vs K). Prediwaygotically rescued embryos had
slightly less severe phenotypes, with more compkseoration of apical Baz (Fig. 6F,L;
9/17 stage 6 and 8/15 stage 7 embryos had thedgsse phenotype). We once again
guantitated Baz localization in multiple embryosnfirming our qualitative
observations. The wild-type profiles show the pkaing of the apical Baz peak during
gastrulation from stage 6 (Fig. 6M,S) to stagei@.(6P,V). InRaplmutants, an apical
Baz peak begins to reappear at gastrulation ossage 6; Fig. 6N,O), even in
presumptiveRap1? mutants (Fig. 60), but some Baz remains mis-laedlj broadening
and lowering the peak. By stage 7, most Baz isaqfFig. 6Q,R), but even in the least
severe mutants the apical peak does not shargedaes in wild-type (Fig 6R). lono
mutants the situation is similar--an apical Bazkgeagins to reappear by stage 6 (Fig.
6T,U) and strengthens at stage 7 (Fig. 6W,X). Agarg the individual embryos
revealed that the overall the degree of rescuesaaewhat more complete egnothan in
Raplmutants (Suppl. Fig. 3Avs C, Bvs D). Thus, Rapd Cno play continuing roles
in the maintenance of apical Baz, but additiona&isciinat come into play at gastrulation
onset partially restore apical Baz enrichment.

Rapl and Cno are required for proper organizatioh®az into planar polarized
junctional belts

In the XY-plane, junctional protein localizationnsre complex. As the
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germband extends (Fig. 7A), spot AJs and assockdedmooth into less punctate, more
continuous belt AJs (Tepass and Hartenstein, 129 poth Baz and AJ proteins
become planar polarized, with enrichment alongalbrentral (Fig. 7D’ arrowheads, D’
closeup) vs. anterior/posterior cell borders (FiQ’, arrows; Berteet al, 2004; Zallen
and Wieschaus, 2004). ¢md"* mutants, Baz planar polarization is significantly
accentuated, with near loss of Baz on anteriorgpmstborders (Sawyesat al, 2011).
We found that irRapImutants, Baz localization was similarly alteredthithe most
severe embryos (likelRap'4, based on strength of mesoderm invagination dgfect
having cortical Baz significantly reduced overald virtually lost on anterior-posterior
borders (Fig. 7B,E,E’ closeup). This coincidedhageparation of myosin from the
anterior and posterior cortex (Fig. 7G), as ocauend”’* mutants (Sawyeet al, 2011).
In less affectedRaplmutants (presumptive zygotically rescued embryBay, cortical
localization was less reduced, but Baz remaineckrpanctate along the cortex than in
wild-type (Fig. 7D’ vs F’). Thus both Cno and Rag® required for proper maintenance
of Baz localization during gastrulation, regulatiogth its apical-basal and planar
polarity.
Loss of Rapl or Cno leads to disruption of epitlalintegrity by the end of
gastrulation

We next tested whether this junctional disruptiiaced epithelial integrity, or
whether the partial rescue of Baz localization cuolad with restored epithelial
architecture. As germband extension continuetaiges8, ectodermal cells undergo
patterned mitosis, rounding up, reducing corticalphoteins (Suppl. Fig 1C) and Baz

(Suppl. Fig 1E,H) during division, and then rebintglapical junctions and resuming a
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columnar shape. While cells assemble and maidtdsnin in some tissues in Cno’s
absence (e.g. the dorsal epidermis), other tisikeghe ventral epidermis, ultimately
lose epithelial integrity, disrupting the ventraticle (Sawyeet al, 2009). Rap14
mutants had similar or more severe cuticle defe@ctsiany even the dorsal epidermis
was reduced to fragments (Suppl. Fig. 1B). Tormatee when loss of Rapl affected
epithelial architecture, we examined la&ap1'* mutants. In wild-type stage 8 embryos,
non-dividing cells have strong apical Baz localmat and even dividing cells have
continuous but lower level junctional Baz (Suppd.ARLE,H arrows). In contrast,
junctional Baz was substantially less continuouRaplmutants. IrRap1'* mutants
(Suppl. Fig. 1G; 10/21 stage 8-9 mutants had theg phenotype), junctional Baz was
weak in the dorsal ectoderm (Suppl. Fig. 1H’ vardows), and in the ventrolateral
ectoderm Baz localized only to junctional fragmeg@sppl. Fig. 1H’ vs J’, arrowheads).
Zygotically-rescued embryos (Suppl. Fig. 1F; 11¢fdge 8-9 mutants had the weaker
phenotype) had similar but less severe defectsp|SEf. 11" arrows, arrowheads).
Thus, the partial rescue of apical Baz localizatioRap1* mutants is not sufficient to
allow ventral ectodermal cells to maintain junctibimtegrity during gastrulation,
consistent with the fragmented cuticle. These datgest that Cno and Rapl are
important to maintain epithelial integrity in moqaenetically active tissues.
Baz and aPKC are not essential for apical Cno emnaeent but play roles in Cno
positioning

The data above support the hypothesis that RapTaadict upstream of Baz,
ensuring its restriction to nascent spot AJs.his view, Rapl and Cno fill the missing

place in a linear model of polarity establishmewith Baz then acting upstream of both
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AJs and aPKC to ensure their apical positioning.(EA; Harris and Peifer, 2004, 2005).
In this linear model, neither Baz nor aPKC showddebsential for positioning Cno, as
both are “downstream” of it. However, later juectal maintenance/elaboration does not
involve a linear pathway, but instead relies onrd@rlocking network of positive and
negative interactions (e.g. (Bildet al, 2003; Tanentzapf and Tepass, 2003). To test the
alternate hypotheses that polarity establishmemaes in a linear fashion, or that Baz
and Cno fit into an interlocked network with feedb#ops, we examined Cno
positioning in embryos lacking Baz or aPKC.

We generated embryos with severely reduced lefdBsiz using the new Valium
RNAI lines (Niet al, 2009), expressing shRNAs targethlayin the germline using
maternal GAL4 drivers. We confirmed that this tedhe expected lethality and
disrupted cuticle integrity (data not shown), cetest with very strong loss of function,
and further confirmed this treatment reduced Bateom to background levels in situ
(Suppl Fig. 4A’ vs B’). To confirm that Baz redian affected AJ assembly, we
examined Arm localization. As we previously obsehinbaZ'* mutants (Harris and
Peifer, 2004)bazRNAi disrupted apical Arm enrichment in nascerdtspds (Suppl Fig.
4” vs. B”, brackets), leading to accumulation dtireg the basolateral axis, but without
disrupting Arm enrichment in basal junctions (Sulpig. 4A” vs. B”, arrows).

We usedazRNAI to determine whether Baz helps regulate @malization. In
wild-type embryos, Cno is enriched in nascent dpicections from the onset of
cellularization, and by mid- to late-cellularizati€no is enriched apically in spot AJs
(Fig, 8A), with strong enrichment at tricellulanjctions (Fig. 8G; Sawyeat al, 2009).

The Cno at tricellular junctions extends deepey the cell, creating apical-basal
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“cables” of Cno at each tricellular junction, whiahe apparent in cross-sections (Fig.
8A’, maximum intensity projection). At gastrulati@nset, Cno moves further apically,
but the cables remain prominent (Fig. 8E’). Bamdidown affected both cell shape and
Cno localization. As documented below, in Baz-d&gadl embryos apical cell shape was
already altered during cellularization, with thecagmost region of the cells expanded or
reduced in area. In Baz-depleted embryos, Cnostilatargely restricted to membrane-
associated puncta in the apical third of the ¢ali.(8B’, brackets), and still accumulated
in spot AJs (Fig. 8D2). However, Cnho was not gbtty focused where spot AJs
normally form, instead spreading along the basmateembrane (Fig. 8A’ vs B’,
brackets). Further, the cables of Cho were esdbnglliminated (Fig. 8A’ vs B’).

Finally, Cno was not properly restricted from tipécal domain (Fig. 8C1 vs. D1). All of
these changes in Cno localization in Baz-depletelrgos were further accentuated as
gastrulation began (Fig 8E vs F). Thus while Baaat essential for apical Cno
enrichment, Baz depletion altered the precise jpositg of Cno at tricellular junctions
during cellularization, and prevented the apical@sion of Cho as gastrulation began.
These data suggest that a strictly linear moddl ®io “upstream” of Baz is
oversimplified.

We next extended this analysis to aPKC, whichleggs polarity maintenance
during gastrulation (Hutterat al, 2004). In aPKC'’s absence, AJs and Baz assemble
into spot AJs during cellularization (Harris andfég 2005); Fig. 9A vs. B,E-H Arm),
but at gastrulation onset AJs and Baz abnormakyesze on dorsal and ventral cell
borders (Harris and Peifer, 2007), in an exaggdragesion of their normal planar

polarity. Cells then lose polarity, with Baz andsAforming non-polarized aggregates
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(Huttereret al, 2004; Harris and Peifer, 2007). To determinetiveinitial Cno apical
localization is independent of aPKC, as predictgthle linear model, we generated
embryos maternally and zygotically mutant for tlrersgaPKC alleleaPKC %% (@PKC
below; 50% of embryos receive paternal wild-tghKC, and cannot be distinguished
prior to gastrulation).

We were surprised to find that loss of aPKC a#fddCno localization during
cellularization. In wild-type cellularization, theeis a modest pool of Cno in the
apicalmost region of the cell early (Fig. 9A, arjototh diffuse and in puncta that
maybe similar to the apical puncta of DEcad and &sen at this time (McGi#t al,
2009). By late cellularization, most apical Cneatipeared (Fig., 9I', arrow, L’), as Cho
assembled into cables at tricellular junctions (RBigbracket, I' Maximum intensity
projection). Loss of aPKC did not prevent Cno frimtalizing to nascent spot AJs in
roughly the appropriate apical-basal position @#3J, brackets) where Arm and Cno co-
localize AJs (Fig 9B, E,G,K’ vs, F,H.L). Howevéoss of aPKC had two more subtle
effects on Cno localization. First, the cable€ab that normally assemble at tricellular
junctions were disrupted (Fig. 9I' vs J’', maximunmteinsity projections), mimicking the
disruption in Baz-depleted embryos. Second, Cnened lost from the apical region, as
it normally is by late cellularization (Fig. 9I' v’ arrow, K vs L). These data suggest
that aPKC plays an unexpected early role in précpgasitioning Cno during
cellularization.

We were surprised that aPKC had such an early swiee our earlier work
(Harris and Peifer, 2005) suggested it did notlineao the membrane until late

cellularization and did not affect AJs until gasdtion. We thus re-examined when
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cortical aPKC appears. We previously used usetfixaéion (Harris and Peifer, 2005),
a relatively harsh fixation that enhances junctiataining of AJ proteins by allowing
removal of the cytoplasmic pool. We thus explomakther there was a membrane-
associated pool of aPKC we missed in our previookwCno (Suppl. Fig. 2A), AJ
proteins (Suppl. Fig 2A; McCartnet al, 2001), and Baz (Suppl. Fig. 2H) are all present
at the membrane in metaphase furrows of syncytidrgos. When we examined
embryos fixed with formaldehyde, we detected a pbaPKC we previously missed in
heat-fixed embryos. We saw membrane-localized aB&€arly as syncytial stages,
where it localized to metaphase furrows (Suppl. Eig. Cortical aPKC remained
during cellularization (Suppl. Fig. 2M-O; we comfied the specificity of this membrane
pool by determining that it is lost aPKC mutants; data not shown), when Cno, Arm and
Baz enter nascent spot AJs (Suppl. Fig. 2B-GaPKC was not enriched in spot AJs
during cellularization (Suppl. Fig 2N) but instdadalized all along the lateral
membrane (Suppl. Fig. 20)—the apical aPKC visudliaier heat-fixation during late
cellularization (Harris and Peifer, 2005) may baa@re stable, perhaps cytoskeletally
associated pool. Thus aPKC is positioned to reg@ao localization during
cellularization.

During gastrulation and after, aPKC helps maintaegapical domain by
mediating exclusion of basolateral and junctiomatgins. Consistent with this, the
elevated apical accumulation of CncalRKC mutants became even more accentuated at
gastrulation onset (Suppl. Fig. 5A vs B, arrowsy.gastrulation proceeded, Cnho became
even more highly elevated in the apical membraredP$fC mutants (Suppl. Fig. 5E vs.

F), and Cno also localized with Arm in the mis-limad spot AJs at the dorsal and

163



ventral cell boundaries (Suppl. Fig. 5H, arrowhgadas we observed with Baz
depletion, this change in apical restriction of @maPKC mutants coincided with
alterations in apical cell shape, with the apicakhregions of the cells expanded or
reduced in area (see below). Thus aPKC restrictsffom localizing to the apical
domain from cellularization onward, once again msistent with a simple linear
hierarchy. Together, these data suggest thalipitnctional assembly is not a simple
linear pathway, but rather proteins are localizedugh a network of regulatory
interactions, with, for example, Cno regulating Bazalization and Baz also regulating
Cno positioning.
Rapl plays a role in regulating cell shape thatGso-independent

Our data suggest Rapl and Cno both regulate po&siaiblishment and
maintenance. However, Rapl has other effectoasldition to Cno/afadin, suggesting
that it might have Cno-independent mechanismsgflaging junctions and the
cytoskeleton. In stageapInutants, we noted a defect in cell shape that was n
apparent ircnomutants. During wild-type cellularization, as #omyosin network
constricts to draw membranes around each nucleesesulting cells are columnar in
architecture, with relatively uniform cell areasrr apical to basal, and with each cell
similar in this regard to its neighbors (Fig. 10A:&ells are slightly more variable
apically). In contrast, the cell areasRdpInutants were quite a bit more variable, with
some cells enlarged or reduced apically and otrdesged or reduced basally (Fig. 10C-
C”, arrows; cell areas iRap?'“mutants were also on average overall larger, likelg to
an elevated frequency of nuclear loss during syalcstages (data not shown). To

guantitate these differences in columnar cell shagestained cellularizing embryos for
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the membrane protein neurotactin, and took slicésree apical-basal positions—near
the apical surface (0.9um deep; Fig 10A-E), at #dst(3.0um deep; Fig. 10A’-E’) and
at the level of the nuclei (6.9um deep; Fig. 10A)-:EWe then analyzed cell areas using
ImageJ, measuring areas of hundreds of cells amgp@ong the largely uniform
columnar cell area of wild-type (Fig. 10A) with tha cells inRaplmutants (Fig. 10C).
We then calculated the coefficient of variance (GM)ich quantitates the degree of
variability in cell area, and assessed the sigmifoe of CV differences using Tukey's
HSD test to correct for multiple comparisons. Tdéosfirmed our visual impressions:
RapImutant cell areas are more variable than thosdldtype (Fig. 10F). The
difference was statistically significant at thedewf the nuclei (Fig. 10A”,C",H CV 0.20
versus 0.09 in wild-type) and there was a trendcatdvwnore variability apically (CVs
0.29 vs 0.23 and 0.15 vs. 0.20; Fig 10F,Ehus Rap1l plays a role in initial
establishment of columnar cell shape.

We next examined whether Rapl is required to miaic@umnar cell shape, or
whether this effect was rescued at gastrulatioetond/hile gastrulation results in
significant changes in cell shape, most wild-tygteral ectodermal cells retain quite
uniform apical areas during stages 6 and 7 (Fig,B-H; 12AF-H). In contrast, cells in
RapInutants continue to be significantly more variahlapical (Fig. 11C,F; 12C,F) and
more basal cell areas (Fig. 11C",G; 12C’,G) at gdation onset (Fig.11) and during
germband extension (Fig. 12). Thus Rapl playsmportant role in both establishment
and maintenance of columnar cell shape.

Since Rapl has other effectors, we examined whé€thershares Rapl’s role in

establishing or maintaining columnar cell shapésu¥l inspection suggested tltab
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mutants had relatively uniform cell areas durinfjutarization, resembling wild-type
(Fig. 10A-A” vs B-B”). To verify this, we quantitad cell shape innomutants. Apical
cell areas irtnowere less variable than Raplmutants, and were not statistically
distinguishable from wild-type (e.g., basal cebaCV 0.12 focnovs. 0.09 for wild-
type and 0.20 foRapZ Fig. 10F). These data suggest Cno does notgpkay role in
initially establishing columnar cell shape. Weoadxamined maintenance of columnar
cell shape irtno mutants during gastrulation. As we saw durindutalization, at
gastrulation onsetno mutants retained more uniform apical cells arkas did
RapImutants (Fig. 11A-A” vs B-B")—the variation is cefea incno mutants was not
statistically distinguishable from wild-type (Fig2F-H). During germband extension,
while cell areas were more variablecimo mutants than in wild-type (Fig. 12A-A” vs B-
B”), these differences did not reach statisticghgicance (Fig. 12F-H), unlike those in
in RapInutants. Overall, these data are consistent Wwélpossibility that Rapl has a
Cno-independent role in establishing and maintgiemiumnar cell shape.

Baz and aPKC also play early roles in cell shapgukation

Baz, aPKC and AJ proteins are all required for ta@ning columnar cell shape—
embryos lacking them ultimately round up as thesgladhesion. However, complete
loss of cell adhesion and epithelial architectureuss at different times in these different
genotypes—most cells in embryos lacking Baz orddsd up and fall apart at
gastrulation onset (Coat al, 1996; Harris and Peifer, 2004) whid@KC"* mutants
proceed farther, only fully losing epithelial arnedture at the end of germband extension
(Huttereret al, 2004; Harris and Peifer, 2007). Given the datava suggesting that

Rapl may have a Cno-independent role in cell shapetenance, and the data
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suggesting that both Baz and aPKC are at the apicedx before cellularization, we
examined whether either Baz or aPKC also reguetestablishmerdf columnar cell
shape.

Using the approach above, we quantitated apidlsduaza during cellularization in
bazRNAI andaPKCmutants. Strikingly, loss of Baz or aPKC affecteaitial
establishment of columnar cell shape at stagecteasing variability in apical cell area
(Fig. 10A vs. E,F). Apical cell areasliazRNAIi or aPKC mutants were significantly
more variable than in wild-type (Fig. 10F). Howguanlike Rap1(Fig. 10C’), there was
less variability in cell area in more basal sediohbazRNAI or aPKC mutants ((Fig.
10D',E’,E",F",G,H). These data suggest that bozBind aPKC are important for
initially establishing columnar cell shape, in partar regulating the apicalmost region of
the nascent cells. Consistent with their knowagan maintaining epithelial
architecture, botbazRNAI andaPKC mutants also had defects in cell shape after
gastrulation onset (Fig. 11D-F,12D-F)—once aga@irtmost striking and significant
effects were on apical cell area. Together, tidesa demonstrate that both Baz and
aPKC act early in the process of cell shape estatkent, further supporting the idea that
a network of regulatory interactions are alreadglate during cellularization.
Discussion
Rapl and Cno are critical for positioning Baz/Pagd AJs during polarity
establishment

Drosophilaembryogenesis provides a superb model for ap@sdipolarity
establishment and maintenance in vivo. The simattas formation of thousands of

cells during cellularization allows one to view fw®cess from start to finish with high
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resolution. Previous work suggested a hierarchly ®az/Par3 protein at the top, with
Baz positioned by cytoskeletal cues and then dirg@pical positioning of both AJs and
the aPKC/Par6 complex (Harris and Peifer, 20045280ippl. Fig. 6A). However,
proteins regulating Baz apical positioning remainanown. Our data provide new
mechanistic insights into this process. They destrate that the small GTPase Rapl and
the actin-binding protein Cno are essential foapt} establishment, regulating initial
apical positioning of both Baz and AJs (Suppl. t8).

In regulating polarity establishment, Rapl and Cowld act by several possible
mechanisms. Their role in AJ positioning may blelgalue to their effects on Baz
localization, or alternatively Rapl and Cno mayeipendently affect the localization of
both Baz and AJs. In the latter case, Cno maytiyrénk AJs to the apical actin
scaffold, as we suggested it acts in apical cargin (Sawyeet al, 2009). Rapl and
Cno also clearly regulate Baz positioning. Sineg Bpical positioning requires an apical
actin scaffold and dynein-based MT transport (t$aand Peifer, 2005), we examined
whether Rapl and Cno act indirectly, by regulatyipskeletal organization. However,
our data suggest this is not the case: both theMiractomyosin cytoskeletons appear
normal in mutants. We thus think the most likelgdeal is that Rapl and Cno are
required for anchoring Baz apically. This couldwrcdirectly, by, for example Cno
binding Baz, or indirectly, via as yet known intexdiaries. Of course, it remains
possible that Cno and Rapl regulate Baz positiothraugh effects on MT transport or,
given Cno’s apical localization, unloading at aicapdocking site. It will be important
to test these possibilities. As we discuss in na@tail below, it will also be important to

define the Cno- and Rap1l-independent mechanismgdhially restore apical Baz
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localization after gastrulation onset.

Since Rapl is uniformly distributed along the apbzsal axis (Sawyest al,

2009), the most likely hypothesis is that it isdlhg activated apically by a GEF (Suppl.
Fig. 6B). A number of Rap1GEFs exist, many of wahace conserved between mammals
and flies. Recent work from the Reuter lab denratetl that, like Cno and Rapl
(Sawyeret al, 2009), the Rapl GEF Dizzy (PDZ-GEF) plays an irtepd role in
coordinated mesodermal apical constriction (Spethad, 2012), suggesting it is the GEF
acting upstream of Cno and Rapl in that proces®y @lso suggest that Rapl and Dizzy
help regulate establishment of AJs (Spahal, 2012). While similar in outline, their
analysis of AJs differs from ours in detail, asytee strong effects on DEcad
localization without similar effects on Arm locadizon. This is surprising, since these
two components of the cadherin-catenin complex igdiydocalize very similarly at the
cortex. However, these differences aside, thea dee consistent with Dizzy acting with
Cno and Rapl in AJ establishment—it will be impott® examine the effects of Dizzy
on Baz localization.

Establishing columnar cell shape—a Cno-independeale for Rap1?

In addition to the parallel roles of Rapl and Gmoagulating initial apical-basal
polarization, we identified a second role for Rapgstablishing and maintaining
columnar cell shape (Suppl. Fig. 6B). Our datagesgthat this is partially or completely
Cno-independent, and thus one of the many othet RHpctors may play a role in this
process. It will be exciting to examine embryoganti for other Rapl effectors
(Kooistraet al, 2007), such as Kritl/Billi, TIAM/Stilllife, RIAMPico, or RhoL to see if

they are required for establishing columnar cedipgh bazandaPKC mutants also had
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defects in establishing columnar cell architec(@eppl. Fig. 6B). It is possible that each
protein provides an independent mechanistic inptot this process. This is consistent
with the observed differences in the details of lbmumnar cell shape is disrupted, with
Baz and aPKC primarily regulating apical cell anghile Rap1l affects cell shape at
multiple apical-basal positions. A more specukatut perhaps less likely possibility is
that Rapl uses Baz and aPKC as effectors in estiayi columnar cell shape. Fly Rapl
can form a complex with aPKC and Par6 (Carmetrnal, 2011), and Rapl acts upstream
of cdc42/Par3/ aPKC in regulating polarity of co#tdt neurons (Schwamborn and
Puschel, 2004).

Having identified Rapl’s direct effector(s) in udating cell shape, we will need
to move downstream. Based on analogies with @pinelial tissues in fly
developmentwe hypothesize establishing columnar cell shapelwas regulating apical
tension. Other small GTPases play key roles &1 thg., Rho and cdc42 have striking
and opposing roles in apical tension regulationndufly eye development (Warner and
Longmore, 2009a,b). In that context, Rho actsejsarate effectors to maintain AJs and
apical tension—it regulates tension via Rok, Diayghes, and ultimately myosin
contractility. It will be interesting to determinenether the defects in apical cell shape in
the absence of Rapl, Baz, or aPKC also reflectlanbed contractility in different
nascent cells, and which contractility regulataesiavolved. However, for now, this is
speculative.

Cell polarity establishment—a network model
In our previous work, we had suggested a lineaiaht@y regulating polarity

establishment, with Baz at the top, positioning &dd aPKC (Suppl. Fig 6A; Harris and
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Peifer, 2004, 2005). Our current work extends tinesarchy, positioning Rapl and Cno
upstream of Baz in this process. However, our fiather suggest that viewing polarity
establishment as a linear process is significantgr-simplified (Suppl. Fig. 6B).

We now know that all of the relevant players—inahgpthe AJ proteins, Baz,
Cno and aPKC—are at the cortex in syncytial emhbrgasr to cellularization and the
initiation of apical-basal polarity. This placé®m in position to cross-regulate one
another. Consistent with this, our data suggestwiewing relationships with an
“upstream-downstream” point of view misses impadrtaciprocal interactions that occur
as polarity is established. Two examples poird thit most clearly. First, our earlier
work suggested that localization of aPKC occursydstiream” of Baz, as apical
positioning of aPKC at gastrulation onset requBag function (Harris and Peifer, 2005).
Our new data reveal that Rapl and Cno are, in tupstream” of Baz, and thus, if
things work in a strictly linear fashion, Rapl a@do should be “upstream” of aPKC.
However, in contrast to this simple view, we fouhdt precise positioning of Cno during
cellularization requires aPKC—in its absence, Gnoat cleared from the apical region,
and the apical-basal cables of Cno at tricellulacfions are not properly assembled. In
a similar fashion, Baz, which in a linear mode€ldewnstream’ of Cno, also regulates
precise positioning of Cno during cellularizatioP?KC and Baz also play important
roles in Cno localization during the early polamtyaintenance phase beginning at
gastrulation onset. Together, these data sudgasinitially positioning of proteins
along the apical-basal axis involves a networkrotgin interactions, similar to that
previously suggested to regulate polarity elaboratiuring the extended germband phase

and beyond, as cells develop the full suite ofreghidl junctions (Bildeet al, 2003;
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Tanentzapf and Tepass, 2003; Lapasal, 2009). It will now be important to define
mechanisms by which aPKC and Baz act to precisatitipn Cno—two broad
possibilities are that they act on Cno directlyth@t they modulate the fine scale
architecture of the actin cytoskeleton, with indtreffects on Cno. It will also be
exciting to determine if other polarity determingrtke the basolateral proteins Dig,
Scribble or Lgl, or the basolateral kinase Part glay roles in polarity establishment, as
they do in polarity maintenance. Finally, it Wik interesting to identify the cues that
come into play at gastrulation onset, which pdstisdstore apical Baz localization, as
part of the increasingly complex network of paljiaédundant regulatory cues that give
polarity its robustness.
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Materials and Methods
Fly Stocks

Mutations are described at flybase.bio.indiana.adlid type wasyellow white
All experiments were done at 25°C unless otherwated. Stocks to makeapl, cno,
or aPKCgermline clones were from the Bloomington Stockt€e Raplgermline
clones were made by heat shocking 48-72tskLP/+;

FRT3L**Rap"PBYFRT3L* ovd 28 larvae for 3hrs at 37°CaPKC%***andcnd®

172



germline clones were generated similarly. Knockd@fvbazwas carried out by crossing
maternal GAL4-VP16 to UA®azshRNAI (VALIUM 20) (Ni et al, 2011) allowing
overexpression of a baz-targeted siRNA during oegesn
Immunofluorescence

The following fixations were used: Baz/Arm/Cno/Mya#drt, heat-methanol
(Maller and Wieschaus, 1996); phalloidin, 12min%d.brmaldehyde or 5min, 37%
formaldehyde. aPK@/tubulin/s-tubulin/Nrt were fixed in 4% formaldehyde for 20mi
Embryos were methanol-deuvitillinized, or hand-d#inized for phalloidin. All embryos
were blocked/stained in PBS/1% goat serum/0.1%fiik-100 and mounted in Aqua-
Polymount (Polysciences).
Image acquisition

Fixed samples were imaged with either the Zeiss I5381 (Zeiss 40X NA 1.3
Plan-Neofluar or Zeiss 63X NA 1.4 Plan-Apochromidtramersion objectives) or Zeiss
LSM710 confocal microscopes (Zeiss 40X NA 1.3 R\mofluar oil immersion
objective), and LSM or ZEN software. Adobe PhotgsiCS4 was used to adjust input
levels so the main range of signals spanned theeenitput grayscale and to adjust
brightness and contrast.
Quantification of cell area variation

Embryos were heat-fixed and stained with Nrt tokeail membranes for
measurement. Images were acquired as z-stackaWwitor 0.5 micron step using a
LSM 510 (Zeiss 63X NA 1.4 Plan-Apochromat oil oltjee) or LSM 710 (Zeiss 40X
NA 1.3 Plan-Neofluar oil objective) respectivelytiva digital zoom of 2. Slices at the

three depths (0.3, 3.0, 6.9 um below the apicdhse) were exported using LSM
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software. Background was subtracted from thesesslit ImageJ using a Gaussian filter,
before treatment with a “Watershed” algorithm txce cell boundaries from Nrt staining.
The “Analyze Particles” feature in ImageJ was usecheasure cell areas of all outlined
cells within the slice, but edges were excluded.v@Wes (standard deviation of cell
areas/mean of cell areas) were generated for egath gder embryo within Microsoft
Excel. CV values between genotypes were compareddt depth using JMP Statistical
Software. Values for each genotype underwent aitbgaic transformation, making a
more symmetrical distribution that could be anatlymsing a generalized linear model
that corrected for the comparison of multiple ggpes. Significance was then assessed
using a Tukey's test to correct for multiple congrars. “Beeswarm” plots of cell areas
were generated in GraphPad.
Analysis of apical-basal positioning

Images from fixed embryos were acquired as z-stagth a 0.3 or 0.5 micron
step using a LSM 510 (Zeiss 63X NA 1.4 Plan-Apoatadoil objective) or LSM 710
(Zeiss 40X NA 1.3 Plan-Neofluar oil objective) respvely with a digital zoom of 2.
Using ZEN software, stacks were cropped down t6&8& micron area on the xy-axis
and the blocks of x-y-z images were used to crea@mum intensity projects through
the y-axis using ZEN software (Figure 1XX). WithdgeJ software (NIH, Bethesda,
MD), projections were rotated 90 degrees countekelise and analyzed using the “Plot
Profile” function to generate values of averageféscence intensity along the apical-
basal axis. Values were exported to Microsoft Exaalalculate averages and standard

deviations. Graphs and heatmap images were gedersiteg Microsoft Excel.
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Figure 4.1. Rapl and Cno are required for |n|t|alassembly of aplcal adherens junctionsA.
Diagram of current model of polarity establishm@ett) and of initial apical-basal polarization
during cellularization (right). A-X. AJ protein Ar. B,C. Apical views, stage 6 (gastrulation
onset). Spot AJs are present in both WT (B) Ragdnutants (C). D-J Late cellularization.
D,E. Apical-basal cross-sections. In WT (D) Asrenriched at nascent apical spot AJs
(bracket) and in basal junctions (arrowhead). dntast, inRapInutants, apical spot AJ
enrichment is reduced or lost (bracket). F. Apptofor creating projections of cross sections.
Image stacks were collected and maximum intensajeptions created along the y-axis. This
makes enrichment at forming apical junctions arghbmnctions more readily apparent. G,H.
Projections highlight loss of apical Arm enrichméenRap1(H, bracket) versus WT (G, bracket),
while basal junction enrichment remains (arrowhgatis]. Basal junctions remain essentially
unchanged ifRapInutants (I vs J). K,L. Reduced apical enrichmamapinutants (L,
brackets) is already present at mid-cellularizatidiO. AJs are present in stagenb mutants
(M), and apical spot AJs are visible in stagen6 mutants (O) and WT (N). P-X. Late
cellularization. P,Q. Single apical-basal crasgtisns. R,S. Projections of apical-basal cross
sections (as in F). Arm is enriched in both spat Add basal junctions in WT (P,R brackets),
while Arm enrichment in spot AJs is losténomutants (Q,S bracket), although basal junction
enrichment remains (arrowhead). Apical Arm enrichtig lost in incno mutants (S), as
compared to WT (R). T. Planes of surface viewd-K. U,V. The uniform enrichment of spot
AJs in WT (U) is reduced iano mutants (V), while basal junctions remain reld§venaltered

(W vs. X). Scale bars=10um.
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Figure 4.2. Rapl and Cno regulate apical positioning of Arnin forming apical junctions.

A-D. The Plot Profile option in ImageJ was usedneasure average image intensity in projected
cross sections, and data was either displayedasraps illustrating intensity with different
colors (left side—apical is on top; each columa different embryo) or graphically, displaying
pixel intensity versus depth from the apical sugféioght side; each line is a different embryo).
Note that since we utilized embryos from more tbae experiment, these quantitative measures
are useful for comparing signal intensity alongdpéeal-basal axis within an embryo but
absolute intensities between embryos vary dueriati@ns in staining and imaging.
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Fig. 3

Cuticle phenotypes of baz""%% [Y embryos

B Minor Morphological Sheet Sheet and Scraps Scraps N
bazX%|+ x +Y 27% 59% 12% 2% 0% 85
baz""*l+; Rap1~®5'[+ x +Y 2.56% 25.64% 48.72% 17.95% 5.13% 17
baz¥"%|+; Rap1~®™&'j+ x +[Y; Rap1™™F'/+ 1.37% 32.19% 34.25% 27.40% 4.79% 146

Amnioserosal defects
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

baz¥|+ x +[Y 12% | 57

No Defects

baz""%}+; Rap1™RETj+

x +Y; Rap1~RBi/+ 55

B No Defects AS Defects

Figure 4.3. Reducing Rapl levels enhances the effeof reducing Baz function on epithelial
integrity. A. Cuticle preparations illustrating the randelefects in epithelial integrity seen in
embryos with reduced Baz levels (zygdiaz mutants; embryos were left inside the vitelline
eggshell). These range from nearly wild-type, waitly minor cuticle holes (Minor, arrow), to
strong defects in the head (Morphological), to tiadf cuticle remaining (Sheet), to smaller sheets
of intact cuticle (Sheet and Scraps), to only fragta of cuticle remaining (Scraps). B. All
embryos have reduced maternal Baz (mothers areobgtmus). We assessed the phenotype of
the ~25% of embryos that die because theyareygotic mutant. Mosbazzygotic mutants (top
row) have only mild to moderate cuticle defected&cing maternal Rap1l levels by 50% (middle
row) significantly enhances the epithelial defexftbazzygotic mutants. Further reducing Rapl
levels (heterozygous mothers; 25% of progeny agetayRaplmutant) further enhances the
epithelial defects dbazzygotic mutants. C-E. Analysis of amnioserosalmdgrity (Arm) in
progeny of crosses in B. In the cross generatyggtzc bazmutants (E, top) 12% of embryos
display defects in Arm localization within the amsgrosa as Baz levels run down (C arrow vs. D
arrow; E). Reducing maternal and zygotic Rapl suttistlly enhances the frequency of these
defects, with 64% of embryos with amnioserosa def@€, bottom). Scale bars=75um

183



Maxlm‘um Intensity projections
5 e B

o Plxelvllna MREPTW . Pi!ulvallz:e NR3P1M o Pi:;lval:;}

5\

“
w

¥
7

12 |

1

" " Depﬂ;(um)
. , Depth (um)
H
3
EH [l
[ T
P -
s Depthium)
Sy

R
Average Baz Levels Apical Avetage Baz Levels

Apical Basal

200
— WT

— Rapt® 3
H
— Rapt®
~ / ap 3
3

4 I
0 3 6 9 12 18 0
9 12 15
Depth (um) Depth (um)

L
@«
IS

Figure 44. Rapl and Cno are required for initial apical emichment of Baz. A,B. Late
cellularization. In WT Baz is restricted to forrgiapical junctions (A, bracket) while in
RapInmutants apical enrichment is lost and Baz pun@atilong the lateral border down to the
basal junctions (arrowheads). C-H. Maximum inityri@rojections along the y-axis of cross
sections. In late cellularization (C,G) this hights exclusively apical Baz enrichment in WT

(D) and reduced apical restrictionRapl(E) andcnomutants (H). E,F. Reduced apical
restriction of Baz irRapImutants begins to become apparent by mid-cell@aoa. 1-K. Surface
sections at different apical-basal depths, as atdit Note that while Baz puncta are relatively
tightly localized to apical junctions in WT (1),dk are found both apical and basal to this position
in Rap(J) orcnomutants (K). Scale bars=10um. L-P. Quantitativelysis of changes in Baz
localization along the apical-basal axis, as iruFég2. We measured average image intensity in
projected cross sections of multiple embryos, aatd das displayed as heat maps illustrating
intensity with different colors (left side—apical ®n top; each column is a different embryo) or
graphically, displaying pixel intensity versus defrom the apical surface (right side; each line is
a different embryo). Q,R. Plots displaying therage Baz image intensity in embryos of
different genotypes (apical is to the left).
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Figure 4.5. NeitherRaplnor cno mutants have apparent defects in organization ohe
microtubule or actin cytoskeletons during cellularzation. Genotypes, antigens, and
embryonic stages indicated—stage 5 = cellulariastage 6=gastrulation onset. F-actin was
detected with phalloidin. A-l. MTs and centros@wésualized in apical-basal sections (apical
up, A,B E,F,G,H) or in cross sections of nascelis e level of nuclei (C,D,l) . Wild-type (WT),
Rapl, andcnomutants all generate similarly polarized MT cytelskons during cellularization,
with apical centrosomes (A,B,G,H arrowheads) amitbed MTs forming baskets projecting
basally along the lateral surface (A,B,G,H arro@®),1, in cross section). Even affeapl
mutants begin to lose columnar cell shape and satiehave enlarged (B, right arrowhead) or
reduced apical ends, the MT cytoskeleton remaiferiged. E,F. At gastrulation onset (stage 6)
Raplmutants retain a MT cytoskeleton with apical cesdroes (arrowheads) and MT baskets
(arrows) even as they further lose columnar celpsh J-M,R,S. Wild-type (WTRap1 andcno
mutants all exhibited Myosin enrichment at thewdalization front (J,K,R,S, arrowheads) and
form myosin rings (L,M). N-Q,T,U. Actin is similly localized in wild-type (WT)Rap1, and
chomutants. Actin accumulates both in rings at #leutarization front (N,O arrowheads,
P,Q,T,U in cross section) and at nascent apicatims (N,O brackets). Scale bars=10um.
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Figure 4.6. Rapl and Cno regulate polarity maintenance butther cues partially restore
apical Baz. Genotypes and antigens indicated. A-L. Bazlipation in apical-basal sections
through embryos of indicated stages. We canntindisish maternal/zygotic and zygotically
rescued mutants at this stage—we thus divided esshingo two classes based on phenotypic
severity and show representative examples of dask)c A,G,D,J. In wild-type (WT), Baz is
apically localized at gastrulation onset (stagd,®) and tighten up and moves to the extreme
apical end of the cell during germband extensitaggs 7; G,J). B,H.E,K. In presumptive
Rap1** (B,H) andcnd™ mutants (E,K), Baz slowly becomes enriched apjdallit significant
mis-localized Baz remains. C,I,F,L. In maternafiytant but zygotically rescudap?’ (C,I)
andcnd” (F,L) embryos, restoration of apical Baz procemdse completely than in
maternal/zygotic mutants, but rescue remains inéet@p Scale bars=10um. M-X. Average
image intensity along the apical-basal axis ingxtgd cross sections was assessed as in Fig 2,
and data was either displayed as heat maps iltuggrimtensity with different colors (left side—
apical is on top; each column is a different empgrographically, displaying pixel intensity
versus depth from the apical surface (right sidehdine is a different embryo). Genotypes and
stages are indicated. Since this analysis dichmt us to definitively distinguish zygotically
rescued embryos, we binned the embryos into thé seeere and least severe (they should be
present in a 1:1 ratio), and labeled these as pngtbue maternal/zygotic or zygotically rescued
embryos.
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WT stage 7|B Putative Rap1"? mutant | C Putative Rap1 zygotic rescue

4 . Baz ¢ . Rap1zyg
Figure 4.7. Rapl and Cno are important for maintaning Baz localization in planar

polarized apical junctions during gastrulation A-G. Surface views of stage 7 embryos. A-C.
Lateral views. D-F. Closeups of lateral epiderniis,E’,F’ further closeups. Baz becomes
planar polarized in wild-type, with stronger accuation on dorsal ventral boundaries
(arrowheads) and weaker on anterior-posterior wer@rows). E. Presumpti®ap1’* mutant
(determined as in Fig. 6 legend). Overall accutiaeof Baz at cortex is reduced, Baz is lost
from anterior-posterior borders (arrows) and thmaiming staining is discontinuous. F.
Presumptive zygotically rescu&hplmutant. Cortical Baz is more prominent but &ifis
continuous than in wild-type. G. Myosin cablesatth from anterior posterior boundaries in
Raplmutants (arrows), as we previously observechid™” mutants. Scale bars=10um.
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Figure 4.8. Baz is not required for Cno assemblynto spot AJs, but does regulate precise
Cno localization during polarity establishment. A-D. Late Cellularization. A,B Apical-basal
cross sections. C1,D1. Apical surface sectiorsmfryo in A,B. C2,D2. Surface sections at
level of normal spot AJs. In WT (A,C), Cno loca&zalong the apical end of the lateral
membrane (A’ bracket) to spot AJs (C2). In maximuatensity projections of multiple apical-
basal sections (A’), cables of Cno that localizé&ritgellular junctions are apparent. Cno is also
largely removed from the apical surface at thigetg, arrow; E). Reducing Baz by RNAI (B,
F,H) leads to Cno spreading more basally (B’ bragkeA’ bracket), to loss of organized Cno
cables as seen in maximum intensity projectiony @id to failure to exclude Cno puncta from
the apical membrane (B’, arrow, C1' vs. D1"), butdSstill continues to assemble into spot AJs
(D2). E,F. Gastrulation Onset (stage 6). In WTo@mains in spot AJs (E’ bracket), and the
apical-basal cables at tricellular junctions bec@wen more prominent (E’, projectiond)az

RNAI leads to spread of Cno basally (F’), pertusbsembly of Cno cables at tricellular junctions
(F" maximum intensity projection) and allows Cnanpta to accumulate at the apical surface.(F’
arrow and inset). Scale bars=10um.
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Mid-cellularization

Late-cellularization

J', Maximum intensity projection

Figure 4.9.aPKC mutants fail to exclude Cno from the apical domain A,B,l,J. Apical-basal
sections. C-H,K,L. en face views. A-G . Mid-cddrization. Cno accumulates along the
apicolateral membrane (A,B brackets) and in theapegion of the cell (A,B arrows) in both

WT (A") andaPKC mutants (B’). Elevated Apical accumulation of Gn@PKC mutants is
already apparent in en face views (C vs. D), bud @mtinues to accumulate in spot AJs (E,G vs
F,H), and Arm accumulation in basal junctions is perturbed (A,B arrowheads). I-L. Late
cellularization, While in WT Cno is removed fronethpical region (I' arrow, K), Cno remains
there inaPKC mutants (J' arrow, L). Scale bars=10pum.
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Figure 4.10. Rapl, Baz and aPKC play roles in estaghing columnar cell shape during
cellularization. A-E. Cell shapes during late cellularization atethdifferent apical-basal depths
(0.9, 3.0, and 6.9 um below the apical surfacells@vere stained with antibody to the
membrane protein Nrt, background was removed, isvagge processed with a “watershed”
algorithm and thresholded (insets) to allow Imaigedieasure cell area. Representative embryos
are shown. The degree of variation in cell shapxpressed by the coefficient of variation (CV).
Arrows indicate examples of variable cell areadd. Bee-swarm scatter plots of cell areas for all
genotypes examined at the indicated depths. Signite of the degree of cell area variability
(CV) was assessed by Tukey’'s HSD test, to cormrainiultiple comparisons. Red lines indicate
the median value. Wild-type cells are essentiadiymnar (A-A”), and exhibit relatively little
variation in cell area from cell to cell--what vaiion does exist is most prominent in the apical
most slice.cnomutants (B-B”) also exhibit relatively uniform ikshapesRapinutants (C-C”)

are more variable in cell area than wild-type, tnis difference reaches significance in the basal
section. bazRNAi (D-D”) and aPKC"* mutants (E-E”) are significantly more variabtedell

area than wild-type in the apical most region.I&bar=10um.
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Figure 4.11.Rap1, Baz and aPKC play distinctive roles in maintaing columnar cell shape

at gastrulation onset Cell areas were measured at three differenb&pasal depths during
stage 6 as in Fig. 10, and CV calculated for eactotype. A-E Representative embryos, with
mean CV values for each genotype and section.owsrindicate examples of cell area variation.
F-H. Bee-swarm scatter plots of cell areBapl, baRNAi, andaPKCall affect variability of
apical cell area, while onlRap1lsignificantly affects cell area variability in tingost basal

section. White lines=median value. Scale bar=10um.
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Figure 4.12.Rap1l, Baz and aPKC are all required to maintain caimnar cell shape during
germband extension Cell areas were measured during stage 7, anda@vlated as in Fig. 10.
A-E Representative embryos, with mean CV valueg&zh genotype and section. Arrows
indicate examples of variable cell areas. F-H.-Bearm scatter plots of cell aredRapl, baz
RNAI, andaPKCall significantly affect variability of apical cefirea. Scale bar=10um.
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Rap1
zyg rescued

maternal/zygotic

Figure 4.S1. Rap1"* mutants begin to lose epithelial integrity as depment proceeds. A,B.
Cuticle preparations of wild-type amhp1'* mutant. C-J. Late germband extension (stage 8)
embryos. Groups of cells in the epidermis rounéugb undergo synchronous divisions—cortical
levels of AJ proteins (C) and Baz (H) are reduicettiese cells. D. Iand™ mutants we
previously found that once cells round up, theyehdwficulty regaining columnar cell shape, and
thus rounded up cells accumulate (D,D close-ugKets). E,H, In wild-type, while Baz is
planar-polarized in the ectoderm, it still formsitinuous junctions all around the cell, even in
cells undergoing division (H, arrows). F,I. Irepumptive zygotically rescuéap mutants,
while Baz continues to surround cells of the doesabderm, in the lateral ectoderm Baz at
junctions becomes weak (red arrow) or fragmented\ideads). G,J. Even more severe defects
are seen in presumptiRap1’* mutants, where Baz accumulation becomes hightyniemnted in
the lateral ectoderm (arrowheads). Scale bars=10um
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E' late-cellularization T3~ -syneytiallg (cellularization

Suppl. Fig. 2

Figure 4.S2. Cno, Baz, Arm, and aPKC localized tche membrane as early as syncytial
divisions. A, H, L. Syncytial Divisions (cycle 12/13). (A) Crelhows robust localization to
pseudocleavage furrows during syncytial divisioazBH) and Arm (A") also localize to
psuedocleavage furrows at lower levels. aPKC (&9 displays membrane localization , when
processed by formaldehyde fixatioB-G, J-K, M-O. Mid (B-D, J-K) or late (F,G)
Cellularization. Cno , Arm, and Baz localize t@spJs (C,D,K, arrows), Arm also localizes to
basal junctions (O, arrowhead) and Cno also acatesibpically early (D, arrowhead). aPKC
remains membrane associated but localizes unifoathBlong the lateral membrane (O). Scale
bars=10um.
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Figure 4.S3 Rapl and Cno play roles in maintenance of Baz lalization but other cues
partially restore apical Baz in their absenceA-D. Plots displaying the average Baz image
intensity in embryos dfiifferent genotypes (apical is to the left) at itndicated stages.
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Suppl. Fig. 4

Figure 4.S4. Baz RNAI reduces Baz levels and minsithe effect of baz maternal and

zygotic mutants. A-D. Maternal GAL4 driverbazRNAI effectively knocks down Baz, as
assessed at gastrulation onset. In WT, Baz (Aiggpically enriched and co-localizes with AJs
(A,A” brackets, C, C”). Unlike Baz, AJs are aldasally enriched (A, A” arrows, C insethaz
RNAI reduces Baz staining to background levels®'A’; D’ vs. C’) and disrupts apical

accumulation of AJs (B” bracket vs. A” bracket).
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Figure 4.S5. In the absence of aPKC, Cno is not resaed from the apical domain during
gastrulation. A,B. Gastrulation Onset (stage 6). C-H, Germbexténsion (stage 7) . A-D.

Loss of aPKC (B, D) leads to failure to exclude @pically (compare arrows), and reduced Cno
coalescence along the apical-basal axis (compadkdis). During germband extension (stage 7).
apical accumulation of Cno mPKC"* mutants becomes more accentuated (E vs F). @&,H.
aPKC" mutants the belt AJs seen in WT (G) do not formstéad AJ proteins accumulate in
puncta at the dorsal and ventral borders of cEllsfrows). While the majority of Cno is located
on the apical membrane aPKC" mutants (F), a portion co-localizes with thesesdband

ventral AJ puncta (H”, arrows).
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Figure 4.S6. Old and new models of polarity estaldhment.
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Table 4.1: Fly stocks, antibodies, and probes

Fly stocks Source
Rapl” ™" FRT3L**/TM3wiGFP L. Hariharan (UC-Berkeley)
FRTS2B cno™/TM3twiGFP U. Gaul (LMU, Munich, Germany)
aPKC™* ™ FRT2R/CyO C. Doe (Univ. of Oregon)
UASbazRNAIL Bloomington Drosophila Stock Center
Antibodies/Probes (Species) Dilution Source
IF
anti-ArmN27A1 (M-IgG2a) 1:50 DSHB#
anti-Nrt (M-IgG2a) 1:100 (HF*)/ 1:25 (4% ") DHSB
anti-Cno (Rabbit (Rb)) 1:1000 I. Sawyer and N. Harris (UNC-CH, USA)
anti-Baz (Rb or Guinea Pig) 1:500 I. Zallen (Sloan-Kettering, USA)
anti-aPKC (Rb) 1:1000 Santa Cruz Biotechnology
anti-a-tubulin (clone Y1.1/2) (Rat) 1:250 Millipore
anti-y-tubulin (clone GTU-88) (M- 1:500 Sigma
TgG1)
anti-Zipper (Myosin IT heavy 1:1000 C. Field (Harvard, MA, USA) or
chain) (Rb) D. Kiehart (Duke University, NC, USA)
Alexa-phalloidin 1:500 Life Technologies
Secondary antibodies: Alexas 488, 1:500 Life Technologies
568, and 647

# DSHB=Developmental Studies Hybridoma Bank, *HF= heat-fixation, +4%=4% formaldehyde fixation
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CHAPTER 5
DISCUSSION

Effective creation and maintenance of intact egi#th sheets requires a number of
cell mechanisms so all the member cells are osdh® page. At the core of these
mechanisms is the establishment and regulatioelbpolarity. Previous work
introduced Rap1l has as a strong regulator of dakksion and migration (discussed in
Chapters 1-3). My research has identified a noslel for the small GTPase Rapl as a
regulator during the establishment of polarity@srfation of a naive epithelial
monolayer is completed. Our results suggest thpflRad its downstream effector Cno
potentially work upstream of Baz to delineate aezohearly apical polarity (Chapter 4).
In addition, these results suggest a potentialfml@PKC feedback into Rap1l signalling
to modify Cno localization as polarity matures.
Baz localization still brings everyone together

Previous work has positioned Baz at the top aistade of protein interactions
that is responsible for recruiting a variety ofgrdly cues to the apical side of the cell as
nuclei surround themselves with cell membranesnduwrellularization (Harris and
Peifer, 2004, 2005). Additionally, this work hassim the importance of both the actin
and microtubule cytoskeletons in positioning Batiafly (Harris and Peifer, 2005).
However, other players responsible for this inigiatitioning have proven to be elusive
in the past. Here, we suggest that Rapl signadiagoiona fide upstream regulator of

initial Baz localization.



Figure 1 represents an updated model of apicarippduring its establishment at
cellularization. This model adds both Rapl anddwnstream effector Cno above Baz.
It also maintains the position of Baz as an impudrtandmark for the proper recruitment
of other polarity cues and AJs since loss of Ragidt alter localization of these other
components in a way that we could differentiatenfrisruptions caused when Baz is
reduced or lost. However, beyond this stage of god®nesis, this and previous work
highlights that Rap1 primarily acts as a strong ulair of polarity since its overall
effects on maintaining epithelia integrity are leesere in comparison to core members
of apical polarity like Baz or aPKC (Sawyer et @D09; Wodarz et al., 2000).

Due to Rapl’s novel role during cellularizationymerous new questions arise
while others have been answered. Here, we predditianal evidence of Rapl’'s role in
regulating the localization of Cno, suggesting tbas of appropriate Cno localization
leads to an inability to apically enrich Baz apigals polarity is established. Yet, how
Rapl and Cno interact with Baz to form this relagioip is unclear. Our evidence
supports a model where Baz localization occurs dgtneam of Rapl’s control of Cno
localization since reducing Baz or introducing mesllized Baz via overexpression does
not dramatically disrupt Cno localization along #mcobasal axis (Fig 1A) (Chapter 4).
In this model, we might expect a direct interacto@tween Cno and Baz, allowing Cnho
to apically recruit Baz, especially since both pna$ contain PDZ domains (Fig 1A)
(McKinley et al., 2012; Sawyer et al., 2009). Thdsenains have been shown to strongly
interact with the PDZ domains of other proteinspgrfing this possibility (Wei et al.,
2005). We can begin to test this model in vivo bgrexpressing Cno and examining Baz

localization. As shown with Baz overexpression,waild expect mislocalized puncta of
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Cno that co-localized with Baz. Future work wilMeato focus on defining whether this
relation between Cno and Baz is indirect or dirpotentially via additional biochemical
and cell culture study.
Cno and Baz: an indirect relationship

While our comparisons betweeno andbazmutants thus far do not definitely
explain the nature of the relationship betweentweeproteins as polarity is established,
closer examination of wild-type and aPKC mutants/te hints of an indirect
relationship between the two proteins bridged byitamhal polarity modulators. The first
hints of this come from previous observations of Bad Cno localization during
germband extension where we found opposing lodaizaCno showed a subtle
preference for anterior/posterior cell boundariéfevBaz was enriched on dorsal/ventral
cell boundaries (Sawyer et al., 2011). In our auirreork, we looked at WT localization
of both proteins before this morphogenetic everg.al¢o observed potential opposing
localization of Cno and Baz during cellularizat@as Cno puncta seem to have a closer
affinity for tricellular junctions while Baz puncf@edominantly inhabit the cortex of two
cell boundaries (Sawyer et al., 2009) (ChapteNéhetheless, both proteins are present
in either site; however, each appears reduced vtherether is enriched. The role of
Cno’s enrichment at this tricellular site is cuttgrunclear, but previous analysis of
Cno’s function suggest it reinforces the connechetween the actin cytoskeleton and
cell adhesion, raising the possibility that Cnovdes increased cell structure as cell
adhesion is assembled by events after polarityssdstablished (Sawyer et al., 2011,
Sawyer et al., 2009). Examination of AJ proteingveh a lack of preference for either

site, suggesting that Cno and Baz may work indepathdto ensure even distribution of
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junctional proteins to allow appropriate assemiflgeadl junctions in the events beyond
cellularization (Fig 1C). Indeed, analysis of Rapudtant cells generated during larval
stages in Drosophila showed an inability to mam#ails around the cell cortex in newly
formed daughter cells post-mitosis (Knox and Bro2802). Work with the mammalian
homolog of Cno, AF-6, also shows a role in stalmfizcell junctions, by inhibiting
cadherin endocytosis in the presence of active Rdp&hino et al., 2005). Our own
previous work reinforces this relationship, as wendnstrated a direct interaction
between Cno and E-cad in vitro (Sawyer et al., 208@ngside this, multiple pieces of
direct and indirect evidence have been presentadisf a close interaction between Baz
and AJs as polarity is established and cell adhasiestablished iDrosophila(Harris
and Peifer, 2005; McGill et al., 2009). Further warould aim to determine whether Cno
and Baz interact with AJs independently of one la@otlf so, it would raise the
possibility that these two proteins are activelgalized in an opposing fashion within the
plane of an epithelial sheet. Discovering how tlusurs would become vital to
understanding downstream effects to cell adhesidnpalarity maintenance.
Independent regulation of Cno and Baz localizaisdiurther suggested in our
analysis of both in aPKC mutants. Previously, iswamonstrated that loss of aPKC
failed to alter initial localization of either Baz AJs during cellularization (Harris and
Peifer, 2005). Building on this work, we show tkkato localization is not either (Chapter
4). However, as gastrulation proceeds, loss of aP&iSes unique differences between
the localization of Baz and Cno. Here, Baz collapa® a large singular puncta on
dorsal/ventral boundaries, while Cno is not propercluded from the apical cell cortex

(Harris and Peifer, 2007) (Chapter 4). While aiporof Cno does co-localize with the
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Baz and AJs puncta, this is consistent with previgloservations in WT puncta where
lower levels of Cnho co-localized with Baz-rich ptanduring cellularization.
Nonetheless, these separate effects on Baz antb€adization suggest the presence of
independent modulation of the two proteins, rathan direct modulation of one another.
Additionally, this evidence suggests that Baz lzedion is not solely dependent on
proper Cno localization, indicating that a simpledal of polarity establishment and
maintenance, where Cno recruits and maintains Baalyy (Fig 1A), is unlikely to be
accurate. As a result, we need to look furtherrepsh to develop a model that agrees
with these observations.

As an alternative model to Cno directly positionBag, perhaps Cnho maintains
an active Rapl signal at the appropriate placedmpte apical enrichment of Baz via
other Rapl effectors. Indeed, previous work shdwaslevels of active Rapl drop when
AF-6 levels are reduced via RNAIi in mammalian systesupporting a model where
maintaining an active Rap1l signal requires Cno ghet al., 2005). Our analysis of cell
shape during the early stages of embryogenesistfoatg supports this divergence
between Rapl and Cno regulation of apical polavitg.found loss of Rapl, but not Cno,
mimics the reduction of baz and loss of aPKC ohg&pe regulation indicating Cno-
independent roles for Rapl signaling (Chapter 4ip i these pieces of evidence, we
propose a model where Cno localization aids in anch and maintaining an active,
apical Rapl signal that flags Baz into the corpadition to recruit additional polarity
cues and AJs (Fig 1B). Once recruited by Baz, ai€@ provides a feedback
mechanism, excluding Cno from the superapicalametiex as development proceeds

(Fig 1B). This feedback could be delivered via gitasylation of Cno or other Cno
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binding partners by aPKC, analogous to the way pihaylation of Baz causes
separation of aPKC/Par6 and Baz/AJs into differ@mtes as polarity is elaborated
(Krahn et al., 2010; Morais-de-Sa et al., 2010cd®é evidence of Rapl in complex with
aPKC and Par6 further support a relationship waete€C alters Rapl control of Cno
localization, as loss of Rap1l activity disrupts Grability to localize at the cell cortex
(Carmena et al., 2011; Sawyer et al., 2009). Fustloek to strengthen this model hinges
on examination of Cno and Baz localization witwmtsituations: after overexpression of
both wild-type and constitutively active forms ofyil during these stages, and after
blocking aPKC phosphoylation of Baz.

If active Rapl signal is solely responsible for Bazruitment, we should observe
mislocalization of Baz along the apicobasal axigmwhonstitutively active Rap1l is
placed all along the cell membrane due to Rapl'aXAomain. In respect to our
model, we would not necessarily expect mislocabradf Cno if Rapl works
independently to localize Cno and Baz. If Cno ismaslocalized, it would highlight
Rapl-independent mechanisms for localizing Cnoc¢lviie known already exist due our
previous observation that disruption of the actitoskeleton will disrupt Cno
localization (Sawyer et al., 2009). Whether sim@#ects will be seen to a lesser extent
when we overexpress wild-type Rapl will dependhenrelationship between Rapl and
Cno. If Cno does work to propagate or maintain@iva Rapl signal, then there is
potential for more active Rap1l to exist in the sgstand hence alter Baz localization;
however, this would also depend on the stoichiogsieynbetween Rapl and Cno as
wild-type Cno may already be saturated with endogeractive Rapl. We could then

attempt to examine the effects of simultaneousexmession of Rapl and Cno on
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polarity. Our current data suggests that proper IGoalization is somewhat impervious
to the introduction of ectopic Cno, unlike Baz, lewer. Further work will need to be
completed to examine the activity of Cno to detaertp the effects of Cno
overexpression; it is possible that ectopic Cndaags stores of endogeneous Cno or is
rapidly degraded to maintain Cno levels during tgv@ent.

In addition to understanding how Rapl’s activastate can alter polarity, we
must also address questions regarding this rektiprby altering the phosphorylation
state of Baz and examining its effects on Cno leaibn. Previous work had identified a
key serine within Baz that is phosphorylated by @R¥iring development (Krahn et al.,
2010; Morais-de-Sa et al., 2010). This phosphaoatvent is important for proper
separation of polarity cues into different zonepalsirity is elaborated, and defects in
polarity rapidly appear as when an unphosphorylatiism of Baz (S980A) is expressed
during gastrulation (Krahn et al., 2010; Morais$iet al., 2010). On the other hand,
expression of Baz that mimics phosphorylation &f tesidue (S980E) is well tolerated
during these stages as no obvious defects in potarmorphogenesis are observed
(Morais-de-Sa et al., 2010). In our proposed moaelywould expect that Cno
localization would remain unchanged in the preseri@ther form of Baz. This would
provide additional evidence that disruption of Coalization in aPKC mutants is
independent of Baz function, and not a consequehaPKC failing to phosphorylate
Baz.

Cno under Surveillance
Like when Baz was placed a top of the polaritydnehy, Rapl and Cno’s

regulation of Baz, and therefore, control of pdalamake questions regarding control of
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Cno localization important in our understandingpofarity establishment and
maintenance. Already, tools are in place to helpnssver this question. Previous work
showed that both the actin and microtubule cytetkek are important for localization of
Baz (Harris and Peifer, 2005). While we have shtvat disrupting the actin
cytoskeleton alters Cno localization, we have gdest whether the microtubule
cytoskeleton plays a role in regulating Cno (Savetaal., 2009). If disruption of the
microtubule cytoskeleton alters Cno localizatioertht would open up an additional field
of questions in regard to how Cno interacts diyeatlindirectly with microtubules.

In addition, methods for real-time microscopy hawproved significantly
providing another method for examining Cno locdl@a These improvements in real-
time microscopy have already yielded data thawadbbus to observe an apical
contractile network of actin and myosin that wasvippusly uncharacterized (Fernandez-
Gonzalez and Zallen, 2011; Sawyer et al., 2011aduttional, real-time analysis has
provided insight into the dynamics of Baz and Ailrsaigh live visualization during early
embryogenesis (McGill et al., 2009). We could casbglsimilar work on Cno both alone
and in combination with Baz to better understamali@ation and relative stability of
their respective puncta and the transition of thmps®ecta into belts during gastrulation.
Lastly, with the advent of new techniques to redtm®ponents of polarity and AJs in
the early embryo, we can more easily observe Cnamics in situations where polarity
is altered to test and build on our current moblelet al., 2011).

Polarity: A web of life
One thing that has become clear from investigatioto cellular polarity is that

its creation and subsequent maintenance are nptysariinear chain of events with one
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change leading to the next until all the switchesfligpped, allowing a ball of cells to
develop into a properly formed organism. Insteael have seen multiple cases where
core members of polarity and their regulatory nekncause pleiotrophic effects within
the same temporal space, triggering a cascadeaofjels to allow for effective formation
and maintenance of epithelial sheets. These dagtgestithat the protein interactions that
control polarity resemble a web. Indeed, my worktwiRapl and aPKC highlights
multiple functions of these proteins, via the usalteration of multiple downstream
effectors. Since these proteins exercise influemceultiple effectors, it becomes
important to continue studies of polarity, and éwelop new tools to tease apart these
functions to properly place new strands of undediteg upon our current view of the

web of life.

209



>

( ( )
\> GTP-Rapl 7 \5 GTP-Rani -ﬁ./‘_%r
\'l’ \!)’7 \:\i \\\‘
Cno Baz<--- Cho <
v F\ “\ :
B N
¥ \:‘i k‘ﬁ” \:ﬂ ‘,,"-‘
C = g
e =
Epithelial Integrity Epithelial Integrity
\ i kY 3 H < —
ol PR “S Ay \_/

il
1I“
i
il
[l
|

2

)

™~

(
|
o
|
}
A

]
3

)
y
J

IR

N
[
(

>Arms>Cno

Figure 5.1. Defining the Apical Domain.
(A) Initial examination oRaplandcnomutants suggests they are at the top of a fundt

hierarchy that defines apical polarity due to mialization of Baz

(B) Examinaion of independent effects on Baz and Cno locatimaih aPKC mutants sugges
that a simple model of polarity is inaccurate wWapl potentially controlling Baz localizati
independent of Cno localization (dashed arrow li@&)o localization may be ntrolled by direc
interaction with aPKC or indirectly through aPK@eraction with Rap1 (dashed curv
arrows).

(C) Opposing localization of Cno and Baz punctardypolarity establishment sugge
indirect interactions between the two. Equivalenels of AJs (Arm) in all punct
indicate a potential mechanism for ensuring eqisatidution of spot AJs around ct
cortex. Opposing localization of Cho and Baz péssas spot AJs transform into belt £
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