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Abstract

Epithelial cell polarity defects support cancer progression. It is thus crucial to decipher the
functional interactions within the polarity protein network. Here we show that Drosophila Gir-
din and its human ortholog (GIRDIN) sustain the function of crucial lateral polarity proteins
by inhibiting the apical kinase aPKC. Loss of GIRDIN expression is also associated with
overgrowth of disorganized cell cysts. Moreover, we observed cell dissemination from GIR-
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from flies to humans. Our data also indicate that GIRDIN has the potential to impair the pro-
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Author summary

Epithelia,composedf epithelialcells delimit the frontier betweerthe externalenviron-
mentandtheinsideof complexorganismsTherefore gpithelialcellscoverthe surfaceof
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patientslt isthusnot surprisingthat our dataindicatethatlow GIRDIN levelsareassoci-
atedwith apoor prognosisn somecancersOverall,our studyidentifiesGIRDIN asa
potentialtargetin cancer.

Introduction

Theability of epitheliato form physicabarriersis providedby specializedell-celljunctions,
includingthe (ZA). Thelatteris abelt-likeadherengunction composedri-
marily of thetransmembrandnomotypicreceptorE-cadherinwhichis linked indirectly to cir-
cumferentialF-actinbundlesthroughadaptorproteinssuchas -cateninand -catenin[1,2].
In embryonicepitheliathe protein Girdin stabilizeshe ZA by reinforcingtheasso-
ciation of the cadherintcateniromplexwith the actin cytoskeletorj3]. Thisfunctionin cellx
celladhesions preservedn mammalsandsupportscollectivecellmigration[4,5]. Flyand
humanGirdin alsocontributeto the coordinatedmovementof epithelialcellsthroughthe
organizationof supracellulaactin cableg3,4].

In additionto creatingbarriers epithelialtissuegjeneraterectorialtransportand spatially
orientedsecretionTheunidirectionalnatureof thesefunctionsrequiresthe polarizationof
epithelialcellsalongthe apical-basaxis.In , the scaffoldprotein BazookgBaz)is
crucialto the earlystep=of epithelialcell polarization,andfor properassemblyf the ZA [6+
9]. BazrecruitsatypicalProteinKinaseC (aPKC)togetherwith its regulatorPartitioning
defectiveprotein 6 (Par-6)to the apicalmembrang10+12].ThesmallGTPase&dc42contrib-
utesto the activationof aPKCand p21-activatedinase(Pak1) therebyactingasakeyregula-
tor of cellpolarity [13+16].Bazalsocontributesto apicalpositioningof the Crumbs(Crb)
complexwhichis composednainly of Crb, Stardus{Sdt),and PALS1-associatédght Junc-
tion protein (Patj)[10,17].0nceproperlylocalizedthe aPKC+Par-@&nd Crb complexepro-
motethe apicalexclusionof Baz whichis thenrestrictedto the ZA [12,18,19]Theapical
exclusionof Bazis essentialo the positioningof the ZA alongthe apical-basahxis[18], and
for full aPKCactivation[20+22].

Thefunction of aPKCis evolutionarilypreservedandhumanatypicalPKC 7(PKC in
othermammals)and PKCzcontributeto epithelialcellpolarization[23]. aPKCmaintainsthe
identity of the apicaldomainthrough phospho-dependerexclusionof lateralpolarity proteins
suchasYurt (Yrt) andLethal(2) giantlarvae(Lgl) [15,24+26]In return, theseproteinsantago-
nizethe Crb- andaPKC-containingapicalmachineryto preventthe spreadf apicalcharacter-
isticsto thelateraldomain[8,14,15,24,27+R1n combinationwith the function of Baz these
feedbacknechanismgrovideafine-tuning of aPKCactivity in additionto specifyingts sub-
cellularlocalization.Thisis crucial,asboth over-and under-activationof aPKCis deleterious
to epithelialpolarity in fly andmammaliancells,andectopicactivationof aPKCcanleadto
celltransformation[11,32+35].

Cellculturework hasestablishethat mammalianGIRDIN interactsphysicallywith PAR3
ttheorthologof Baztand®KC [36+38].Depletionof in Madin-DarbyCanineKid-
ney(MDCK) epithelialcellsdelayshe formation of tight junctionsin C&?* switchexperiments
[38]. GIRDIN is alsoan effectorof AMP-activatedprotein kinase(AMPK) in the maintenance
of tight junction integrity underenergeticstres§39]. Moreover mammalianGIRDIN is
requiredfor theformation of epithelialcellcystswith asinglelumen,supportingarole for this
proteinin epithelialmorphogenesiasreportedin flies[3,36,38,39]As cystmorphogenesis
linked to epithelialcellpolarity [40], thesestudiessuggesthat GIRDIN isinvolvedin establish-
ing the apical-basahxis.However further studiesarerequiredto clarify therole of GIRDIN in

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008674 March 20, 2020 2/21


https://doi.org/10.1371/journal.pgen.1008674

PLOS GENETICS

Girdin controls epithelial polarity

apical-basgbolarity , asothercellularprocessesouldexplainthe phenotypeassociated
with alteredGIRDIN expressionk-orinstance spindleorientation defectsmpair the forma-
tion of epithelialcystg41]. Of note, PAR3,aPKC,and AMPK areall requiredfor properspin-
dle positioningin dividing epithelialcells[42+45].Themoleculamechanismsustaininghe
putativerole of GIRDIN in epithelialcellpolarity alsoneedto bebetterdecipheredHere,we
further investigatedherole of fly andhumanGirdin proteinsin theregulationof epithelial
cellpolarity,andshowedhat theseproteinsarepart of the lateralpolarity protein network.
Onecrucialfunction of Girdin proteinsisto repressaPKCfunction. We alsodiscoveredhat
lossof Girdin proteinspromotesovergrowthof cellcystsandcelldisseminatiorfrom these
multicellularstructures Consistentith thesedata,wefound thatlow expressiortor-
relateswith poor overallsurvivalin subtype®f breastandlung cancers.

Results

is acrucial componentof the geneticnetwork supporting lateral
membranestability in polarized epithelial cells

To exploretherole of Girdin in epithelialcellpolarity regulation weinvestigatedts functional
relationshipwith Yrt andLgl, which areknown polarity regulatorsn embryos.
Thesdateralproteinspreventoveractivatiorof the Crb- andaPKC-containingapicalmachin-
ery,therebyprecludingapicalizatiorof the lateralmembrand8,24,27,30,315imilarto Gir-
din, Yrt andLglareprovidedmaternally[3,27,46] Although suboptimal the maternal
contribution is sufficientto maintainapical-basabolarity in zygoticmutantembryoscarrying
null alleledor or [3,27,46)Figs1A-l and2A+2C).Zygoticlossof thesegenes
thusrepresents sensitizedackgroundIn contrastacompletdossof Lgl expressiorin
maternalandzygotic(M/Z) mutantsis associatewith strongpolarity defectcharacterizedby
ectopiclocalizationof the apicalprotein Crb to thelateralmembrandn post-gastrulating
embryoq30]. This phenotypsds clearlyvisibleat stagel 1 of embryogenesiasshownby the
partial co-localizatiorof Crb with thelateralprotein Discslargel (Dlgl; Fig 1J).At stagel 3,
themonolayeredarchitectureof the differentiatingepidermisis compromisedand polarity
defectavereattenuatedut still apparent(Fig 1K). Towardthe endof embryogenesitstage
16),Lgl-deficientepidermalcellsformed polarizedcystsof cellswith their extended+cuticle
secretingtapicahembranegacingout (Fig 1L). Asaconsequence, M/Z mutantembryos
assembled highly convolutedcuticle(Fig 1R),whereagygotic and mutantembryos
displayedanormal cuticle(Fig 1Pand1Q). Strikingly,acombinationof zygotic and
mutationsphenocopiedtotal lossof Lgl (Fig 1IM+10and 1S).Similarly,depletionof Girdin,
whichis not sufficientto causeobviouspolarity defectd3] (Fig 2D+2F) stronglyenhancedhe
zygotic  mutantphenotypelndeed, doublemutant specimensvereindistin-
guishabldrom  M/Z embryod27] (Fig2G+2L 20 and 2P),and presentedin expansiorof
Crb expressionterritoriesat staged 3of embryogenesi€-ig 2H and 2K). Thesestronggenetic
interactionssuggesthat Girdin cooperatesvith Yrt andLgl to maintainlateralcharacteristics
in polarizedepithelialcells.

Girdin playsanimportantrole in strengthenindE-cadherin(DE-cad)-dependentell+cell
adhesiorin developingembryod3]. We thuswonderedwhetheralterationof ZA properties
couldexplainthe genetidnteractionbetween and . Weinvestigatedhis possibility
by combiningzygoticlossof Lgl expressiomwith mutantallelesof () and
(), whichencodecoreZA componentg§DE-cadand -Cat, respectively{47+49]).The
cuticlesof and doublemutantembryosweresimilarto single  or
mutants,respectivelyS1A+S10rig). Moreover,immunostainingof Crb and DIg1revealedho
major polarity defectsn doublemutantembryos(S1H+S1and SIN+S1/Fig),whichwere
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Wild type Girdin

Fig 1. Girdin cooperateswith Lgl to support epithelial cell polarity. A-O, Embryosof theindicatedgenotypesverefixed and co-stainel for Crb and
Dlgl.M/Z standsor maternd and zygoticmutant. Panelglepictaportion of the ventralectodermor epidermisat staggSt)11(A, D, G, J,M), stagel3(B,
E,H, K, N), or stagel6(C, F, I, L, O) of embryogenas. In eachcasethe apicalmembranes facingup. Scaldarin A representd0 m, andalsoapplieso
B-O. P-S,Panelglepictcuticlepreparatonsof wholemountedembryosof the indicated genotyes.Theanterior part of the embryois orientedto theleft,
andthedorsalsideis facingup. Scaléarin P representd00 m, andalsoappliesto Q-S.Panelsn A-Sshowrepresentatieresultstakenfrom experimets
thatwererepeaedatleasthreetimes[replicate(r) 3], andaminimum of 25embryosof theindicatedgenotygeswereanalyzedn eachreplicate.

https://doi.0g/10.1371Hurnal.pge.1008674.g001

similarto single or mutantspecimengS1E+S1@nd S1K+S1Mrig).Thisledusto
concludethatthe weakeningf the ZA is not sufficientto enhanceghe  mutant phenotype.
Althoughtheseresultsdo not excludethe possibilitythat Girdin sustainsepithelialcellpolarity
in partby strengtheningcell-celladhesiontheystronglyarguethat Girdin hasadditionalroles
directlyimpactingon the protein network supportingthe stability of the lateraldomain.

Fly Girdin andhuman GIRDIN repressthe function of aPKCto support
epithelial cell polarity

Although Yrt and Lgl control Crb activityindependenthyandin separat¢ime windowsduring
fly embryogenesig7,28,30]theyareboth inhibited by aPKC-dependerphosphorylation
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Fig2.

mutation enharcesthe delocdization of the apicalprotein Crbin  mutants. A-L, Embryoswereimmunostanedfor Crb andDIg1,and

apartof theventralectodermor epidermiswasimagedby confocalmicroscopy (the apicalsideof the epithelialtissues facingup). Thedevelopmatal stage
of embryoqSt)isindicatedin theupperright cornerof panelsScaléarin A representd0 m, andalsoapplieso B-L. M-P, Cuticlepreparationof whole
mountedembryosareshown.Scaléarin M representd00 m, andalsoapplieso N-P. Panelsn A-P depictrepresentave resultstakenfrom experimets
thatwererepeatedatleasthreetimes(r 3), andaminimum of 55embryosof theindicatedgenotygswereanalyzedn eachreplicate.

https://abi.org/10.1371djurnal.pge.1008674.902

[24,25,50,51]t isthusplausiblethat Girdin supportsthe function of theseparallelpathways
by actingasarepressonf aPKCactivity, whichimpactson the function of both Lgland Yrt.
Accordingly,Yrt, whichis a substrateof aPKC[24], showedreducedelectrophoretianobility
in null embryoscomparedo control animals.Thiswasdueto enhanceghosphoryla-
tion of Yrt, astreatmentof samplesvith the ProteinPhosphatasabolishedhedelayed
migration profile of Yrt in null embryoqFig 3A). TheaPKCinhibitor CRT-006-68-54
largelysuppressethe hyper-phosphorylatiorf Yrt in null embryos(Fig 3B).These
resultsstronglyarguethat the activity of aPKCincreasei the absencef Girdin. To obtain
functionalevidencehat Girdin represseaPKCactivity,we performedgenetidanteractions.
Maternalknockdownof resultedin strongepithelialmorphogenesidefectsasrevealed
by analysi®f the cuticle,andafully penetrantethality.Indeed,mostknocked-downembryos
displayecepithelialtissuecollapsdreferredto asclasd embryosfig3Cand3F).Remaining
embryosshowedaweakemphenotypeandsecreteatithersmallpatchef cuticle(clasdl;

Fig 3D and3F),or largecontinuoussheet®f cuticlewith differentiatedstructuresuchasden-

ticle belts(clasdll; Fig 3Eand3F).Knockdownof in zygotic mutants,which
showanormal cuticlephenotypg[3] and Fig 1Q), significantlychangedhe distribution of
embryosin eachcategoryHowever reductionof Girdin levelsn knockdownembryos

wasnot sufficientto modify the degreeof lethality.Specificallyadecreasén clasd embryos
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Fig 3. Girdin antagonizesaPKCfunctions.A, Stagel 1+13wild typeembryosor maternalandzygotic(M/Z) mutantembryoswverehomogerzedand
processefbr Westernblotting. Whereindicated samplesveretreatedwith the ProteinPhosplataseprior to electrophoesis Arrow indicatesthe positionof
phosplorylatedYrt proteins(“Yrt). Inmunoblotting of Girdin validateghe genotypeof embryoswhereassapdH wasusedasloadingcontrol. B, null
embryoswereincubatedn asalinesolutionin theabsencer presencef theaPKCinhibitor CRT-006-68-540r 1h. Embryoswerethenhomogenzedand
processedbr Westernblotting. Arrow pointsto phosphoryatedYrt proteins(PYrt). Inmunoblotting of Girdin confirmsthe genotypeof embryosand -
Tubulin wasusedasloadingcontrol. C-E, Cuticlepreparatonsof knockdown (kd) embryosEmbryoswereseparatedh threeclasse§, Il, or 1) to
accountfor phenoypic variability. Scalébarin C representd00 m, andalsoapplieso D andE.F, Histogran showingthe phenotypicdistribution in
percentag (%;accordingo the classedefinedin C-E)in collectionsof embryosof the following genotypes: knockdownin awild typebackgroum (
kd; =1312), knockdownin a mutantbackgrour ( kd = 1573).Thespecifiechumberof embryogn) representshe sumof
specimasanalyzedn threeindependehexperimats.G, Phendypic distribution of knockdown embryosexpresig GFP( kd GFP; =603)or
FLAG-Girdin ( kd FLAG-Girdin; =697).For FandG, embryoswvereanalyzedn threeblindedexperimens,anda Chi-squaredestof independecewas
performad (  : < 0.0001).

https:/Hoi.org/10.137/ournal.pgeri008674.g003

concomitantwith anincreasen clasdl andlll specimensvasobservedFig 3F).Thisshows
thatreductionof Girdin levelsalleviatesheimpactof knockdown,andsuggestthat
Girdin normally limits thefunction of residualaPKCin knocked-downembryos(S2AFig).In
accordancsvith this conclusionpverexpressionf FLAG-Girdin enhancedhe severityof the
phenotypeassociatewith the knockdownof (Fig 3G).FLAG-Girdin displayedasimilar
distribution to endogenoussirdin [3], and overexpressioof this proteinin awild typeback-
groundhadno impacton epithelialtissuemorphogenesi§S2C+S2[Eig). Thus,

Girdin oppose®PKCfunction, andsupportsapical-basgbolarity in epithelialcells.

To exploretheintriguing possibilitythathumanGIRDIN alsorestrictsaPKCactivity to
control polarity, we usedthe humancoloncarcinomaCaco-2cellline. Thesecellsadopta
monolayeredrganizationin 3D culture,andform hollow cystswith asinglelumen.Cells
forming the cystsarepolarizedalongthe apical-basadxis,with the PAR6-and F-ACTIN-
enrichedapicaldomainfacingthe centrallumen (Fig 4A, 4H, 4L and4N;[41]). PARG
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segregatesom thelateraladhesiorprotein E-CADHERIN (E-CAD; Fig4H+4L).Consistent
with our hypothesisknockdownof in Caco-2cellsmimickedthe phenotypeassoci-
atedwith increasedPKCzactivity (expressiorof the constitutivelyactivePKCz T410E),and
resultedin the formation of solid cystsor cystswith multiple atrophiclumens(Fig 4A, 4B,4E,
4Fand S2BFig). knockdowncellsforming the disorganize®D structuresveremis-
polarized asshownby the peripheralaccumulationof PARG6(Fig 41 and4M, arrow) and
F-ACTIN (Fig40). Despitethat knockdowncystsdisplayedasimilar sizeto controls,
theycontainedmore cellsresultingfrom lumenfilling (Fig 4N+4P).Theovergrowthpheno-
typewasexacerbatedndresultedin largercystswhen knockdownwascombined
with overexpressionf wild type PKCz,wherea®verexpressionf the latter hadno impacton
cystsize(Fig4C,4D and4G).Again,thisis consistentvith a strongerPKCzactivationin
knocked-downcellscomparedo cellsexpressing scrambledshRNA asexpressiorof
PKCz T410Ealsocausecdenlargemenbf cystqFig4Eand 4G).To confirm thataPKCactiva-
tion contributesto the phenotypesssociatewith depletionof GIRDIN, weusedthe aPKC
inhibitor CRT-006-68-54Strikingly,inhibition of aPKCactivity suppressethe defectaused
by knockdownof (Fig4Q+4U).Expressiorof the dominantnegativeaPKC-K281W
in knockdowncystsresultedin asimilarrescueof lumenformation (S3A+S3Grig).
Togethertheseresultsindicatethat, similarto fly Girdin, GIRDIN restrainsaPKCfunction to
supportepithelialmorphogenesiandapical-basgbolarity.

GIRDIN maintains the cohesionof epithelial cysts

In additionto the morphogenesiandpolarity defectsaassociatewvith decreaseGIRDIN
expressionyweobservedhe presencef isolatedcellsor smallcellaggregateis the proximity
of most knocked-downCaco-2cellcystyFig 4Band 4D, arrows).Aswe previously
reportedthat cellcystsdetachfrom the epidermisandsurviveoutsideof it in mutant
embryoqd3], wehypothesizedhat somecellsseparatérom knockdown
Caco-ZcellcystsTo testthis hypothesisywe performedtime-lapsemicroscopyof control
(expressing.scrambledshRNA)and knocked-downcystsOveraperiodof 26hours,
control cystsshowedcellxcelrearrangementsyhichwereresolvedo maintainthe mono-
layeredorganization(Fig 5A and S1Video).In knockdowncystsgcellswerefre-
quentlyobservedxtendingfrom the peripheryof cystsand detaching(Fig 5Barrow,5E+5G
andS2Video).In control cyststhe extensionsverelessrequent,anddetachmentvasnot
observedFig 5A, 5Ex5Gand S1Video). Furtheranalysislsorevealedhatlossof GIRDIN
expressions associatedvith buddingfrom alargegroupof cellsfrom the cyst(Fig5Cand S3
Video),or the fragmentationof cystanto multiple smallercellaggregate§-ig 5D, S4Video).
Stainingfor viability revealedhatall cellswerealiveprior to detachmenfrom cystsandsome
cellsurvivedoutsideof their cystof origin (Fig 5SH+5N).Expressiorof oncogenidRAS
(KRAS**?Y, whichis animportant driver of coloncancef52], improvedthe survivalof
detachectells(Fig 50+5S)Collectively pur resultsshowthat GIRDIN is requiredto maintain
the cohesiorof multicellularepithelialstructuresandthatits lossis associate@ith celldisper-
sionin control and cancer-mimetiaccontextsThis suggestthatreducedGIRDIN levelsmay
conferamoreaggressivphenotypeo cancercells,and sustaintumor progression.

Alteration of expressions associatedvith apoor prognosisin a
subsetof breastand lung cancers
To further investigateherelevancef our datato humancancerweexamined

MRNA expressiorand patientsurvivaloutcomesWe observedhatlow expression
wasassociatetvith reducedoverallsurvivalin more aggressivbreastanceitypes(Luminal
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Fig4. Human GIRDIN is essentiafor epithelial morphogeresisand polarity. A-G, Caco-2cellcystsafter7 daysin culturewereobservedy DIC
microscoyy, andthe proportion of 3D cellularstructureswith asingleprominent lumenandsizewereassesse@dhScrn =27;sh , n=39,r=3
indeperdentexperiments)Arrowsin B andD highlightdissociatd cells.Scalédarrepresent5 m. F, Histogramdisplayingthe luminal phenotypes
observedn A-E. Error bars= sd.G, Histogram displayingmeansizeqcross-se@nal area)of cystsError bars= sd.H-M, Caco-2cellcystsafter7 daysin
culturewereimmunostainedfor PAR6and E-CAD andvisualizedy confocalmicroscopy Arrows showan exampleof a structurewith PAR6localizel
basallyScaléarrepresent25 m. N-O, Caco-Zcellcystsafter7 daysin culturewerestainedwith phallodin (F-ACTIN) andHoechst(nuclei)andvisualizel
by confocalmicroscopy Scaléarrepresent25 m. P, Histogramdisplayingthe numberof cellscountedin cross-sectionamageshroughthe middle of 3D
cellularaggregees.Error bars= sd.Q-T, Caco-2cellcystsafter7 daysin culturewerevisualizedby DIC microscopyCellsweretreatedwith 1.5 M of the
aPKCinhibitor CRT-00668-54(inhib) or vehiclecontrol (water)for the duration of the 3D cultureperiod.Scaléarrepresentd 00 m. U, Histogram
displayingthe proportion of 3D cellularstructureswith asingleprominentlumen(shScrn =278;sh , n=181;shScr+Inhb,n =321;sh +Inhib,

n =196;r = 3indeperdentexperimets). Error bars= sd.DifferenesweredeterminedusingANOVA with TukeyHSD (F, G, U) or Student'd-test(P).

https:/Hoi.org/10.137/ournal.pgeri008674.g004

B,HER2+,andbasaBreasiCancer) comparedo lessaggressiveuminal A subtype(Fig 6A+
6D).Low wasalsoassociate@ith poorersurvivalin lung adenocarcinomayut not
lung squamougellcarcinoma(Fig 6Eand6F). Therefore, expressioris linked to sur-
vivaloutcomesanddisplaysspecificityfor certaincancertypes.

Discussion

Usingclassicagieneticsn flies,wehaveshownthat mutationin exacerbatethe polarity
defectsn zygotic or  mutantembryosandconcludedhat Girdin is part of the lateral
polarity network.We alsofound that Girdin opposeshe function of aPKC which playsacru-
cialrolein the establishmenand maintenancef the apicaldomain by antagonizindateral
proteinssuchasLglandYrt [10,23].We thusproposeamodelin which Girdin supportsthe
activity of Yrt andLgl by restrictingthe activity of aPKC(S4Fig). Our work demonstrateshat
therole of Girdin in restrictingaPKCactivity is evolutionarilyconservedT his function con-
ferson humanGIRDIN theability to maintainapical-basgbolarity in Caco-2cells,andto sup-
port epithelialcystmorphogenesisTheseresultsarein line with previousstudiessuggesting
rolefor GIRDIN in polarity andcystogenesiss MDCK and MCF10Aepithelialcells[36,38].

It wasshownthatPKC enhance$&IRDIN expressiorin MDCK cells[38]. Moreover,knock-
down of or givesasimilar phenotypecharacterizedby defectsn tight junction
integrity and cystformation [38,53+55]It wasthusproposedhat GIRDIN is an effectorof
PKC [38]. Although cell-type-speciti mechanismsnayexist,our datasuggesthat this
hypothesisieedgo berevisitedin favorof amodelin whichtheinduction of GIRDIN expres-
sionby PKC in MDCK cellsinitiatesa negativefeedbackoop insteadof cooperatiorbetween
theseproteins.Thefactthat both overactivatiorof aPKCor inhibition of its activityis deleteri-
ousto epithelialcellpolarity and cystmorphogenesimayunderliethe conflictinginterpreta-
tions of thedatain theliterature[34,55].GIRDIN is alsoknown to modulateheterotrimericG
proteinsignaling[56,57]+aole that seemdo contributeto the formation of normal cystshy
MDCK cells[38]. In addition, it wasdemonstratedecentlythat GIRDIN actsasan effectorof
AMP-activatedprotein kinase(AMPK) underenergeticstresgo maintaintight junction func-
tion [39]. Of note, thesetwo functionsarenot sharecby fly Girdin [58,59],andwerethus
acquiredby GIRDIN during evolutionto fulfill specializedunctions.In contrast,our discov-
eryof the Girdin-dependeninhibition of aPKCrevealsacoremechanisncontributingto epi-
thelial cellpolarizationfrom fliesto humans.

GIRDIN is consideredo beaninterestingtargetin cancerdueto its rolein cellmotility,
andhighlevelsof GIRDIN havebeenreportedto correlatewith apoor prognosisn some
humancancerg60,61].Notwithstandingthat GIRDIN mayfavortumor cellmigration,our
studyindicatesthatinhibition of GIRDIN function in the contextof cancemould beadou-
ble-edgedwordfor manyreasonsindeed,we showedhat knockdownof exacer-
bategheimpactof aPKCoverexpressiorgndleadgo overgrowthandlumenfilling of Caco-2
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Fig 5. Human GIRDIN preventscell disseminaton. A-D, Caco-2cellswereculturedfor 7 daysthenobservedy time-lapseconfocalmicroscopyevery20min for
26h. Still framesfrom videosdisplayrepresentatieeventobserveqshScrn = 19;sh , n=28;r = 3independenexperimens). Scaléarrepresent®5 m. E,
Proportion of control (shScrand  -knockdow  n cystsdisplayingtransientcellularextensios.F, Distribution of the numberof transientcellularextensias
percyst.G, Proportionof control (shScriand ~ -knockdow  n cystsfrom which cellsdisseminatd. H-M, knockdownandcontrol (shScr)Caco-2cells
wereculturedfor 7 daysthenstainedwith calceinAM andethidium homodime to visualizdive (green)and dead(magenta)ellsby confocalmicroscopy Scale
barsrepresen25 m. N, Histogram displayingthe meannumberof cellsdetachd from Caco-2cellaggregas(shScrn = 27;sh , n=30;r =2independeh
experiments)andthe proportion of live anddeaddetachedells O-R, knockdown(n = 27,r = 2) andcontrol (shScrn = 27,r = 2) KRAS**?V.expresing
Caco-2cellswerestainedwith calceinAM andethidiumhomodime to visualizdive (green)anddead(mageng) cellsby confocalmicroscoyy. Scaléarsrepresent
25 m. S,Histogramdisplayingthe meannumberof cellsdetachedrom cystandthe proportion of live anddeaddetachectells Differencesveredeterminedusing
Chi-square test(E, G) or ANOVA with TukeyHSD (N, S).

https:/Hoi.org/10.13X/journal.pgei008674.9g005

cellcysts Of note,overexpressionf aPKCcanleadto celltransformation,andwasassociated
with apoor outcomein severakpithelialcancerg34,62].0Our studythusestablishethatinhib-
iting GIRDIN in patientsshowingincreasedPKCexpressiortevelscouldworsentheir prog-
nosis.Accordingto our data,abolishingGIRDIN function in tumor cellswith decreasetkvels
of thehumanLgl protein LLGL1,asreportedin manycancerg63], couldalsosupportthe pro-
gressiorof the diseasdy alteringthe polarity phenotypeWe observectelldetachmenaind
disseminatiorfrom knockdowncyststhusshowingthat GIRDIN isrequiredfor the
cohesiorof multicellularepithelialstructures Of note, cells eitherindividually or asclusters,
detachingrom cystsarealiveand someof themremainviable.Thisis analogouso whatwas
reportedin mutant embryosn which cellcystsdetachfrom the ectoderm
andsurviveoutsideof it [3]. Other phenotypesn mutantembryosareconsistenivith a
rolefor Girdin in epithelialtissuecohesionjncluding rupture of the ventralmidline andfrag-
mentationof the dorsaltrunk of thetracheaMechanisticallyGirdin strengthengell+cell
adhesiorby promoting the associatiorof coreadherengunction componentswith theactin
cytoskeletor§3]. A recentstudyestablishethatthis molecularfunction is evolutionarilycon-
servedandthat GIRDIN favorsthe associatiorof -CATENIN with F-ACTIN [4]. Since
knockdownof resultsin celldispersionfrom Caco-2cellcystsandsinceweakening
of E-CADHERIN-mediatectell+celladhesiorcontributesto cancercelldisseminatiorand
metastasifs4], it is plausiblethat reducedGIRDIN expressiortontributeto the formation of
secondaryumorsandcancerprogressionThis mayexplainwhy wefound thatlow mRNA
expressionevelsof correlatesvith decreasedurvivalin moreaggressivbreastan-
cersubtypesndlung adenocarcinomaruturestudiesusingxenograftin mice,andinvestigat-
ing theexpressioof GIRDIN proteinin cancempatientswill helpvalidatingwhetherGIRDIN
canrepresghe progressiorof certaintypesof epithelialcancers.

In conclusionusingasophisticate@gxperimentaschemeombining approaches

with 3D culture of humancellswedefineda conservedoremechanisnof epi-

thellal cellpolarity regulation.Specificallyywe showedhat Girdin repressethe activity of aPKC
to supportthe function of Lgl and Yrt, and ensurestability of the lateraldomain.Thisis of broad
interestin cellbiology,asproperepithelialcell polarizationis crucialfor themorphogenesiand
physiologyof mostorgang10]. In addition, the maintenancef a polarizedepithelialarchitecture
is crucialto preventvariouspathologicatonditionssuchascancerprogressiori65]. Importantly,
weshowthat normal GIRDIN function potentiallyimpairsthe progressiorof epithelialcancers
by preservingcell polarity whilst restrictingcellgrowth and celldisseminationThus,our results
placeacaveabn theideathat GIRDIN couldbeaninterestingtargetto limit cancercellmigra-
tion, andindicatethatinhibition of GIRDIN in the contextof cancercouldbeprecariousPoten-
tial drugstargetingGIRDIN would thusbeusableonly in the contextof precisionmedicine
whereacarefulanalysiof aPKC LLGL1,andE-CAD expressioraswell asthe polarity statusof
tumor cellswould beanalyzedrior to treatment.Inhibition of GIRDIN in patientscarrying
tumorswith alteredexpressiorof theseproteinswould likely worsenthe prognosis.
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Fig 6. Altered expressiorcorrelateswith survivalin epithelial cancersA-F, Kaplan-Meiersurvivalplotsfor expressiotin

breasttancersubtypegluminal A (A), Luminal B (B), HER2-enrched(C), andbasalD)], andlung cancersubtypegadenocaraioma(E),
squamais(F)]. p-valuedor differencesbetweergroupsweredeterminedusingalog-Rankiest.

https:/Hoi.org/10.137/ournal.pgeri008674.g006

Materials and methods

genetics
: "13], ' [66],
#®[27], UAS-GFP.nI§Bloomington StockCenter[BDSC]StockNo. 4776) and
12/21
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UAS-FLAG-Girdin[3]. Germline clonefemalesvereproducedusingthe FLP-DFSechnique
[67], andwereusedto producematernalandzygotic(M/Z) mutantembryosMaternalknock-
down of and wasachievedy crossinghedriver line mat tub67;15obtainedfrom D.
St-JohnstonUniversityof Cambridge Cambridge UK) to aline containinganinducible
shRNAdirectedagainst (BDSCStockNo.34332pr  (BDSCStockNo. 35773)at25EC.

3D cell culture

Humanintestinalepithelialcellline Caco-2cellswerepurchasedrom AmericanTypeCulture
Collection(ATCC). Caco-2cellswereculturedat 37EQn 5%CO, in DMEM (Wisent)supple-
mentedwith 10%fetalbovineserum(Wisent),100U/ml penicillin (Wisent),0.1mg/ml strep-
tomycin (Wisent),and2 mM L-glutamine(Wisent).For 3D culture,cellswereseedeanto
Geltrex-coatedlishesatadensityof 1.25 1% cellsperwellandweremaintainedin 2%Gel-
trexin completemediumat 37EQinderhumidified atmospheraf 5%CO,. After 10daysin
adherentculture,cellswerecollectedor further experimentskForinhibitor studiesl.5 M
CRT-006-68-54r watercontrol wasaddedto culturemediumatthetime of seedingellsin
3D cultures All celllineswereroutinely verifiedto bemycoplasmdree.

Lentivirus production and shRNA

Human embryonickidney cellline HEK293LT(ATCC) wereculturedat 37EQn 5%CO, in
DMEM supplementedvith 10%fetalbovineserum,100U/ml penicillin, 0.1mg/ml strepto-
mycin. Lentiviruseswvereproducedby calciumphosphatdransfectingdEK293L Tcellsin
10-cmdisheswith 20 g of lentiviral plasmid,15 g of packaginglasmid(psPAX2Addgene
plasmid12260)and6 g of VSVGcoatprotein plasmid(pMD2.G;Addgeneplasmid12259;
bothfrom D. Trono, EcolePolytechniqud-ederalele LausanneSwitzerland)Viral superna-
tantswerecollectedafter48h, aliquoted,andfrozenat +80ECshRNAstargetingthe human
MRNA wereobtainedin pLKO.1-purovectorsfrom the RNAi Consortium(TRC).
Caco-2cellswereinfectedwith lentiviral supernatantsind selectedby the addition of 20 g/ml
puromycin. Thetargetsequencesf TRCclonenumberTRCN000014855% CCGGCTTCAT
TAGTTCTGCGGGAAACTCAGTTTCCCGCAGAACTAATGAAGTTTTTTG.

Immunofluorescenceon embryos

Embryosweredechorionatedn 3%sodiumhypochloritefor 5 min, rinsedin water,andsub-
mitted to aflashheatfixation by sequentiahddition of 5 ml of E-washbuffer (7%6NaCl,0.5%
Triton X-100)at80ECGand15ml of E-washbufferat4ECEmbryoswerethenwashedvith
PBSprior to devitellinizationby strongagitationin methanolunderaheptanephasg1:1),and
furtherincubatedin freshmethanolfor 1 h. Saturationof non-specificbhinding siteswas
achievedyal-hincubationin NGT (2%normalgoatserum,0.3%Triton X-100in PBS),
whichwasalsousedto dilute primary antibodies Thefollowing primary antibodiesvereused
overnightat4ECunderagitation:rat anti-Crb [68], 1:250mouseanti-DIg1[clone4F3,Devel-
opmentalStudiedHybridomaBank(DSHB)], 1:25;mouseanti-FLAG (M2, Sigma) 1/250;rab-
bit anti-Lgl D300(SantaCruz Biotechnology)l:100 Embryoswerewashedhreetimesfor 20
min in PBT(0.3%Triton X-100in PBS)oeforeandafterincubationwith secondanantibodies
(1:400Nn NGT, 1 h atroom temperature)which wereconjugatedo Cy3(JacksonmmunoRe-
searchLaboratoriespr AlexaFluor 488(MolecularProbes)Embryosweremountedin Vecta-
shieldmounting medium (VectorLabs)andimagedwith aFV1000confocalmicroscope
coupledto FluoView3.0(Olympus),usinga40 Apochromatlenswith anumericalaperture
of 0.90.Imagesvereuniformly processeavith OlympusFV1000viewer(v.4.2b)mageJ
(Nationallnstitutesof Health),or PhotoshogCC 2017;:Adobe).
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Cuticle preparation

Embryosweredechorionatedmountedin 100 | of Hoyer'smounting medium(preparedby
mixing 50ml of distilled water,20ml of glycerol,30g of gum Arabic,and 200g of chloral
hydrate)/lacticacid (1:1)andincubatedovernightat 80ECEmbryoswereimagedwith an
Eclipse600microscopgNikon) throughal10 PlanFluor objectivewith anumericalaperture
of 0.30,anda CoolSNAPfx cameraPhotometricsoupledto MetaVue7.77(Molecular
Devices)lmageswereprocesseavith PhotoshogCC 2017;Adobe).

Antibody production

Antibodiesagainstheaminoacids696to 9720f Yrt in fusionwith GSTwereproducedin rab-
bits (Medimabs).

Phosphatasassays

Dechorionatedembryosverehomogenizedn ice-coldlysisbuffer (1%Triton X-100,50mM
TRIS-HCIpH 7.5,5%qglycerol, 150mM NaCl,1 mM PMSF 0.5 g/mL aprotinin, 0.7 g/mL
pepstatinand0.5 g/mL leupeptin).Lysatesvereclearedy centrifugationat4ECand400
unitsof PhosphatasgNew EnglandBiolabswasaddedto 50 g of proteinsextractedrom
embryosThevolumeof thereactionmix wascompletedo 30 | with the MetalloPhosphatase
buffer (NewEnglandBiolabs)containingl mM of MnCl,, prior to a30-minincubationat
30ECThereactionwasstoppedoy addition of Laemmli'sbuffer.

Westernblot

Dechorionatecembryoswverehomogenizedn ice-coldlysisbuffer (1%Triton X-100,50mM
TRISHCI pH 7.5,5%glycerol, 100mM NaCl,50mM NaF,5mM EDTApH 8,40mM -gly-
cerophosphate, mM PMSF0.5 g/mL aprotinin, 0.7 g/mL pepstatin0.5 g/mL leupeptin
and0.1mM orthovanadatepand processefor SDS-PAGEndwesterrblotting aspreviously
describedLapriseetal.,2002) Primary antibodiesusedwere:guineapig anti-Girdin 163[3],
1:2,000rabbitanti-Yrt (this study),1:5000mouseanti-Gapdhl(Medimabs),1:500yabbit
anti-Lgl D300(SantaCruz Biotechnology)L:1,000rabbit anti-PKCzC20(SantaCruz Biotech-
nology),1:2,000mouseanti-Actin (NovusBiologicals);1:10,00mouseanti- Tubulin
(DM1A, Sigma),1:10,000rabbit anti-GIRDIN (ABT80,Millipore), 1:1,000HRP-conjugated
secondanantibodiesvereusedata1:2,00G0 1:10,00@lilution.

Chemicaltreatment of embryos

Dechorionatecembryoswereincubatedwith 500 M of theaPKCinhibitor CRT-006-68-54
(dilutedin PBSwith 0,9%NaCl)underanoctanephasg1:1)for 1hatroom temperature.

Immunofluorescenceon human 3D cysts

Three-dimensionatystswveretransfectedvith plasmidsandfixedwith 2%paraformaldehyde/
PBSor 10min andpermeabilizedn PBSsupplementeadvith 0.5%Triton X-100/10%goat
serumfor 1 h, andincubatedovernightin primary antibodiesThefollowing primary antibod-
ieswereused:mouseanti-PAR6(1:100 SantaCruz Biotechnology)rabbit anti-E-cadherin
(1:100CellSignalingTechnology)Cystswerewasheahreetimesfor 15min in 0.5%Triton
X-100/PB%eforeandafterincubationwith secondarnantibodies Proteinswerevisualized
with 647Phalloidin(1:100)nvitrogen), Cy3-Donkeyanti-Rabbit(1:750JacksonR through
Cedarlane)AlexaFluor 647-Donkeyanti-Rabbit(1:200 JacksonR through Cedarlane)DNA
wasdetectedvith Hoechstdye 33258 SigmaAldrich). Cystswereimagedwith ZEISS_SM700
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confocalmicroscopeat Plan-Apochroma®0X/0.8M27 objectivelens.Imageswvereuniformly
processeavith ImageJNationalInstitutesof Health).

Cell survival assays

CaAM (calceinAM)/EthD-I (ethidium homodimerl) stainingwasperformedin three-dimen-
sionalcystswith 2 mM calceinAM and4 mM ethidiumhomodimerl (Live/DeadViability/
Cytotoxicitykit; Life Technologiesjor 40min at37EQn the dark. DNA wasdetectedvith
Hoechstdye33312Invitrogen).

Liveimaging
Three-dimensionatystswereimagedusingZEISS_SM700confocalmicroscopeat 20X/0.4

Korr M27 objectivelens.Cellswereimagedevery20min for 26h in ahumidified chamber
with 5%CO, andheatedo 37EC.

Patient cancersurvival

Survivaldatawasretrievedfrom the kmplot resourcgkmplot.com;[69]) for breastjung, ovar-
ian,andgastricmRNA expressionJetsebptimal probeswereselectedor analysisThe breast
cancetlintrinsic subtypesvereselectedor Luminal A, Luminal B, HER2-positiveandbasal
cancersLungcancersubtypesvereselectedisingthe histologyselectioroption for adenocar-
cinomaandsgquamoudung cancersSurvivalplotswith weregeneratedisingJMP 14statistical
software.

Statisticalanalysis

Pairwisestatisticavereperformedusing Student'dests Multiple comparisonsverecompared
usingANOVA, with TukeyHSD tests Distributionswereexaminedusingachi-squaregood-
nesf fit test.Differencesn survivalweredeterminedusingaLog-Ranktest.Statisticabinaly-
sesvereperformedwith IMP14statisticakoftwarewith = 0.05for all tests.

Supporting information

S1Fig. Weakeningof the is not sufficient to causepolarity defectsin
mutant embryos.A-D, Cuticlepreparationf wholemountedembryosof theindicated
genotypesScalebarin A representd00 m, andalsoapplieso B-D. E-P,Embryosatembry-
onic staggSt)11,13or 16werefixedandprocessedbor immunofluorescencel hedistribution
of the apicalmarkerCrb and of the lateralprotein DIg1 wasthen assessdaly confocalmicros-
copyin theventralectodermor theventralepidermis.Scalébarin Erepresentd0 m, and
alsoapplieso F-P.A-P showrepresentativeesultsof experimentghat wereperformedin
triplicate. At least20embryoswereanalyzedn eachreplicate.

(TIF)

S2Fig. Relatedto Fig 3. A-B, Westernblotsshowingknockdownefficiencyfor aPKC(A),
andGIRDIN (B).Actin (A) or TUBULIN (B) wereusedasloadingcontrol. C, Embryos
expressing-LAG-Girdin werefixed andimmunostainedwith anti-FLAGantibodiesD-E,
Crb (green)andLgl (magentadistribution in awild typeembryo(D) or aFLAG-Girdin
expressingpecimen(E). Panelgepictwholeembryoview (anterioris to theleft, anddorsalis
up). Scalébarin C=10 m, scaléarin D, E=100 m.

(TIF)
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S3Fig. Relatedto Fig 4. Kinase-deficientaPKCrestoreslumen formation in GIRDIN-defi-
cient cells.A-F, Caco-Zcellcystsafter7-daysin culturewerevisualizedby DIC microscopy.
GIRDIN-deficient(sh ) or control cells(shScrlexpresse&FP(control), wild-type
(aPKC-WT),or kinase-deficientaPKC-K281WyaPKC.Scalédarsrepresenb60 m. G, Histo-
gramdisplayingthe proportion of 3D cellularstructureswith asingleprominentlumen
(shScr/GFPn = 486;shScr/aPKC-K281Wh = 309;shScr/aPKCWTn = 341;sh /GFP,
n=292;sh /aPKC-K281W, n=229;sh /aPKC-WT, n=227;r =3independenexperi-
ments).Error bars= sd.DifferencesveredeterminedusingANOVA with TukeyHSD.

(TIF)

S4Fig. Girdin restricts aPKCactivity to maintain apical-basalpolarity. Our dataindicate
that Girdin cooperatesvith Lgland Yrt. Thelattertwo proteinsactin parallelpathwaygo
antagonizehe apicalmachinery therebysupportinglateralmembranestability[8,27,28,30].
AlthoughLglandYrt actindependentlytheyhavein commonthat theyareboth negatively
regulatedoy aPKC[15,24,25]We provideevidencehat Girdin antagonizesaPKCfunction.
Wethusproposeamodelin which Girdin supportsthe function of Yrt andLgl by restricting
theactivity of aPKC.

(TIF)

S1Video. Imaging of a Caco-2cell cyst.Liveimagingof awild type Caco-2cellcyst,which
wasimagedevery20min for 26h.

(AVI)

S2Video. Cellsdetachfrom knockdownepithelial cysts.A knockdown
Caco-2cellcystwasimagedevery20min for 26h.

(AVI)

S3Video. Cell clustersare extruded from knockdowncell cysts.A knock-
down Caco-2cellcystwasimagedevery20min for 26 h.

(AVI)

S4Video. GIRDIN maintains the cohesionof epithelial structures.Liveimagingof a
knockdownCaco-2cellcyst.Thelatterwasimagedevery20min for 26h.
(AVI)
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