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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-

DIN knockdown cysts and tumorspheres, thereby showing that GIRDIN supports the cohe-

sion of multicellular epithelial structures. Consistent with these observations, alteration of

GIRDIN expression is associated with poor overall survival in subtypes of breast and lung

cancers. Overall, we discovered a core mechanism contributing to epithelial cell polarization

from flies to humans. Our data also indicate that GIRDIN has the potential to impair the pro-

gression of epithelial cancers by preserving cell polarity and restricting cell dissemination.

Author summary

Epithelia,composedof epithelialcells,delimit thefrontier betweentheexternalenviron-
mentandtheinsideof complexorganisms.Therefore,epithelialcellscoverthesurfaceof
thebody(e.g.skin)andline internalcavitiesof organs(found in theintestine,liver, lungs,
etc).An important function of epitheliais to selectivelytransportspecificmoleculesto
adjustthechemicalcompositionof thedifferentbodycompartments.This function relies
on theasymmetricdistribution of manycellularconstituents,astructuralorganization
referredto asepithelialpolarity.Thepolarizedarchitectureof epithelialcellsisalso
requiredto maintaintissuehomeostasis,aslossof epithelialpolaritycontributesto cancer
progression.Here,weshowthat theproteinGIRDIN isessentialto maintainepithelial
polarity in fruit fliesandhumancells.In addition,theabsenceof GIRDIN causescelldis-
seminationfrom tumor-like structures.Thisprocessis reminiscentto theformationof
metastases(secondarytumors),whicharetheprimary causeof mortality in cancer
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patients.It is thusnot surprisingthatour dataindicatethat low GIRDIN levelsareassoci-
atedwith apoorprognosisin somecancers.Overall,our studyidentifiesGIRDIN asa
potentialtargetin cancer.

Introduction
Theability of epitheliato form physicalbarriersisprovidedbyspecializedcell-celljunctions,
including the������ ���	
	�� (ZA). Thelatterisabelt-likeadherensjunction composedpri-
marily of thetransmembranehomotypicreceptorE-cadherin,whichis linked indirectly to cir-
cumferentialF-actinbundlesthroughadaptorproteinssuchas��-cateninand��-catenin[1,2].
In �
���
���� embryonicepithelia,theproteinGirdin stabilizestheZA byreinforcingtheasso-
ciationof thecadherin±catenincomplexwith theactincytoskeleton[3]. This function in cell±
celladhesionispreservedin mammals,andsupportscollectivecellmigration [4,5].Flyand
humanGirdin alsocontributeto thecoordinatedmovementof epithelialcellsthroughthe
organizationof supracellularactincables[3,4].

In addition to creatingbarriers,epithelialtissuesgeneratevectorialtransportandspatially
orientedsecretion.Theunidirectionalnatureof thesefunctionsrequiresthepolarizationof
epithelialcellsalongtheapical-basalaxis.In �
���
����, thescaffoldproteinBazooka(Baz)is
crucialto theearlystepsof epithelialcellpolarization,andfor properassemblyof theZA [6±
9]. BazrecruitsatypicalProteinKinaseC (aPKC)togetherwith its regulatorPartitioning
defectiveprotein6 (Par-6)to theapicalmembrane[10±12].ThesmallGTPaseCdc42contrib-
utesto theactivationof aPKCandp21-activatedkinase(Pak1),therebyactingasakeyregula-
tor of cellpolarity [13±16].Bazalsocontributesto apicalpositioningof theCrumbs(Crb)
complex,which iscomposedmainlyof Crb,Stardust(Sdt),andPALS1-associatedTight Junc-
tion protein (Patj)[10,17].Onceproperlylocalized,theaPKC±Par-6andCrb complexespro-
motetheapicalexclusionof Baz,whichis thenrestrictedto theZA [12,18,19].Theapical
exclusionof Bazisessentialto thepositioningof theZA alongtheapical-basalaxis[18], and
for full aPKCactivation[20±22].

Thefunction of aPKCisevolutionarilypreserved,andhumanatypicalPKC�7(PKC��in
othermammals)andPKCzcontributeto epithelialcellpolarization[23]. aPKCmaintainsthe
identity of theapicaldomainthroughphospho-dependentexclusionof lateralpolarityproteins
suchasYurt (Yrt) andLethal(2) giantlarvae(Lgl) [15,24±26].In return, theseproteinsantago-
nizetheCrb- andaPKC-containingapicalmachineryto preventthespreadof apicalcharacter-
isticsto thelateraldomain[8,14,15,24,27±31]. In combinationwith thefunction of Baz,these
feedbackmechanismsprovideafine-tuningof aPKCactivityin addition to specifyingits sub-
cellularlocalization.This iscrucial,asbothover-andunder-activationof aPKCisdeleterious
to epithelialpolarity in fly andmammaliancells,andectopicactivationof aPKCcanleadto
celltransformation[11,32±35].

Cellculturework hasestablishedthatmammalianGIRDIN interactsphysicallywith PAR3
±theorthologof Baz±andPKC��[36±38].Depletionof ������ in Madin-DarbyCanineKid-
ney(MDCK) epithelialcellsdelaystheformationof tight junctionsin Ca2+ switchexperiments
[38]. GIRDIN isalsoaneffectorof AMP-activatedproteinkinase(AMPK) in themaintenance
of tight junction integrity underenergeticstress[39]. Moreover,mammalianGIRDIN is
requiredfor theformationof epithelialcellcystswith asinglelumen,supportingarole for this
protein in epithelialmorphogenesisasreportedin flies[3,36,38,39].Ascystmorphogenesisis
linked to epithelialcellpolarity [40], thesestudiessuggestthatGIRDIN is involvedin establish-
ing theapical-basalaxis.However,further studiesarerequiredto clarify theroleof GIRDIN in
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apical-basalpolarity 
	
 �	, asothercellularprocessescouldexplainthephenotypeassociated
with alteredGIRDIN expression.For instance,spindleorientationdefectsimpair theforma-
tion of epithelialcysts[41]. Of note,PAR3,aPKC,andAMPK areall requiredfor properspin-
dlepositioningin dividing epithelialcells[42±45].Themolecularmechanismssustainingthe
putativeroleof GIRDIN in epithelialcellpolarityalsoneedto bebetterdeciphered.Here,we
further investigatedtheroleof fly andhumanGirdin proteinsin theregulationof epithelial
cellpolarity,andshowedthat theseproteinsarepartof thelateralpolarityproteinnetwork.
Onecrucialfunction of Girdin proteinsis to repressaPKCfunction.Wealsodiscoveredthat
lossof Girdin proteinspromotesovergrowthof cellcysts,andcelldisseminationfrom these
multicellularstructures.Consistentwith thesedata,wefound that low ������ expressioncor-
relateswith pooroverallsurvivalin subtypesof breastandlungcancers.

Results

������ is acrucial componentof the geneticnetwork supporting lateral
membranestability in polarizedepithelial cells
To exploretheroleof Girdin in epithelialcellpolarity regulation,weinvestigatedits functional
relationshipwith Yrt andLgl,whichareknownpolarity regulatorsin �
���
���� embryos.
Theselateralproteinspreventoveractivationof theCrb- andaPKC-containingapicalmachin-
ery,therebyprecludingapicalizationof thelateralmembrane[8,24,27,30,31].Similarto Gir-
din, Yrt andLgl areprovidedmaternally[3,27,46].Althoughsuboptimal,thematernal
contribution issufficientto maintainapical-basalpolarity in zygoticmutantembryoscarrying
null allelesfor ��
���, �
� or ��� [3,27,46](Figs1A-I and2A±2C).Zygoticlossof thesegenes
thusrepresentsasensitizedbackground.In contrast,acompletelossof Lgl expressionin ���
maternalandzygotic(M/Z) mutantsisassociatedwith strongpolaritydefectscharacterizedby
ectopiclocalizationof theapicalproteinCrb to thelateralmembranein post-gastrulating
embryos[30]. Thisphenotypeisclearlyvisibleatstage11of embryogenesisasshownby the
partialco-localizationof Crb with thelateralproteinDiscslarge1 (Dlg1;Fig1J).At stage13,
themonolayeredarchitectureof thedifferentiatingepidermisiscompromised,andpolarity
defectswereattenuatedbut still apparent(Fig1K).Towardtheendof embryogenesis(stage
16),Lgl-deficientepidermalcellsformedpolarizedcystsof cellswith their extended±cuticle
secreting±apicalmembranefacingout (Fig1L).Asaconsequence,��� M/Z mutantembryos
assembledahighlyconvolutedcuticle(Fig1R),whereaszygotic��� and��
��� mutantembryos
displayedanormalcuticle(Fig1Pand1Q).Strikingly,acombinationof zygotic��� and��
���
mutationsphenocopiedatotal lossof Lgl (Fig1M±1Oand1S).Similarly,depletionof Girdin,
whichisnot sufficientto causeobviouspolaritydefects[3] (Fig2D±2F),stronglyenhancedthe
zygotic�
� mutantphenotype.Indeed,��
��� �
� doublemutantspecimenswereindistin-
guishablefrom �
� M/Z embryos[27] (Fig2G±2L,2Oand2P),andpresentedanexpansionof
Crb expressionterritoriesatstages13of embryogenesis(Fig2H and2K).Thesestronggenetic
interactionssuggestthatGirdin cooperateswith Yrt andLgl to maintainlateralcharacteristics
in polarizedepithelialcells.

Girdin playsanimportant role in strengtheningDE-cadherin(DE-cad)-dependentcell±cell
adhesionin developingembryos[3]. Wethuswonderedwhetheralterationof ZA properties
couldexplainthegeneticinteractionbetween��
��� and���. Weinvestigatedthispossibility
bycombiningzygoticlossof Lgl expressionwith mutantallelesof ������� (���) and������	���
(������), whichencodecoreZA components(DE-cadand��-Cat, respectively;[47±49]).The
cuticlesof ��� ��� and��� ������ doublemutantembryosweresimilar to single��� or ������
mutants,respectively(S1A±S1DFig).Moreover,immunostainingof Crb andDlg1revealedno
majorpolaritydefectsin doublemutantembryos(S1H±S1JandS1N±S1PFig),whichwere
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similar to single��� or ������ mutantspecimens(S1E±S1GandS1K±S1MFig).This ledusto
concludethat theweakeningof theZA isnot sufficientto enhancethe��� mutantphenotype.
Althoughtheseresultsdo not excludethepossibilitythatGirdin sustainsepithelialcellpolarity
in partbystrengtheningcell-celladhesion,theystronglyarguethatGirdin hasadditionalroles
directlyimpactingon theproteinnetworksupportingthestabilityof thelateraldomain.

Fly Girdin andhumanGIRDIN repressthe function of aPKCto support
epithelial cell polarity
AlthoughYrt andLgl control Crb activityindependentlyandin separatetime windowsduring
fly embryogenesis[27,28,30],theyareboth inhibited byaPKC-dependentphosphorylation

Fig 1. Girdin cooperateswith Lgl to support epithelial cell polarity. A-O, Embryosof theindicatedgenotypeswerefixedandco-stained for Crb and
Dlg1.M/Z standsfor maternal andzygoticmutant.Panelsdepictaportion of theventralectodermor epidermisatstage(St)11(A, D, G,J,M), stage13(B,
E,H, K, N), or stage16(C,F,I, L, O) of embryogenesis.In eachcase,theapicalmembraneis facingup.Scalebarin A represents10�m, andalsoappliesto
B-O. P-S,Panelsdepictcuticlepreparationsof wholemountedembryosof theindicatedgenotypes.Theanteriorpartof theembryoisorientedto theleft,
andthedorsalsideis facingup.Scalebarin P represents100�m, andalsoappliesto Q-S.Panelsin A-Sshowrepresentativeresultstakenfrom experiments
thatwererepeatedat leastthreetimes[replicate(r) �3], andaminimum of 25embryosof theindicatedgenotypeswereanalyzedin eachreplicate.

https://doi.org/10.1371/journal.pgen.1008674.g001
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[24,25,50,51].It is thusplausiblethatGirdin supportsthefunction of theseparallelpathways
byactingasarepressorof aPKCactivity,which impactson thefunction of bothLgl andYrt.
Accordingly,Yrt, which isasubstrateof aPKC[24], showedreducedelectrophoreticmobility
in ��
��� null embryoscomparedto control animals.Thiswasdueto enhancedphosphoryla-
tion of Yrt, astreatmentof sampleswith the�� ProteinPhosphataseabolishedthedelayed
migrationprofile of Yrt in ��
��� null embryos(Fig3A).TheaPKCinhibitor CRT-006-68-54
largelysuppressedthehyper-phosphorylationof Yrt in ��
��� null embryos(Fig3B).These
resultsstronglyarguethat theactivityof aPKCincreasesin theabsenceof Girdin. To obtain
functionalevidencethatGirdin repressesaPKCactivity,weperformedgeneticinteractions.
Maternalknockdownof ���� resultedin strongepithelialmorphogenesisdefects,asrevealed
byanalysisof thecuticle,andafully penetrantlethality.Indeed,mostknocked-downembryos
displayedepithelialtissuecollapse(referredto asclassI embryos,Fig3Cand3F).Remaining
embryosshowedaweakerphenotype,andsecretedeithersmallpatchesof cuticle(classII;
Fig3D and3F),or largecontinuoussheetsof cuticlewith differentiatedstructuresuchasden-
ticlebelts(classIII; Fig3Eand3F).Knockdownof ���� in zygotic��
��� mutants,which
showanormalcuticlephenotype([3] andFig1Q),significantlychangedthedistribution of
embryosin eachcategory.However,reductionof Girdin levelsin ���� knockdownembryos
wasnot sufficientto modify thedegreeof lethality.Specifically,adecreasein classI embryos

Fig 2. ������ mutation enhancesthe delocalization of the apicalprotein Crb in ��� mutants.A-L, Embryoswereimmunostainedfor Crb andDlg1,and
apartof theventralectodermor epidermiswasimagedbyconfocalmicroscopy (theapicalsideof theepithelialtissueis facingup).Thedevelopmental stage
of embryos(St)is indicatedin theupperright cornerof panels.Scalebarin A represents10�m, andalsoappliesto B-L. M-P, Cuticlepreparationsof whole
mountedembryosareshown.Scalebarin M represents100�m, andalsoappliesto N-P. Panelsin A-P depictrepresentativeresultstakenfrom experiments
thatwererepeatedat leastthreetimes(r �3), andaminimum of 55embryosof theindicatedgenotypeswereanalyzedin eachreplicate.

https://doi.org/10.1371/journal.pgen.1008674.g002
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concomitantwith anincreasein classII andIII specimenswasobserved(Fig3F).Thisshows
that reductionof Girdin levelsalleviatestheimpactof ���� knockdown,andsuggeststhat
Girdin normally limits thefunction of residualaPKCin knocked-downembryos(S2AFig).In
accordancewith thisconclusion,overexpressionof FLAG-Girdin enhancedtheseverityof the
phenotypeassociatedwith theknockdownof ���� (Fig3G).FLAG-Girdin displayedasimilar
distribution to endogenousGirdin [3], andoverexpressionof thisprotein in awild typeback-
groundhadno impacton epithelialtissuemorphogenesis(S2C±S2EFig).Thus,�
���
����
Girdin opposesaPKCfunction,andsupportsapical-basalpolarity in epithelialcells.

To exploretheintriguing possibilitythathumanGIRDIN alsorestrictsaPKCactivityto
control polarity,weusedthehumancoloncarcinomaCaco-2cellline.Thesecellsadopta
monolayeredorganizationin 3D culture,andform hollowcystswith asinglelumen.Cells
forming thecystsarepolarizedalongtheapical-basalaxis,with thePAR6-andF-ACTIN-
enrichedapicaldomainfacingthecentrallumen(Fig4A,4H,4Land4N; [41]). PAR6

Fig 3. Girdin antagonizesaPKCfunctions.A, Stage11±13wild typeembryosor maternalandzygotic(M/Z) ��
��� mutantembryoswerehomogenizedand
processedfor Westernblotting.Whereindicated,samplesweretreatedwith the�� ProteinPhosphataseprior to electrophoresis.Arrow indicatesthepositionof
phosphorylatedYrt proteins(PYrt). Immunoblotting of Girdin validatesthegenotypeof embryos,whereasGapdh1wasusedasloadingcontrol.B, ��
��� null
embryoswereincubatedin asalinesolutionin theabsenceor presenceof theaPKCinhibitor CRT-006-68-54for 1h.Embryoswerethenhomogenizedand
processedfor Westernblotting.Arrow pointsto phosphorylatedYrt proteins(PYrt). Immunoblottingof Girdin confirmsthegenotypeof embryos,and��-
Tubulin wasusedasloadingcontrol.C-E,Cuticlepreparationsof ���� knockdown(kd) embryos.Embryoswereseparatedin threeclasses(I, II, or III) to
accountfor phenotypicvariability.Scalebarin C represents100�m, andalsoappliesto D andE.F,Histogram showingthephenotypicdistribution in
percentage(%;accordingto theclassesdefinedin C-E) in collectionsof embryosof thefollowinggenotypes:���� knockdownin awild typebackground (����
kd; � = 1312),���� knockdownin a��
��� mutantbackground (���� kd ��
���� � = 1573).Thespecifiednumberof embryos(n) representsthesumof
specimensanalyzedin threeindependent experiments.G,Phenotypicdistribution of ���� knockdownembryosexpressing GFP(���� kd GFP;� = 603)or
FLAG-Girdin (���� kd FLAG-Girdin;� = 697).ForF andG,embryoswereanalyzedin threeblindedexperiments,andaChi-squaredtestof independencewas
performed (� � � � : � < 0.0001).

https://doi.org/10.1371/journal.pgen.1008674.g003
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segregatesfrom thelateraladhesionproteinE-CADHERIN(E-CAD;Fig4H±4L).Consistent
with our hypothesis,knockdownof ������ in Caco-2cellsmimickedthephenotypeassoci-
atedwith increasedPKCzactivity(expressionof theconstitutivelyactivePKCz�T410E),and
resultedin theformationof solidcysts,or cystswith multiple atrophiclumens(Fig4A,4B,4E,
4FandS2BFig).������ knockdowncellsforming thedisorganized3D structuresweremis-
polarized,asshownby theperipheralaccumulationof PAR6(Fig4I and4M, arrow)and
F-ACTIN (Fig4O).Despitethat ������ knockdowncystsdisplayedasimilarsizeto controls,
theycontainedmorecellsresultingfrom lumenfilling (Fig4N±4P).Theovergrowthpheno-
typewasexacerbatedandresultedin largercystswhen������ knockdownwascombined
with overexpressionof wild typePKCz,whereasoverexpressionof thelatterhadno impacton
cystsize(Fig4C,4D and4G).Again,this isconsistentwith astrongerPKCzactivationin ����
��� knocked-downcellscomparedto cellsexpressingascrambledshRNA,asexpressionof
PKCz�T410Ealsocausedenlargementof cysts(Fig4Eand4G).To confirm thataPKCactiva-
tion contributesto thephenotypesassociatedwith depletionof GIRDIN, weusedtheaPKC
inhibitor CRT-006-68-54.Strikingly,inhibition of aPKCactivitysuppressedthedefectscaused
byknockdownof ������ (Fig4Q±4U).Expressionof thedominantnegativeaPKC-K281W
in ������ knockdowncystsresultedin asimilar rescueof lumenformation(S3A±S3GFig).
Together,theseresultsindicatethat,similar to fly Girdin, GIRDIN restrainsaPKCfunction to
supportepithelialmorphogenesisandapical-basalpolarity.

GIRDIN maintains the cohesionof epithelial cysts
In addition to themorphogenesisandpolaritydefectsassociatedwith decreasedGIRDIN
expression,weobservedthepresenceof isolatedcellsor smallcellaggregatesin theproximity
of most������ knocked-downCaco-2cellcysts(Fig4Band4D,arrows).Aswepreviously
reportedthatcellcystsdetachfrom theepidermisandsurviveoutsideof it in ��
��� mutant
�
���
���� embryos[3], wehypothesizedthatsomecellsseparatefrom ������ knockdown
Caco-2cellcysts.To testthishypothesis,weperformedtime-lapsemicroscopyof control
(expressingascrambledshRNA)and������ knocked-downcysts.Overaperiodof 26hours,
control cystsshowedcell±cellrearrangements,whichwereresolvedto maintainthemono-
layeredorganization(Fig5A andS1Video).In ������ knockdowncysts,cellswerefre-
quentlyobservedextendingfrom theperipheryof cystsanddetaching(Fig5Barrow,5E±5G
andS2Video).In control cysts,theextensionswerelessfrequent,anddetachmentwasnot
observed(Fig5A,5E±5GandS1Video).Furtheranalysisalsorevealedthat lossof GIRDIN
expressionisassociatedwith buddingfrom alargegroupof cellsfrom thecyst(Fig5CandS3
Video),or thefragmentationof cystsinto multiple smallercellaggregates(Fig5D,S4Video).
Stainingfor viability revealedthatall cellswerealiveprior to detachmentfrom cysts,andsome
cellsurvivedoutsideof their cystof origin (Fig5H±5N).Expressionof oncogenicKRAS
(KRASG12V), whichisanimportant driver of coloncancer[52], improvedthesurvivalof
detachedcells(Fig5O±5S).Collectively,our resultsshowthatGIRDIN is requiredto maintain
thecohesionof multicellularepithelialstructures,andthat its lossisassociatedwith celldisper-
sionin control andcancer-mimeticcontexts.Thissuggeststhat reducedGIRDIN levelsmay
conferamoreaggressivephenotypeto cancercells,andsustaintumor progression.

Alteration of ��	
�� expressionis associatedwith apoor prognosisin a
subsetof breastand lung cancers
To further investigatetherelevanceof our datato humancancer,weexamined������
mRNA expressionandpatientsurvivaloutcomes.Weobservedthat low ������ expression
wasassociatedwith reducedoverallsurvivalin moreaggressivebreastcancertypes(Luminal
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B,HER2+,andbasalBreastCancer),comparedto lessaggressiveLuminalA subtype(Fig6A±
6D).Low������ wasalsoassociatedwith poorersurvivalin lungadenocarcinoma,but not
lungsquamouscellcarcinoma(Fig6Eand6F).Therefore,������ expressionis linked to sur-
vivaloutcomes,anddisplaysspecificityfor certaincancertypes.

Discussion
Usingclassicalgeneticsin flies,wehaveshownthatmutation in ��
��� exacerbatesthepolarity
defectsin zygotic��� or �
� mutantembryosandconcludedthatGirdin ispartof thelateral
polaritynetwork.Wealsofound thatGirdin opposesthefunction of aPKC,whichplaysacru-
cialrole in theestablishmentandmaintenanceof theapicaldomainbyantagonizinglateral
proteinssuchasLgl andYrt [10,23].Wethusproposeamodelin whichGirdin supportsthe
activityof Yrt andLgl by restrictingtheactivityof aPKC(S4Fig).Our work demonstratesthat
theroleof Girdin in restrictingaPKCactivityisevolutionarilyconserved.This function con-
ferson humanGIRDIN theability to maintainapical-basalpolarity in Caco-2cells,andto sup-
port epithelialcystmorphogenesis.Theseresultsarein line with previousstudiessuggestinga
role for GIRDIN in polarityandcystogenesisin MDCK andMCF10Aepithelialcells[36,38].
It wasshownthatPKC��enhancesGIRDIN expressionin MDCK cells[38]. Moreover,knock-
downof ���� or ������ givesasimilarphenotypecharacterizedbydefectsin tight junction
integrity andcystformation [38,53±55].It wasthusproposedthatGIRDIN isaneffectorof
PKC��[38]. Althoughcell-type-specific mechanismsmayexist,our datasuggestthat this
hypothesisneedsto berevisitedin favorof amodelin whichtheinduction of GIRDIN expres-
sionbyPKC��in MDCK cellsinitiatesanegativefeedbackloop insteadof cooperationbetween
theseproteins.Thefactthatbothoveractivationof aPKCor inhibition of its activityisdeleteri-
ousto epithelialcellpolarityandcystmorphogenesismayunderlietheconflictinginterpreta-
tionsof thedatain theliterature[34,55].GIRDIN isalsoknownto modulateheterotrimericG
proteinsignaling[56,57]±arole thatseemsto contributeto theformationof normalcystsby
MDCK cells[38]. In addition,it wasdemonstratedrecentlythatGIRDIN actsasaneffectorof
AMP-activatedproteinkinase(AMPK) underenergeticstressto maintaintight junction func-
tion [39]. Of note,thesetwo functionsarenot sharedby fly Girdin [58,59],andwerethus
acquiredbyGIRDIN during evolutionto fulfill specializedfunctions.In contrast,our discov-
eryof theGirdin-dependentinhibition of aPKCrevealsacoremechanismcontributing to epi-
thelialcellpolarizationfrom fliesto humans.

GIRDIN isconsideredto beaninterestingtargetin cancerdueto its role in cellmotility,
andhigh levelsof GIRDIN havebeenreportedto correlatewith apoorprognosisin some
humancancers[60,61].NotwithstandingthatGIRDIN mayfavortumor cellmigration,our
studyindicatesthat inhibition of GIRDIN function in thecontextof cancerwouldbeadou-
ble-edgedswordfor manyreasons.Indeed,weshowedthatknockdownof ������ exacer-
batestheimpactof aPKCoverexpression,andleadsto overgrowthandlumenfilling of Caco-2

Fig 4. Human GIRDIN is essentialfor epithelial morphogenesisandpolarity. A-G, Caco-2cellcystsafter7daysin culturewereobservedbyDIC
microscopy,andtheproportion of 3D cellularstructureswith asingleprominent lumenandsizewereassessed(shScr,n = 27;sh���, n = 39,r = 3
independentexperiments).Arrowsin B andD highlightdissociated cells.Scalebarrepresents25�m. F,Histogramdisplayingtheluminal phenotypes
observedin A-E.Error bars= sd.G,Histogram displayingmeansizes(cross-sectionalarea)of cysts.Error bars= sd.H-M, Caco-2cellcystsafter7daysin
culturewereimmunostainedfor PAR6andE-CADandvisualizedbyconfocalmicroscopy.Arrowsshowanexampleof astructurewith PAR6localized
basally.Scalebarrepresents25�m. N-O, Caco-2cellcystsafter7daysin culturewerestainedwith phalloidin (F-ACTIN) andHoechst(nuclei)andvisualized
byconfocalmicroscopy. Scalebarrepresents25�m. P,Histogramdisplayingthenumberof cellscountedin cross-sectionalimagesthroughthemiddleof 3D
cellularaggregates.Error bars= sd.Q-T, Caco-2cellcystsafter7daysin culturewerevisualizedbyDIC microscopy.Cellsweretreatedwith 1.5�M of the
aPKCinhibitor CRT-006-68-54(inhib) or vehiclecontrol (water)for thedurationof the3D cultureperiod.Scalebarrepresents100�m. U, Histogram
displayingtheproportion of 3D cellularstructureswith asingleprominentlumen(shScr,n = 278;sh���, n = 181;shScr+Inhib,n = 321;sh���+Inhib,
n = 196;r = 3 independentexperiments).Error bars= sd.DifferencesweredeterminedusingANOVA with TukeyHSD(F,G,U) or Student'st-test(P).

https://doi.org/10.1371/journal.pgen.1008674.g004
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cellcysts.Of note,overexpressionof aPKCcanleadto celltransformation,andwasassociated
with apooroutcomein severalepithelialcancers[34,62].Our studythusestablishesthat inhib-
iting GIRDIN in patientsshowingincreasedaPKCexpressionlevelscouldworsentheir prog-
nosis.Accordingto our data,abolishingGIRDIN function in tumor cellswith decreasedlevels
of thehumanLglproteinLLGL1,asreportedin manycancers[63], couldalsosupportthepro-
gressionof thediseasebyalteringthepolarityphenotype.Weobservedcelldetachmentand
disseminationfrom ������ knockdowncysts,thusshowingthatGIRDIN is requiredfor the
cohesionof multicellularepithelialstructures.Of note,cells,eitherindividually or asclusters,
detachingfrom cystsarealiveandsomeof themremainviable.This isanalogousto whatwas
reportedin ��
��� mutant �
���
���� embryosin whichcellcystsdetachfrom theectoderm
andsurviveoutsideof it [3]. Otherphenotypesin ��
��� mutantembryosareconsistentwith a
role for Girdin in epithelialtissuecohesion,including ruptureof theventralmidline andfrag-
mentationof thedorsaltrunk of thetrachea.Mechanistically,Girdin strengthenscell±cell
adhesionbypromotingtheassociationof coreadherensjunction componentswith theactin
cytoskeleton[3]. A recentstudyestablishedthat thismolecularfunction isevolutionarilycon-
served,andthatGIRDIN favorstheassociationof ��-CATENIN with F-ACTIN [4]. Since
knockdownof ������ resultsin celldispersionfrom Caco-2cellcysts,andsinceweakening
of E-CADHERIN-mediatedcell±celladhesioncontributesto cancercelldisseminationand
metastasis[64], it isplausiblethat reducedGIRDIN expressioncontributeto theformationof
secondarytumorsandcancerprogression.Thismayexplainwhywefound that low mRNA
expressionlevelsof ������ correlateswith decreasedsurvivalin moreaggressivebreastcan-
cersubtypesandlungadenocarcinoma.Futurestudiesusingxenograftin mice,andinvestigat-
ing theexpressionof GIRDIN protein in cancerpatientswill helpvalidatingwhetherGIRDIN
canrepresstheprogressionof certaintypesof epithelialcancers.

In conclusion,usingasophisticatedexperimentalschemecombining�� ���� approachesin
�. �	��������	
 with 3D cultureof humancells,wedefinedaconservedcoremechanismof epi-
thelialcellpolarityregulation.Specifically,weshowedthatGirdin repressestheactivityof aPKC
to supportthefunctionof LglandYrt, andensurestabilityof thelateraldomain.Thisisof broad
interestin cellbiology,asproperepithelialcellpolarizationiscrucialfor themorphogenesisand
physiologyof mostorgans[10]. In addition,themaintenanceof apolarizedepithelialarchitecture
iscrucialto preventvariouspathologicalconditionssuchascancerprogression[65]. Importantly,
weshowthatnormalGIRDIN functionpotentiallyimpairstheprogressionof epithelialcancers
bypreservingcellpolaritywhilst restrictingcellgrowthandcelldissemination.Thus,our results
placeacaveaton theideathatGIRDIN couldbeaninterestingtargetto limit cancercellmigra-
tion, andindicatethat inhibition of GIRDIN in thecontextof cancercouldbeprecarious.Poten-
tial drugstargetingGIRDIN wouldthusbeusableonly in thecontextof precisionmedicine
whereacarefulanalysisof aPKC,LLGL1,andE-CADexpression,aswellasthepolaritystatusof
tumor cellswouldbeanalyzedprior to treatment.Inhibition of GIRDIN in patientscarrying
tumorswith alteredexpressionof theseproteinswouldlikely worsentheprognosis.

Fig 5. Human GIRDIN preventscell dissemination. A-D, Caco-2cellswereculturedfor 7days,thenobservedby time-lapseconfocalmicroscopyevery20min for
26h. Still framesfrom videosdisplayrepresentativeeventsobserved(shScr,n = 19;sh���, n = 28;r = 3 independent experiments).Scalebarrepresents25�m. E,
Proportion of control (shScr)and������-knockdow n cystsdisplayingtransientcellularextensions.F,Distribution of thenumberof transientcellularextensions
percyst.G,Proportionof control (shScr)and������-knockdow n cystsfrom whichcellsdisseminated. H-M, ������ knockdownandcontrol (shScr)Caco-2cells
wereculturedfor 7days,thenstainedwith calceinAM andethidiumhomodimer to visualizelive(green)anddead(magenta)cellsbyconfocalmicroscopy.Scale
barsrepresent25�m. N, Histogram displayingthemeannumberof cellsdetached from Caco-2cellaggregates(shScr,n = 27;sh���, n = 30;r = 2 independent
experiments)andtheproportion of liveanddeaddetachedcells.O-R, ������ knockdown(n = 27,r = 2) andcontrol (shScr,n = 27,r = 2) KRASG12V-expressing
Caco-2cellswerestainedwith calceinAM andethidiumhomodimer to visualizelive(green)anddead(magenta)cellsbyconfocalmicroscopy.Scalebarsrepresent
25�m. S,Histogramdisplayingthemeannumberof cellsdetachedfrom cystandtheproportion of liveanddeaddetachedcells.Differencesweredeterminedusing
Chi-squared test(E,G) or ANOVA with TukeyHSD(N, S).

https://doi.org/10.1371/journal.pgen.1008674.g005
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Materials and methods


��
������ genetics
��	 ��������� ������ ���	�	� ��� �
����	�� ���	� �	
	 ��	� �� ���� �����: ��
��� ! [3], ��� " [66],
�
� #$ [27], UAS-GFP.nls(Bloomington�
���
���� StockCenter[BDSC]StockNo. 4776),and

Fig 6. Altered ��	
�� expressioncorrelateswith survival in epithelial cancers.A-F, Kaplan-Meiersurvivalplotsfor ������ expressionin
breastcancersubtypes[luminal A (A), LuminalB(B), HER2-enriched(C), andbasal(D)], andlungcancersubtypes[adenocarcinoma(E),
squamous(F)]. p-valuesfor differencesbetweengroupsweredeterminedusingaLog-Ranktest.

https://doi.org/10.1371/journal.pgen.1008674.g006
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UAS-FLAG-Girdin[3]. Germline clonefemaleswereproducedusingtheFLP-DFStechnique
[67], andwereusedto producematernalandzygotic(M/Z) mutantembryos.Maternalknock-
downof ���� and��� wasachievedbycrossingthedriver line mat��tub67;15(obtainedfrom D.
St-Johnston,Universityof Cambridge,Cambridge,UK) to aline containinganinducible
shRNAdirectedagainst���� (BDSCStockNo.34332)or ��� (BDSCStockNo.35773)at25ÊC.

3D cell culture
Humanintestinalepithelialcellline Caco-2cellswerepurchasedfrom AmericanTypeCulture
Collection(ATCC).Caco-2cellswereculturedat37ÊCin 5%CO2 in DMEM (Wisent)supple-
mentedwith 10%fetalbovineserum(Wisent),100U/ml penicillin (Wisent),0.1mg/ml strep-
tomycin(Wisent),and2 mM L-glutamine(Wisent).For3D culture,cellswereseededonto
Geltrex-coateddishesatadensityof 1.25� 104 cellsperwellandweremaintainedin 2%Gel-
trex in completemediumat37ÊCunderhumidified atmosphereof 5%CO2. After 10daysin
adherentculture,cellswerecollectedfor further experiments.For inhibitor studies1.5�M
CRT-006-68-54or watercontrol wasaddedto culturemediumat thetime of seedingcellsin
3D cultures.All celllineswereroutinelyverifiedto bemycoplasmafree.

Lentivirus production andshRNA
Humanembryonickidneycellline HEK293LT(ATCC) wereculturedat37ÊCin 5%CO2 in
DMEM supplementedwith 10%fetalbovineserum,100U/ml penicillin,0.1mg/ml strepto-
mycin.LentiviruseswereproducedbycalciumphosphatetransfectingHEK293LTcellsin
10-cmdisheswith 20�g of lentiviral plasmid,15�g of packagingplasmid(psPAX2;Addgene
plasmid12260),and6 �g of VSVGcoatproteinplasmid(pMD2.G;Addgeneplasmid12259;
both from D. Trono,EcolePolytechniqueFederaledeLausanne,Switzerland).Viral superna-
tantswerecollectedafter48h, aliquoted,andfrozenat±80ÊC.shRNAstargetingthehuman
������ mRNA wereobtainedin pLKO.1-purovectorsfrom theRNAi Consortium(TRC).
Caco-2cellswereinfectedwith lentiviral supernatantsandselectedby theadditionof 20�g/ml
puromycin.Thetargetsequencesof TRCclonenumberTRCN0000148551isCCGGCTTCAT
TAGTTCTGCGGGAAACTCGAGTTTCCCGCAGAACTAATGAAGTTTTTTG.

Immunofluorescenceon 
��
������ embryos
Embryosweredechorionatedin 3%sodiumhypochloritefor 5 min, rinsedin water,andsub-
mitted to aflashheatfixation bysequentialadditionof 5ml of E-washbuffer(7%NaCl,0.5%
Triton X-100)at80ÊCand15ml of E-washbufferat4ÊC.Embryoswerethenwashedwith
PBSprior to devitellinizationbystrongagitationin methanolunderaheptanephase(1:1),and
further incubatedin freshmethanolfor 1 h. Saturationof non-specificbinding siteswas
achievedbya1-h incubationin NGT (2%normalgoatserum,0.3%Triton X-100in PBS),
whichwasalsousedto dilute primary antibodies.Thefollowingprimary antibodieswereused
overnightat4ÊC,underagitation:rat anti-Crb [68], 1:250;mouseanti-Dlg1[clone4F3,Devel-
opmentalStudiesHybridomaBank(DSHB)],1:25;mouseanti-FLAG(M2, Sigma),1/250;rab-
bit anti-LglD300(SantaCruzBiotechnology)1:100.Embryoswerewashedthreetimesfor 20
min in PBT(0.3%Triton X-100in PBS)beforeandafterincubationwith secondaryantibodies
(1:400in NGT,1h at room temperature),whichwereconjugatedto Cy3(JacksonImmunoRe-
searchLaboratories)or AlexaFluor488(MolecularProbes).Embryosweremountedin Vecta-
shieldmountingmedium(VectorLabs),andimagedwith aFV1000confocalmicroscope
coupledto FluoView3.0(Olympus),usinga40� Apochromatlenswith anumericalaperture
of 0.90.Imageswereuniformly processedwith OlympusFV1000viewer(v.4.2b),ImageJ
(NationalInstitutesof Health),or Photoshop(CC2017;Adobe).
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Cuticle preparation
Embryosweredechorionated,mountedin 100�l of Hoyer'smountingmedium(preparedby
mixing 50ml of distilledwater,20ml of glycerol,30gof gumArabic,and200gof chloral
hydrate)/lacticacid(1:1)andincubatedovernightat80ÊC.Embryoswereimagedwith an
Eclipse600microscope(Nikon) througha10� PlanFluorobjectivewith anumericalaperture
of 0.30,andaCoolSNAPfx camera(Photometrics)coupledto MetaVue7.77(Molecular
Devices).Imageswereprocessedwith Photoshop(CC2017;Adobe).

Antibody production
Antibodiesagainsttheaminoacids696to 972of Yrt in fusionwith GSTwereproducedin rab-
bits(Medimabs).

Phosphataseassays
Dechorionatedembryoswerehomogenizedin ice-coldlysisbuffer(1%Triton X-100,50mM
TRIS-HClpH 7.5,5%glycerol,150mM NaCl,1 mM PMSF,0.5�g/mL aprotinin,0.7�g/mL
pepstatin,and0.5�g/mL leupeptin).Lysateswereclearedbycentrifugationat4ÊC,and400
unitsof �� Phosphatase(NewEnglandBiolabs)wasaddedto 50�g of proteinsextractedfrom
embryos.Thevolumeof thereactionmix wascompletedto 30�l with theMetalloPhosphatase
buffer(NewEnglandBiolabs)containing1 mM of MnCl2 prior to a30-min incubationat
30ÊC.Thereactionwasstoppedbyadditionof Laemmli'sbuffer.

Westernblot
Dechorionatedembryoswerehomogenizedin ice-coldlysisbuffer(1%Triton X-100,50mM
TRISHCl pH 7.5,5%glycerol,100mM NaCl,50mM NaF,5mM EDTA pH 8,40mM ��-gly-
cerophosphate,1 mM PMSF,0.5�g/mL aprotinin,0.7�g/mL pepstatin,0.5�g/mL leupeptin
and0.1mM orthovanadate)andprocessedfor SDS-PAGEandwesternblotting aspreviously
described(Lapriseetal.,2002).Primaryantibodiesusedwere:guineapig anti-Girdin 163[3],
1:2,000;rabbitanti-Yrt (this study),1:5000;mouseanti-Gapdh1(Medimabs),1:500;rabbit
anti-LglD300(SantaCruzBiotechnology)1:1,000;rabbitanti-PKCzC20(SantaCruzBiotech-
nology),1:2,000;mouseanti-Actin (NovusBiologicals),1:10,00;mouseanti- ���Tubulin
(DM1A, Sigma),1:10,000;rabbitanti-GIRDIN (ABT80,Millipore), 1:1,000.HRP-conjugated
secondaryantibodieswereusedata1:2,000to 1:10,000dilution.

Chemicaltreatment of embryos
Dechorionatedembryoswereincubatedwith 500�M of theaPKCinhibitor CRT-006-68-54
(diluted in PBSwith 0,9%NaCl)underanoctanephase(1:1)for 1hat room temperature.

Immunofluorescenceon human3D cysts
Three-dimensionalcystsweretransfectedwith plasmidsandfixedwith 2%paraformaldehyde/
PBSfor 10min andpermeabilizedin PBSsupplementedwith 0.5%Triton X-100/10%goat
serumfor 1h, andincubatedovernightin primary antibodies.Thefollowingprimary antibod-
ieswereused:mouseanti-PAR6(1:100,SantaCruzBiotechnology);rabbitanti-E-cadherin
(1:100,CellSignalingTechnology).Cystswerewashedthreetimesfor 15min in 0.5%Triton
X-100/PBSbeforeandafterincubationwith secondaryantibodies.Proteinswerevisualized
with 647Phalloidin(1:100,Invitrogen),Cy3-Donkeyanti-Rabbit(1:750,JacksonIR through
Cedarlane),AlexaFluor647-Donkeyanti-Rabbit(1:200,JacksonIR throughCedarlane).DNA
wasdetectedwith Hoechstdye33258(SigmaAldrich). Cystswereimagedwith ZEISSLSM700
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confocalmicroscopeatPlan-Apochromat20X/0.8M27objectivelens.Imageswereuniformly
processedwith ImageJ(NationalInstitutesof Health).

Cell survival assays
CaAM(calceinAM)/EthD-I (ethidiumhomodimerI) stainingwasperformedin three-dimen-
sionalcystswith 2mM calceinAM and4 mM ethidiumhomodimerI (Live/DeadViability/
Cytotoxicitykit; LifeTechnologies)for 40min at37ÊCin thedark.DNA wasdetectedwith
Hoechstdye33312(Invitrogen).

Live imaging
Three-dimensionalcystswereimagedusingZEISSLSM700confocalmicroscopeat20X/0.4
Korr M27objectivelens.Cellswereimagedevery20min for 26h in ahumidified chamber
with 5%CO2 andheatedto 37ÊC.

Patient cancersurvival
Survivaldatawasretrievedfrom thekmplot resource(kmplot.com;[69]) for breast,lung,ovar-
ian,andgastricmRNA expression.Jetsetoptimalprobeswereselectedfor analysis.Thebreast
cancerintrinsic subtypeswereselectedfor LuminalA, LuminalB,HER2-positive,andbasal
cancers.Lungcancersubtypeswereselectedusingthehistologyselectionoption for adenocar-
cinomaandsquamouslungcancers.Survivalplotswith weregeneratedusingJMP14statistical
software.

Statisticalanalysis
PairwisestatisticswereperformedusingStudent'stests.Multiple comparisonswerecompared
usingANOVA, with TukeyHSDtests.Distributionswereexaminedusingachi-squaregood-
nessof fit test.Differencesin survivalweredeterminedusingaLog-Ranktest.Statisticalanaly-
seswereperformedwith JMP14statisticalsoftware,with �� = 0.05for all tests.

Supporting information
S1Fig.Weakeningof the ������ �������
 is not sufficient to causepolarity defectsin ���
mutant embryos.A-D, Cuticlepreparationsof wholemountedembryosof theindicated
genotypes.Scalebarin A represents100�m, andalsoappliesto B-D. E-P,Embryosatembry-
onic stage(St)11,13or 16werefixedandprocessedfor immunofluorescence.Thedistribution
of theapicalmarkerCrb andof thelateralproteinDlg1wasthenassessedbyconfocalmicros-
copyin theventralectodermor theventralepidermis.Scalebarin Erepresents10�m, and
alsoappliesto F-P.A-P showrepresentativeresultsof experimentsthatwereperformedin
triplicate.At least20embryoswereanalyzedin eachreplicate.
(TIF)

S2Fig.Relatedto Fig 3.A-B, Westernblotsshowingknockdownefficiencyfor aPKC(A),
andGIRDIN (B).Actin (A) or TUBULIN (B) wereusedasloadingcontrol.C,Embryos
expressingFLAG-Girdin werefixedandimmunostainedwith anti-FLAGantibodies.D-E,
Crb (green)andLgl (magenta)distribution in awild typeembryo(D) or aFLAG-Girdin
expressingspecimen(E).Panelsdepictwholeembryoview(anterioris to theleft,anddorsalis
up).Scalebarin C = 10�m, scalebarin D, E= 100�m.
(TIF)

PLOS GENETICS Girdin controls epithelial polarity

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008674 March 20, 2020 15 / 21



S3Fig.Relatedto Fig 4.Kinase-deficientaPKCrestoreslumen formation in GIRDIN-defi-
cient cells.A-F, Caco-2cellcystsafter7-daysin culturewerevisualizedbyDIC microscopy.
GIRDIN-deficient(sh���) or control cells(shScr)expressedGFP(control),wild-type
(aPKC-WT),or kinase-deficient(aPKC-K281W)aPKC.Scalebarsrepresent50�m. G,Histo-
gramdisplayingtheproportion of 3D cellularstructureswith asingleprominent lumen
(shScr/GFP,n = 486;shScr/aPKC-K281W,n = 309;shScr/aPKCWT,n = 341;sh���/GFP,
n = 292;sh���/aPKC-K281W, n = 229;sh���/aPKC-WT, n = 227;r = 3 independentexperi-
ments).Error bars= sd.DifferencesweredeterminedusingANOVA with TukeyHSD.
(TIF)

S4Fig.Girdin restricts aPKCactivity to maintain apical-basalpolarity. Our dataindicate
thatGirdin cooperateswith Lgl andYrt. Thelattertwo proteinsactin parallelpathwaysto
antagonizetheapicalmachinery,therebysupportinglateralmembranestability[8,27,28,30].
AlthoughLgl andYrt actindependently,theyhavein commonthat theyarebothnegatively
regulatedbyaPKC[15,24,25].WeprovideevidencethatGirdin antagonizesaPKCfunction.
Wethusproposeamodelin whichGirdin supportsthefunction of Yrt andLgl by restricting
theactivityof aPKC.
(TIF)

S1Video. Imaging of aCaco-2cell cyst.Liveimagingof awild typeCaco-2cellcyst,which
wasimagedevery20min for 26h.
(AVI)

S2Video. Cellsdetachfrom ��	
�� knockdownepithelial cysts.A ������ knockdown
Caco-2cellcystwasimagedevery20min for 26h.
(AVI)

S3Video. Cell clustersareextrudedfrom ��	
�� knockdowncell cysts.A ������ knock-
downCaco-2cellcystwasimagedevery20min for 26h.
(AVI)

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