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Abstract

Homozygous nonsense mutations in CEP55 are associated with several congenital malfor-

mations that lead to perinatal lethality suggesting that it plays a critical role in regulation of

embryonic development. CEP55 has previously been studied as a crucial regulator of cyto-

kinesis, predominantly in transformed cells, and its dysregulation is linked to carcinogene-

sis. However, its molecular functions during embryonic development in mammals require

further investigation. We have generated a Cep55 knockout (Cep55-/-) mouse model which

demonstrated preweaning lethality associated with a wide range of neural defects. Focusing

our analysis on the neocortex, we show that Cep55-/- embryos exhibited depleted neural

stem/progenitor cells in the ventricular zone as a result of significantly increased cellular

apoptosis. Mechanistically, we demonstrated that Cep55-loss downregulates the pGsk3��/

��-Catenin/Myc axis in an Akt-dependent manner. The elevated apoptosis of neural stem/

progenitors was recapitulated using Cep55-deficient human cerebral organoids and we

could rescue the phenotype by inhibiting active Gsk3��. Additionally, we show that Cep55-

loss leads to a significant reduction of ciliated cells, highlighting a novel role in regulating

ciliogenesis. Collectively, our findings demonstrate a critical role of Cep55 during brain

development and provide mechanistic insights that may have important implications for

genetic syndromes associated with Cep55-loss.

Author summary

Despiteextensiveinvestigationon therolesof CEP55in tumorigenesis,its physiological
roleduring developmenthasremainedlargelyuncharacterized.Recently,homozygous
CEP55mutationshavebeenlinked to two lethalfetalsyndromes,MKS-likeSyndrome
andMARCH, demonstratingtheimportanceof CEP55in embryogenesisandneural
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development.Thesesyndromesexhibitmultiple severeclinicalmanifestationsthat leadto
perinatallethality.However,theexactmolecularmechanismunderlyingcomplexCep55-
deficientdevelopmentalphenotypesremainelusive.To addressthisquestion,wehave
generatedaCep55-/- (KO) mousemodelandto bridgethegapbetweenthemousemodel
andhumandisease,wehaveusedbrain organoidsgeneratedfrom pluripotentstemcells
asapromisingapproachto investigatethemechanismof Cep55-associatedneurodevelop-
mentphenotype.Our detailedmechanisticstudiessuggestthatCep55regulatesneural
developmentthroughtheAkt-downstreameffector,Gsk3��,andits mediators��-Catenin
andMyc,whichareknownregulatorsof neuralproliferationanddifferentiation.Addi-
tionally,wediscoveredacritical role for Cep55in regulatingcilia formation.Together,
theseresultsillustrateanimportant roleof Cep55in regulatingneurogenesisandciliogen-
esisviaregulationof theAkt pathway.

Introduction
Centrosomalprotein55kDa(CEP55)isacrucialregulatorof cytokinesis,thefinal stageof
mitotic celldivision[1]. CEP55ishighlyupregulatedin awidespectrumof tumorsandhas
beenreportedto playcritical rolesin theregulationof the����/��� pathway,stemness,geno-
mic stability,andcellcycleprogression[2,3]. In addition to theextensivelyinvestigatedroleof
CEP55in tumorigenesis,recentstudieshaveexamineddevelopmentalphenotypesresulting
from CEP55loss.Germlinemutationsof CEP55in humanshavebeendescribedin two lethal
���		-associated syndromes,Meckel-Grubersyndrome(MKS)-likeSyndrome[4,5] and
MARCH (Multinucleatedneurons,Anhydramnios,Renaldysplasia,cerebralhypoplasia,and
Hydranencephaly)[6]. Thesesyndromesexhibitsevereclinicalmanifestations,includingsev-
eralcongenitalmalformations,that leadto perinatallethality.Homozygousnonsensemuta-
tionsin ���		 thatarepredictedto leadto lossof proteinwereidentifiedin affectedfetuses.
However,themechanismsunderlyingCEP55-associateddevelopmentalphenotypesarenot
fully defined.Wehavegenerateda�
�		 -/- mousemodelandcerebralorganoidsfrom plurip-
otentstemcellswith or without depletionof CEP55to investigatethemechanismof ���		-
associatedneurodevelopmentphenotype.

In miceandhumancerebralorganoids,wefound that �
�		 deletionresultedin areduc-
tion in thesizeof mousebrainsandhumancerebralorganoidsdueto excessiveapoptosisof
neuralprogenitorcells(NPCs).Additionally,wediscoveredacritical rolefor Cep55in regulat-
ing cilia formation.Mechanistically,weshowfor thefirst time thatCep55regulatesneural
developmentthroughtheAkt-downstreameffector,Gsk3��,andits mediators��-Cateninand
Myc,whichareknownregulatorsof neuralproliferationanddifferentiation[7]. In contrast,
Cep55regulationof ciliogenesisoccursthroughAKT independentof Gsk3��.Together,these
resultsillustrateanimportant roleof Cep55in regulatingneurogenesisandciliogenesisin an
Akt-dependentmannerin mice.

Results

Lossof Cep55leadsto preweaninglethality in mice
To investigatethephysiologicalroleof CEP55during development,wegeneratedaKO mouse
modelof �
�		 usingtheªKO-firstº alleledesignwhereinthetargetedalleleactsasagene-trap
to form anon-functionalallele(S1AFig).Correcttargetingwasvalidatedindependentlyby
genotypingPCRalongsidethe�
�		 transcriptandproteinexpressionusingRT-qPCRand
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immunoblottinganalysis,respectively(S1B,S1CandS1DFig).To generatethecolonyof
�
�		 �
� mice,weintercrossed�
�		 �
� mice,with theexpectationthatapproximately25%of
theoffspringwouldbeof a�
�		 -/- genotypeaccordingto Mendelianratios.Interestingly,
aftergenotypingmorethan321offspringfrom thesebreedings(postweaning),wedid not
obtainanyviable�
�		 -/- mice,indicatingthatgeneticlossof �
�		 ledto embryonicor pre-
weaninglethality(S1Table).To definethetime point of lethality,pregnantdamsfrom
�
�		 +/- intercrosseswereeuthanizedatdifferentstagesof pregnancy,rangingfrom E11.5Ð
E18.5,andembryoscollectedfor phenotypicevaluation.Interestingly,wewereableto obtain
viable�
�		 -/- offspringateachgestationalstage(E11.5-E18.5)(S2Table).Embryoscollected
atbothE14.5andE18.5exhibitedsignificantdwarfism,basedon crown-rumplengthmeasure-
ments,whencomparedto control (�
�		 �
� ) embryos.Additionally, �
�		 -/- embryosexhib-
itedanincreasedthicknessof theneckandaflattenedhead(Fig1A and1B)).Notably,we
found1KO pup(3.4%)out of 29pupsatP0;hence,weobservedonly arareincidenceof
homozygouspupsborn. In previouslypublishedstudies,homozygousCep55-/- micewere
born atMendelianratio,althoughdifferencesin timing andpenetranceof postnatallethality
havealsobeenreported[8±10],whichwill befurther elaboratedin thediscussionsection.

To determineif thelossof asinglealleleof �
�		 wouldcausephenotypicchanges,weper-
formedthehistologicalexaminationof multiple organsfrom eight-week-old�
�		 +/- micerel-
ativeto �
�		 +/+ littermates.Weobservedno significantdifferencesin thepathohistologyor
sizeof respectiveorgans(S1EFig) indicatingthat lossof asinglealleleof �
�		 doesnot
impactphysiologicaldevelopment.Additionally, themonitoring of bothgenotypesshowedno
significantdifferencesin bodyweightfor thefirst 20weeks(S1FFig).Thesedatasuggestthata
singlealleleof �
�		 is largelysufficientto maintainphysiologicalfunctions.

SeveralrecentreportshaveshownthatCEP55functionallossin humansleadsto arangeof
congenitalabnormalities,all with defectivebrain development[4±6].Therefore,wenext
soughtto examinetheexpressionpatternof �
�		 usingsingle-celltranscriptomicdataof
mouseneocorticaldevelopment[11]. Thisanalysisrevealedthat �
�		 expressionlevelsare
highestin theNPCsof E14embryos(S1GFig).Moreover,investigatinghumanfetalbrain data
from Allen BrainAtlasrevealedthatexpressionof �
�		 peaksfrom weeks8±10of gestation,
followedbyareductionafter16weeks.Minimal detectionwasreportedbetweenweeks27±35,
but expressionbecamedetectableagainthreeweeksprior to birth [12]. Thisexpressionpattern
correspondswith thetiming of humanneurogenesisin theneocortexthroughneurogenic
divisionsandneuronaldifferentiationfrom radialglialcells(RGCs)[13]. To validatethe
expressionof �
�		 during development,weperformed��-galactosidasestainingin the
�
�		 +/- mice,asthetargetedallelecontainsaLacZreporter.In theisolatedbrain of mouse
embryos,agradientof expressionof �
�		 in theneocortexwasdetectedatE12.5,diminishing
atE14.5to becomeundetectableatE16.5(S1HFig).Collectively,our datasuggestthatCep55
playsacritical roleduring neurogenesis.

����� losscausesgrossmorphological defectsin mouseembryos
Giventheneurodevelopmentalexpressionpatternof �
�		, wepredictedthatsignificantneu-
ral deficitswouldarisefrom Cep55loss.To investigatethis,wefirst performedhematoxylin
andeosin(H&E) stainingof sagittalandcoronalsectionsfrom E18.5�
�		 �
� , �
�		 �
� and
�
�		 �
� mice.Weobservedno grossmorphologicaldifferencesin thelung,intestineor liver
amongtherespectivegenotypes.However,wenotedprominentabnormalitiesin thebrain of
�
�		 -/- embryoswhencomparedto respectivecontrols,whichwerecharacterizedbyapartial
failure(hypoplasia)anddisorder(dysplasia)of normalstructuralbrain development.Thecer-
ebellumwashypoplastic,with markedthinning of thegerminativeexternal-granularlayer
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Fig 1. Lossof ����� leadsto preweaning lethality andmicrocephaly in mice.(A) Comparisonof size(length,mm)
andmorphologyof E14.5(left) andE18.5(right) �
�		 +/+ and�
�		 -/- embryos.(B) Comparisonof thecrown-rump
length(mm) of E14.5(left,p< 0.0001)andE18.5(right, p< 0.0001)�
�		 +/+ and�
�		 -/- embryos.Datarepresent
themean� SD,n = 6±10embryospergenotype.(C,E)Representativeimagesof �
�		 +/+ (left) and�
�		 -/- (right)
neocortices(Ncx,yellowbox)showingrelativesizeof theNcx.Theyellowtwo-sidedarrowrepresentsthethicknessof
theNcx,greendashedline showsthebrainarea,whitedashedline showstheventricleareaandtheyellow
boxresemblestheanalysisarea,(C) Representative imagesof �
�		 +/+ and�
�		 -/- mousebrainsatE14.5,
scale= 50�m. (D) Comparisonof brainareaof �
�		 +/+ and�
�		 -/- E14.5embryonicbrains(left,p< 0.0001),and
quantification of braincelldensity(DAPI countwithin 100�m2 areaof theneocortex) (Middle left,P< 0.0118)
Quantificationof therelativeventriclearea(�m 2; totalareashown/total brainarea)(Middle right, p< 0.0011),andNcx
thickness(right, p< 0.0001).(E) Representativeimagesof �
�		 +/+ and�
�		 -/- mousebrainsatE18.5,scale= 700�m.
(F) Comparisonof �
�		 +/+ and�
�		 -/- for left: totalDAPI+ cellcountin theNcx,p< 0.0029;middle:relative
ventriclearea(�m 2; totalventricularspace/totalbrainarea),p< 0.0001;andright: Ncx thickness,p< 0.0001.(G)
Representativeimagesof wholecoronalsection(left),boxedregionat increasedmagnification (middle), andmedial
region/glial wedge(right) of E18.5�
�		 +/+ (upper)and�
�		 -/- (lower)embryonicmousebrains.Imagesshow
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(EGL),thesecondarygerminalzonethatproducesgranulecellprogenitors,andadiminution
anddisorganizationof neurons(S2AFig,right). In addition,theneuronalpopulationof the
olfactorybulbwasdisorganizedanddepleted(S2AFig,left).Furthermore,coronalsectioning
of thebrain revealedneocorticaldepletionof neuronsandventriculardilatation,aswellas
smallergerminalregionsin bothdorsalandventraltelencephalon(S2BFig).Theneocortices
of �
�		 -/- brainswerehypoplasticanddysplastic,with diminishedanddisorganizedneurons.
In addition to apoptosisin theneocortex,therewerealsomultifocalareasof corticalnecrosis
andparenchymalloss,with evidenceof phagocytosisof affectedneuronsbymacrophage-like
cells(S2CFig,upper).Numerousbi-nucleatedneuronswerealsoevidentin theneocortexof
�
�		 -/- mice(S2CFig,lower).To measurethisdefect,westainedmatureneuronswith NeuN
(RBFOX3)andquantifiedthenumberof bi-nucleatedneuronsin theneocortexof brain.The
proportion of multinucleatedneuronsexpressingNeuNin thecorticalregionof �
�		 �
� mice
wasincreasedcomparedto thatof �
�		 +/+ (S2DandS2EFig),aphenotypereminiscentof
thedescribedchangesin humanembryoswith MARCH syndrome[6].

AscorticalneurogenesispeaksatapproximatelyE14.5[14,15]andthehighestexpressionof
�
�		 wasfoundat thisembryonicstage(S1GFig),wechosethisgestationalstagefor character-
izing thephenotypesandcellularbehaviorsin Cep55-deficientmice.Also,to bettercharacterize
thespecificdisruptionto neuralcells,wefocusedour investigationon theneocortex,awell-char-
acterizedregionof thedevelopingforebrainwith prominent�
�		 expression.Strikingly,brain
sizesof �
�		 -/- E14.5embryoswerefound to besignificantlysmallercomparedto thatof
�
�		 +/+ bymeasuringthebrainarea(Fig1Cand1D).Wealsofoundareducednumberof cells
in theneocortexof �
�		 -/- embryos.Furthermore,thesizeof theventriclerelativeto thetotal
brainareawaslargeranddilatedin �
�		 -/- mice,consistentwith our previoushistopathological
observations.Wealsoobservedthat thethicknessof thecortexwasreducedin �
�		 -/- brains
comparedto �
�		 +/+ (Fig1Cand1D).Similarto our observationsatE14.5,wenotedfewer
cells(DAPI) in thecortexof �
�		 -/- embryoscomparedto �
�		 +/+ atE18.5(Fig1Eand1F).
Consistently,theventricleswerelargeranddilatedin �
�		 -/- brainsandcortexthicknesswas
reduced(Fig1Eand1F).Also,brainsizesof �
�		 -/- embryosatE18.5werefoundto besignifi-
cantlysmallercomparedto thatof �
�		 +/+ (Fig1Gand1H). Interestingly,thissizereductionin
�
�		 -/- brainarealikely resultedfrom decreasesin thenumberof bothtotalcells(DAPI stained)
andneurons(NeuNstained),sincethedensityof thecells(cells/area)afternormalizationto total
brainareawasnot significantlydifferentbetweengenotypes(Fig1Gand1H).

To further investigatethereductionof cellpopulations,westainedbrain sectionsfor NeuN
to markmatureneuronsandglial fibrillary acidicprotein (GFAP)to markastrocytes.The
matureneurons(NeuN-positivecells)werereducedin numbersin theneocortexin �
�		 �
�

comparedto thatof �
�		 +/+ embryos,evenafternormalizationto thetotal cellnumberas
assessedbyDAPI staining(Fig1Gand1I). Interestingly,GFAP-positivecellsin theneocortex

stainingfor NeuN(neuronal nuclei,matureneurons,red)andGFAP(Glial fibrillary acidicprotein,marksastrocytes
andependymalcells,green).Rightpanel(glialwedge)showsthepopulationof matureradialglia.Corpuscallosum
dysgenesisin Cep55-/- brain (lowerright), theboxedareain thispanelshowsGFAPexpressionin amagnifiedzoneof
glialwedge.Scale= 600�m (left),Scale= 100�m (middle),Scale= 400�m (right). (H) Comparisonof �
�		 +/+ and
�
�		 -/- embryonic brainoverallcellandneuronnumberpersection(left,p< 0.0036),brainarea(middle,p< 0.0020),
andcell/neuron density(right, P> 0.02347for DAPI and,P> 0.8632for NeuN).N = 4 (I) Comparisonof NeuN-
positiveneuronsnormalizedto 100�m neocorticalarea(Ncx) in �
�		 +/+ and�
�		 -/- E18.5embryonic brains(left,
p< 0.0010)andpercentageof NeuN-positivecellsacrosswholebrainsectionnormalizedto thetotalnumberof cells
identifiedbyDAPI fluorescence(right, p< 0.0001).Datarepresentmean� SDacrosstwo regionsfrom n = 4
independentembryospergenotype.(J)Quantification of GFAP-positivecellsin theglialwedgeof �
�		 �
� and
�
�		 �
� E18.5embryonicbrains(left,p< 0.0025)andGFAP-positivecellsin thewholesection(right, p< 0.0004).
Datarepresentmean� SDof four embryos,N = 4,averagecountof duplicatetechnicalrepeats,Student's t-test,
� p < 0.05,� � p < 0.01,� � � p < 0.001,� � � � p < 0.0001).

https://doi.org/10.1371/journal.pgen.1009334.g001
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werereducedin �
�		 -/- embryoswhencomparedto �
�		 +/+ (Fig1Gand1J),suggesting
broaderdefectsin thedevelopmentof thecentralnervoussystem.In thecorticalregion,GFAP
canbeamarkerof eitherastrocytesor theradial-glial-likeneuronalstemcellsandrepresents
matureradialgliawhichcanbeseenin themedialregion(e.g.glialwedge).Wealsoobserveda
drasticreductionin GFAP-expressingcellsat thecorticalmidline andin theneocortexin
�
�		 �
� brainscomparedto thatof �
�		 +/+. Thesecellsarecritical in facilitatingthecrossing
of axonsthroughthecorpuscallosum[16]. In line with thelackof GFAP-expressingcells,at
themidline,weobserveddysgenesisof thecorpuscallosumin mutantmiceat thisage(Fig
1G).Takentogether,thesedatashowthat lossof Cep55resultsin defectiveneuropathological
phenotypesin mice.

Cep55regulatesthe fateof radial glial and intermediateprogenitor cells
Havingobservedreducednumbersof neuronsandastrocytesin thecortexof �
�		 mutant
mice,wenextsoughtto determinehowCep55regulatesNPCsdifferentiationanddevelop-
mentduring neurogenesis,with afocuson thedifferentneuroepitheliallayersof theneocortex
during embryonicdevelopment.Neurogenesisin thedevelopingneocortexoccurswith the
contribution of two typesof NPCs:radialglialcells(RGCs)andintermediateprogenitorcells
(IPCs)[17]. Theformerdivideat theventricularzone(VZ; theapicalsurface),andexpressthe
homeodomaintranscriptionfactor,Pax6.Thelatter,whicharederivedfrom RGCandonly
produceneurons,dividewithin thebasallylocatedsubventricularzone(SVZ)andexpress
Tbr2,aT-domaintranscriptionfactor.Thesubsequenttransitionfrom IPCsto postmitotic
projectionneurons(PMN) in thecorticalplate(CP)ismarkedby theonsetof Tbr1 expression
[17]. Weinvestigatedthedifferentpopulationsof progenitorcellswithin thenascentcortex,to
determinehowadeficit in corticalneuronnumbermight arisein our mutants.Wecategorized
RGCsasthePax6+ Tbr2± population,assomenewbornTbr2+ IPCsretaintransientexpression
of Pax6[18]. Immunostainingfor Pax6,Tbr2,andTbr1 atE14.5revealedareductionin the
numberof RGCs,IPCs,andpost-mitoticneuronsasaproportion of thetotal corticalcell
numberin �
�		 -/- micecomparedto Cep55+/+ controls(Fig2A and2B).Furthermore,we
alsoobservedareducedpopulationof neuronsmarkedbyTuj-1, theneuron-specificclassIII
��-tubulin, in �
�		 -/- neocorticescompareto �
�		 +/+ (Fig2C).Next,weinvestigatedhow
�
�		 lossimpactsmitosis,proliferation,andapoptosisof NPCsbystainingfor phosphohis-
toneH3-S10(pH3),Ki67,andTUNEL,asmarkersof thesecellularprocessesrespectively.We
foundareducedproportion of pH3 positive-cellsin �
�		 -/- mice,whenthepH3-positivecell
poolwasnormalizedto thetotalnumberof cells.This is indicativeof eithermitotic defectsor
delayedmitosis/cytokinesisin theabsenceof Cep55(Fig2D).Consistently,theproliferation
indexatE14.5wassignificantlyreducedin �
�		 -/- animals(Fig2E).Finally,wefoundhigh
levelsof apoptosisasmarkedbyTUNEL stainingin �
�		 -/- neocorticescomparedto controls
atE14.5whenassessedasapercentageof total cellnumber(Fig2F).Interestingly,westernblot
analysisof mouseembryonicbrain (E14.5)extractsalsoshowedupregulationof cleavedcas-
pase-3in �
�		 -/- brainsconsistentwith our IHC resultsandhistopathological observations
(S2FFig).Collectively,thesedatasuggestthat reductionsin NPCsaredueto elevatedlevelsof
celldeathandreducedproliferationandindicatearolefor Cep55in thesurvivalandviability
of neuralprogenitorpopulationsduring neocorticaldevelopment.

Elevatedapoptosisfollowing ����� knockdownin humancortical
organoids
Wenextinvestigatedtheeffectof ���		-loss in humancerebralbrain organoidsgenerated
from embryonicpluripotentstemcells(HES3).Cerebralorganoidsmimic theuniqueand
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Fig 2. ����� regulatescell fateof radial glial and intermediate progenitor cells,andneurons.(A) Representative
imagesof radialglialcells(RGC;Pax6+)atVZ, intermediateprogenitor cells(IPC;Tbr2+)atSVZandtotalcells
(DAPI) atE14.5,scale= 15�m (upperpanel).Quantification of percentageof RGCs(Pax6+,p< 0.0016)andIPCs
(Tbr2+,p< 0.0337)in �
�		 +/+ and�
�		 -/- neocortices(Ncx) atE14.5(lower).(B) Representativeimagesof IPCs
(Tbr2+) atSVZ,post-mitotic neurons(Tbr1+) atCPandtotalcells(DAPI, gray)atE14.5,scale= 15�m (upper),
quantification of thepercentageof post-mitotic-neurons(Tbr1+,p< 0.0005)in �
�		 +/+ and�
�		 -/- neocorticesat
E14.5(lower).(C) Neuron-specificclassIII ��-tubulin (Tuj1,p< 0.0037),relativeintensityof Tuj1 stainingquantified
within a100�m 2 field of view.(D) PhosphohistoneH3 (pH3;mitotic cells)in theVZ andSVZ,co-stainedwith Tbr2
to identify proliferating IPCsatE14.5,scale= 15�m. Quantification of thepercentageof totalcellsexpressing pH3 to
showthemitotic indexin Vz,p< 0.0090;andSVZ,P< 0.0070.(E) Proliferating cells(Ki67+),IPCs(Tbr2+,green)
delineating theSVZ,andtotalcells(DAPI) atE14.5,scale= 15�m (upper), Comparisonof theproportion of Ki67
+ cellsin �
�		 +/+ and�
�		 -/- neocorticesto showproliferation index(lower,p< 0.0034).(F) Apoptoticcells
(TUNEL) andtotalcells(DAPI) in theNcx,atE14.5,scale= 15�m (upper),comparisonof proportion of apoptotic
cellsin �
�		 +/+ and�
�		 -/- neocorticesto showapoptosisindex(lower,p< 0.0019).

https://doi.org/10.1371/journal.pgen.1009334.g002
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dynamicfeaturesof earlyhumancorticaldevelopmentin culture,enablingdetailedanalysisof
organpathogenesisdueto particulargeneticderegulationor dysfunction[19]. Weperformed
knock-downof ���		 in differentiatedHES3organoidculturesusingadenoviralGFP-tagged
shRNAagainst���		 or ascrambledcontrol (U6).Knockdownwasperformedaftercerebral
organoidinduction to circumventpotentialearlyapoptosiscausedby ���		 loss.Within 24±
48hoursof adenoviraltransduction,weobservedasignificantlyincreasedlevelof theinte-
gratedvirusasmarkedbyGFPexpressionfor control CMV-eGFPandsh-���		 (shRNAU6
scrambledcontrol did not containaGFPtag)(Fig3A).Theenlargedimagesillustratetheneu-
roepithelialstructures(S2GFig)anddifferentiationin brain organoidsusingspecificmarkers

Fig 3. ����� knockdowninducescell deathin neuralprogenitors of humancerebralorganoid.(A) Day16of
humaniPSC-derivedcerebralbrainorganoidsinfectedwith U6 scrambled control (left),CMV GFPcontrol (middle)
andCEP55knockdown(KD) (right) adenoviralshRNAswith GFP-tag.Expressionlevelsof integrated viral GFP
increasedsignificantly betweendays1 to 2post-infection ataMOI of 10.shRNAU6 scrambled controldid not contain
aGFPtag.Upperpanel:D0 (infectionday)+1;lowerpanel:D0 +2,scalebars= 50�m, immunofluorescentlabelingof
cerebralorganoidswasdoneafter24hoursof shRNAinfection.Thebrainorganoid differentiationswererepeatedas3
entirelyseparatedifferentiations,eachcontaining192technicalreplicatestowardsall thedescribedexperiments.Each
technicalorganoidreplicatewasalsoculturedindependently for thedescribed18dayspostinduction.(B)
Immunoblot showsknockdownof CEP55in adenoviral shRNAagainstCEP55transducedorganoidcompareto U6
scrambledcontrol. Vinculin servesastheloadingcontrol. (C) Representativeimagesof labelingfor neuralprogenitor
PAX6,mitotic markerpH3 andnuclearHoechstshowedadecreasein neuralprogenitorPAX6in theCEP55KD
shRNAinfectedorganoidscomparedto theU6 andGFPcontrols.(D-E) Quantifiedimmunolabelledorganoids
(normalizedto CMV GFPcontrol) for (D) PAX6,p< 0.0045(GFP)and,P< 0.0001(shSCR)and(E) pHH3, p> 0.9804
(GFP)and,P> 0.999(shSCR). (F) Representative imagesof labelingfor neural-specific tubulin TUJ1,apoptotic
markercleavedcaspase3,andnuclearHoechstshowedaclearincreasein celldeathin theCEP55KD samples
comparedto thecontrols.(G-H) Quantifiedimmunolabelledorganoids(normalizedto CMV GFPcontrol) for (G)
CleavedCaspase-3in non Tuj1+ cells,p< 0.0100(GFP)andP< 0.0027(shSCR);TUJ1/Caspase3doublepositivecells
by first identifyingaTUJ1+cellby thepresenceof apositively stainednucleus(Hoechst staining)andsubsequently
countingwhethertheyweredoublepositivefor Caspase3, (H) TotalTuj1+ cells,p< 0.0157(GFP)andp< 0.0362
(shSCR).Forall calculations, datarepresentedmean� SD,thenumberof organoidsindicatedin figures.One-way
ANOVA (Kruskal±Wallistest)performed;� p< 0.05,� � p < 0.01,scale= 50�m.

https://doi.org/10.1371/journal.pgen.1009334.g003
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to detectprogenitorcells(PAX6,TBR2)anddifferentiatedneurons(TBR1andchickenoval-
bumin upstreampromotertranscriptionfactor-interactingproteins1;CTIP-1)(S2HFig).
Giventheextentof apoptosisobservedin our mousemodel,wecharacterizedtheeffectof
���		 knock-down(Fig3B)in thecerebralorganoidsat24hourspost-infection.A significant
reductionof PAX6-positiveNPCswasobservedwithin 24hoursof ���		 shRNAtransduc-
tion in organoidscomparedto control (Fig3Cand3D).However,wedid not find asignificant
differencein pH3 positivecells(Fig3Cand3E).Thereducednumberof PAX6cellsin orga-
noidstransducedwith ���		 shRNAwaslikely causedbyadramaticincreasein celldeath
(cleavedcaspase3) (Fig3Fand3G).Consequently,weobservedasignificantdecreasein TUJ1
+ neuronsin ���		-knockdown organoidscomparedto controls(Fig3Fand3H). Collec-
tively,our findingsof reducedRGCnumbersdueto apoptoticcelldeathin humancerebral
organoidswereconsistentwith the�
�		 �
� phenotypeobservedin mice.

Cep55-/- miceexhibit cilial abnormalities
Thefindingspresentedaboveusingmouseembryosandhumancerebralorganoidsindicatea
role for �
�		 in neuraldevelopment.Notably,truncatingnonsensemutationsin ���		 are
associatedwith MKS-likesyndrome,alethalfetalciliopathy[4,5].Primarycilia (cilia,hereaf-
ter) performimportant functionsin neurodevelopment,arelocalizedto andextendfrom
RGCsinto thelateralventricle,andarealsopresentin otherNPCsandneuronpopulations
[20]. Dysfunctionof theciliary axoneme,basalbody,or cilia anchoringstructurescanall cause
defectsin cilia organization,leadingto ciliopathies[21]. Assuch,weinvestigatedtheinvolve-
mentof �
�		 in theregulationof ciliogenesisin thedevelopingneocortexatE14.5(S3AFig)
andE18.5(Fig4A and4B).Weperformedimmunostainingon embryonicmousebrain sec-
tionsfrom �
�		 +/+ and�
�		 �/� miceusingArl13b(amarkerof ciliary membranes),�
-tubu-
lin (basalbody),DAPI (DNA marker),andCep55to evaluateandcomparetheir expression
andlocalization.Weobservedfewercilia in theVZ of �
�		 �/� brainsatE14.5andE18.5com-
paredto �
�		 +/+ brain.Our analysisrevealedadecreasein both thenumberandthepercent-
ageof ciliatedcellsthroughoutthecorticallayersatbothE14.5andE18.5,particularlyin apical
progenitorslocalizedin theventriclemembraneof �
�		 �/� comparedto �
�		 +/+ brains
(Figs4A,4BandS3A).Thedecreasein ciliatedcellswasindependentof thereductionin neu-
ral progenitorpopulations(Tbr2+ IPCandPax6+RGC)asciliatedcellswereexpressedasa
ratio of cellnumbers(S3BFig).Giventheimportant roleof cilia during neurodevelopment,
wefurther examinedthepotentialroleof �
�		 in regulationof ciliogenesisin an�� �����
model.

Cep55is localizedto the ciliary basalbodyandregulatescilia growth
Finding thecilia defectin �
�		 �
� brains,weaimedto determinehowCep55might regulate
ciliogenesisandwhetherciliary defectscouldberecapitulatedin an�� ����� systemto facilitate
mechanisticstudies.Weturnedour attentionto acellline of neuralorigin, SH-SY5Y[22], and
to thehTERTRPE-1line,whichhasbeenroutinelyusedto studycilia formation [23]. Cilio-
genesistypicallyoccursin G0 andG1 andserumstarvationiswidelyusedto arrestcellsin G1
to stimulatecilia formation.Examiningtheimpactof CEP55knockdownon cilia formation in
serumstarvedSH-SY5YandRPE-1cells,weobservedsignificantlydecreasednumbersof cili-
atedcellscomparedto therespectivecontrol; thelatteralsorevealedasignificantreductionin
cilia lengthafter���		 knockdown(Figs4C,4D,4E,4F,S3CandS3D).Finally,to facilitate
rescuestudies,weisolatedmouseembryonicfibroblasts(MEFs)from �
�		 �
� and�
�		 �
�

mice(S3EFig) to examinepossiblecilia defectsandwhetherectopicexpressionof CEP55in
�
�		 �
� MEFscanrescuethedefects.Wefound that �
�		 -/- cellshadasignificantlyreduced
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numberof ciliatedcellsandshortercilia whencomparedto �
�		 �
� MEFs(Fig4Gand4H).
In addition,aslightincreasewasseenin thenumberof �
�		 �
� MEFsdisplayingmultiple
smallcilia extendingfrom thebasalbody(doublecilia),alongsideasignificantproportion of
cilia from �
�		 �
� MEFsexhibitingdissociationfrom thebasalbody(remnantcilia) (S3FFig).
Notably,mostcellswith multi-cilia hadonenucleus;therefore,multi-cilia areunlikely to
bedueto failedcytokinesis.Furthermore,weobservedthatectopic���		 expressionin
�
�		 -/- MEFs(S3GFig)wasableto restorecilia formationandlengthto levelscomparableto
�
�		 +/+ MEFs,confirming thatdefectiveciliogenesiswasaconsequenceof Cep55loss(Fig
4Glowerpaneland4H). Givenanapparentrolefor Cep55in ciliogenesisregulation,wenext
examinedwhetherCep55co-localizeswith thecilia axonemeor at thebaseof cilia bysuper-
resolutionmicroscopy.CEP55(yellow)wasimagedwith Arl13b(cilia axonememarkedgreen)
and�
-tubulin (acomponentof thebasalbodyproteincomplexmarkedred)acrossapopula-
tion of ���		 expressingMEFs.Interestingly,weobservedco-localizationof CEP55with
gamma-tubulinat thebaseof cilia (S3HFig).Together,thesefindingsillustratethatCep55
localizesat thebaseof cilia,possiblyasacomponentof thebasalbodyproteincomplexandis
requiredfor normalcilia formation.

Fig 4. ����� is localizedto basalbodyof cilia andregulatesciliogenesis. (A) Super-resolutionmicroscopyof
�
�		 �
� and�
�		 �
� mouseneocortexatE18.5immunostainedfor cilia (Arl13b),basalbody(�
-tubulin), andDAPI,
scale= 10�m. (B) Percentof cilia-positivecellsin NcxatE18.5,p< 0.0001.(C-H) Representative imagesshowingcilia
(Arl13b), basalbody(�
-tubulin), �
�		 (yellow),andDAPI (blue),Scale= 5 �m. (C) Representativeimageof cilia and
basalbodyin control (upper)and���		 knockdown(lower) in SH-SY5Ycells.(D) Percentageof ciliatedcellsin Ctrl
and���		 knockdownSH-SY5Y,p< 0.0001.(E) Cilia,basalbody,andCEP55stainingin RPE-1cellstransfectedwith
acontrol lentiviral vector(Ctrl) (upper),RPE-1cellswith lentiviral knockdownof ���		 (lower).(F) Percentageof
ciliatedRPE-1cellswith or without ���		 knockdown(upper,P< 0.0001),Scatterplot showingcilia lengthin control
RPE-1cellsor with CEP55knockdown(lower,p< 0.0211).(G) Representativeimageof cilia,basalbodyandCep55in
Cep55+/+ (Wt) MEFs(upper),Cep55-/- (KO) MEFs(middle), Cep55-/- MEFswith ectopicexpressionof Flag-CEP55
(Rescue)(lower).(H) Percentageof ciliatedcellsin �
�		 +/+, �
�		 -/- and�
�		 -/-, p< 0.0022;cellsreconstitutedwith
ahumanCEP55construct(rescue,p< 0.0303).Datarepresentmean� SDof 300cellspergenotype(left);scatterplot
showingcilia length(�m) in Cep55+/+, Cep55-/-, p< 0.0001andCEP55-reconstitutedMEFs,p< 0.0101.Datawere
measuredin duplicateacrosstwo independentexperiments(right). Forall calculations,one-wayANOVA (Kruskal±
Wallistest)performed,� p < 0.05,� � p< 0.01,� � � p< 0.001,� � � � p< 0.0001).

https://doi.org/10.1371/journal.pgen.1009334.g004
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����� ��� MEFsexhibit multinucleation andcell cycledefects
Giventhat �
�		 �
� embryosaregrowthrestricted�� ����, wenextsoughtto recapitulatethis
phenomenon�� ����� to determineif Cep55losscausesproliferationdefectsin our mouse
embryonicfibroblast(MEF)celllines.Wecalculatedcelldoublingtime andfoundsignificant
growthdefectsin �
�		 �
� lines(S4AFig)comparedto �
�		 �
� , whichwasfurther revealedto
bedose-dependent(S4BFig),thusindicating�� ���� growthrestriction.Moreover,wewere
ableto rescuethisproliferationdefectbyectopicallyexpressed���		 in �
�		 �
� MEFs(S4C
Fig).Overall,the�� ����� proliferationdeficiencyin �
�		 �
� MEFswasconsistentwith the
observedphenotypein neuronalprogenitors,wheredecreasedproliferationwasdetectedwith
Ki67(E14.5)by immunofluorescence.Furthermore,themultinucleationseenin MEFs(S4D
andS4EFig)wasreminiscentof theneuronalphenotype.Wenextperformedcellcycleanaly-
sisusingpropidium iodide(PI)-stainedcellssortedby flow cytometry.FACSanalysisrevealed
significantdifferencesin thecellcycleprofile of �
�		 +/+ and�
�		 -/- primary MEFs,where
�
�		 -/- cellsshowedenrichmentof cellsin G2andareductionin G1population(S4Fand
S4GFig).To further examinecellulardivision,weperformedlive-cellimagingof �
�		 �
� and
�
�		 �
� cellstransducedwith mCherry-histoneH2BbyEVOS-FLtime-lapsemicroscopy
(S4HFig).Wefoundextendedcelldivision(mitotic length)in �
�		 �
� comparedto �
�		 +/+

lines(S4IFig).Asexpected,the�
�		 -/- cellsshoweddefectivecytokinesis,takinglongerto
divideeffectivelywith 17%remainingmultinucleated(S4JFig).For further characterizationof
additionalmitotic defects,weperformedhigh-resolutiontime-lapsemicroscopyof mCherry-
histoneH2Bcellsusingconfocalmicroscopyto quantitatemitotic defectsincludinganaphase
bridgeformation,laggingchromosomes,andmitotic slippage.Althoughtherewasatrend
towardsanincreasedproportion of anaphasebridgesduring mitosisin �
�		 �
� MEFscom-
paredto control, thiswasnot statisticallysignificant(S4KFig).Moreover,wedid not observe
anychangesin laggingchromosomesor slippage(S4KFig).Together,theseresultsillustrate
thatCep55is important to supportnormalcellgrowthanddivision in particularcytokinesisin
MEFs.

Cep55regulatesGsk3��,downstreamof the Akt pathway
CEP55haspreviouslybeenshownto regulatePI3K/AKT signalingpathwayin cancercells
[2,3].Assuch,wenextperformedsignalinganalysisof Akt andits downstreamtargetsin
E14.5mousebrainsaswellasin MEFsby immunoblotting.Thelossof Cep55culminatedin
decreasedphosphorylationof Akt (pS473-Akt)in both �
�		 -/- brain tissueandMEFs(Fig
5A and5B).Akt controlssteady-statelevelsof Gsk3��throughphosphorylationof residue
Serine9 (pS9-Gsk3��).InactiveAKT is known to resultin decreasedpS9-GSK3��levels,which
leadsto GSK3��activationwith pro-apoptoticfunctions[24]. In line with this,weobserved
thatCep55lossledto theinactivationof Akt (decreasedpS473-Akt)andactivationof Gsk3��
(decreasedlevelsof pS9-Gsk3��)(Fig5A and5B).Importantly,wewereableto rescuethe
phosphorylationof Akt andGsk3��by ectopicexpressionof ���		 in �
�		 -/- MEFs,con-
firming thespecificityof theobservedsignaltransductioneffects(Fig5C).ActivatedGsk3��
hasbeenshownto inhibit downstreamtargetsinvolvedin proliferationsuchas��-catenin
andMyc.Weobservedadecreasein ��-cateninlevelsin E14.5�
�		 �
� brains(Fig5A).Simi-
larly,weobservedreduced��-cateninandnon-phospho��-cateninlevelsin �
�		 �
� MEFs
(Fig5B).GSK3��canalsodestabilizeMYC by phosphorylationon Threonine58[25].
Accordingly,weobservedanincreasein pT58-Myclevelsandaconcomitantdecreasein
totalMyc levelsin �
�		 �
� MEFsaswellasatrend towardsdecreasedtotalMyc levelsin
E14.5brainswhencomparedto �
�		 �
� controls(Fig5A and5B).Additionally,weper-
formedIHC stainingof total ��-cateninandN-Myc on E14.5brain sectionsfrom �
�		 �
�
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and�
�		 �
� embryos.Theseresultsrevealedasignificantdeclineof membranousandcyto-
plasmic��-cateninin �
�		 -/- in theVZ comparedto �
�		 +/+ in E14.5brain,consistent
with immunoblot analysisin theembryonicbrain at this time-point (Fig5D).Similarly,IHC
on E14.5brain sectionsrevealedasignificantreductionin N-Myc expressionin �
�		 �
�

NPCscomparedto �
�		 +/+ controls(Fig5E).Notably,�
�		 lossresultedin areductionin
transcriptlevelsof Myc in bothbrain samplesandMEFs,consistentwith reportedtranscrip-
tional regulationof Myc by theWnt/��-cateninpathway(S5AandS5BFig).Additionally,
N-Myc (amemberof theMyc family regulatingneuralcells)wasshownto bereducedin
E14.5�
�		 �
� brain tissue(S5AFig).Together,weconcludethatCep55losspotentially
inhibits proliferationandsurvivalin anAkt-dependentmanner.

Fig 5. Cep55regulatesGSK3��,��-Catenin andMyc downstreamof the Akt pathway.(A-C) Representativeimageof
immunoblot (WB) analysiswith indicatedantibodies. Numbersat thebottomof eachWB lanerepresenttherelative
quantification of bandintensitiesnormalizedto thesignalof eachloadingcontrol.�� actinor vinculin servedasa
loadingcontrol.Immunoblotperformedto compare(A) �
�		 +/+ and�
�		 -/- mouseembryonicbrainatE14.5.(B)
�
�		 +/+ and�
�		 -/- MEFs.(C) �
�		 +/+ (Wt), �
�		 -/- (KO) and�
�		 �
� MEFswith ectopicexpressionof CEP55
(Rescue)with indicatedantibodies.(D) Representativeimagesof �
�		+/+ (left) and�
�		�/- (right) neocortices
stainedfor ��-cateninandnuclei(DAPI) in a100�m-width box.Barchartshowstherelativeintensityof ��-catenin
signalsfor �
�		+/+ and�
�		-/- neocortices, p< 0.0001;Scale= 50�m. (E) Representativeimagesof �
�		+/+ (left)
and�
�		-/- (right) neocorticesstainedfor N-Myc (red),Tbr2positivecellsandnuclei(DAPI) in a100�m-width
box.Barchartshowsthepercentof N-Myc positivecells,p< 0.0232,scale= 15�m (Mean� SDof four embryos
duplicatetechnicalrepeats,Student'st-test,� p< 0.05,� � p< 0.01,� � � p< 0.001,� � � � p< 0.0001).

https://doi.org/10.1371/journal.pgen.1009334.g005
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Activation of PI3K/AKT signalingpathwayrescuesthe proliferation and
cilia defectsinducedby �����-loss
Next,wesoughtto evaluatewhetherthereconstitutionof Akt signalingor its downstreamreg-
ulatorswouldbesufficientto rescuetheproliferationandciliogenesisdefectsin �
�		 �
�

MEFs.To investigatethis,wefirst, utilizedamyristoylatedform of AKT1 (myrAKT) previ-
ouslydescribedto beconstitutively-active[26]. �
�		 -/- MEFsweretransducedwith retrovirus
to expressmyr-AKT or anemptyvector(EV) control (S5CFig)andassessedfor proliferation.
Incucyteanalysisrevealedthatmyr-Akt wasableto markedlyincreasetheproliferativerateof
�
�		 �
� MEFswhencomparedto EV-transducedcells(Fig6A).Wealsosoughtto determine
if wecouldrescuetheproliferationandciliogenesisdefectsusinganinhibitor of activated
GSK3��.TheuniversalGSK3��inhibitor, CHIR99021,at low dosages(0.1�M and1 �M) was
ableto partiallyincreaseproliferationin �
�		 -/- MEFs(Fig6B),possiblythroughtheinhibi-
tion of activeGSK3��asperpreviousreports[27]. In contrast,in �
�		 +/+ lines(similar to
���		 rescuedlineswhereGsk3��is inactivatedbyAkt activity);Gsk3��inhibition canhinder
proliferationin adose-dependentmanner(S5DFig).Our findingsdemonstratethatCep55,
throughactivationof Akt andinhibition of Gsk3��,canregulateproliferation.

Next,weexaminedwhethermyrAKT expressionwassufficientto rescuethedefectsin cilia
formation.Strikingly,weobservedthatmyrAKT expressionin �
�		 �
� MEFs,but not EV
expression,restoredthepercentageof ciliatedcellsto levelsmorecomparableto �
�		 +/+

MEFs(Fig6C).Regardingciliogenesis,inhibition of Gsk3��in �
�		 �
� MEFsdid not affect
cilia formationsignificantly(S5EFig).Our analysisof cilia in ���		 KD organoidsrevealed
thatCEP55lossperturbedciliogenesis(Fig6D).However,consistentwith our MEFdata,we
wereunableto rescuethisphenotypewith GSK3��inhibitor (Fig6D and6E).This isconsistent
with apreviousstudythatshowedthatGSK3��inhibition alonedoesnot modulateciliogenesis
but combinedinactivationof Von Hippel-Lindau(VHL) andGSK3��leadsto lossof cilia for-
mationandmaintenance[28] suggestingthatGSK3��actsredundantlywith VHL to regulate
ciliogenesis.Strikingly,GSK3��inhibition canrescuethesizeof humanorganoids.CEP55loss
in organoidsledto size(area)decreasecomparedto control,consistentwith microcephaly
seenin CEP55-nullhumanpatientsandmousemodel(Fig6F).While theCHIR99021(GSK3��
inhibitor) treatmenthadno significanteffecton thesizeof control organoids,it ledto asignifi-
cantincreasein thesizeof ���		 KD organoids(Fig6F).Themechanismof this rescueis
throughthereductionof apoptoticcellsasmarkedbycleavedcaspase3 (Fig6G).Taken
together,our findingsdemonstratethatCEP55regulatescellsurvivalin anAKT-dependent
manner(Fig7).Nevertheless,CEP55-dependentregulationof ciliogenesismight occur
throughanAKT downstreameffector(s)independentfrom GSK3��.Overall,thephenotypein
brain organoidsandrelatedapoptosiscanberescuedthroughGSK3��inhibition.

Discussion
CEP55wasinitially describedasanabscissioncomponentservingto regulatecellularsegrega-
tion during cytokinesis[1]. Later,thefinding of CEP55regulatoryrolesin PI3K/AKT survival
signalingillustratedtheimportanceof thisprotein,especiallyin cancerwheretranscriptional
upregulationof ���		 widelycontributesto cancerprogression[2,29].Interestingly,activat-
ing mutationsin genesof thePI3Kpathwayhasbeenshownto causeawiderangeof brain
andbodyovergrowthdisorders[30] with phenotypicseverityhighlydependenton theextent
of activationof thepathway[31]. In contrast,thereductionin theactivityof thePI3Kpathway
in specificorganscanleadto decreasedorgansize[32]. Recently,homozygousnonsense
���		 mutationsthatcausetruncatedproteinproductshavebeenlinked to lethalfetalsyn-
dromes,demonstratingtheimportanceof ���		 in embryogenesisandespeciallyin neuronal
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Fig 6. Myr-AKT anddownstreameffectorscanrescue����� loss.Proliferationassayshowingthegrowthof �
�		 -/-

(KO) MEF(A) Transientlytransfected with EV (turquoiseblue)or myr-AKT (purple)and(B) treatedwith indicated
dosesof GSK3��inhibitor, CHIR99021(untreated:red,0.1�M inhibitor: green,1 �M inhibitor: blue).Mean� SD,the
averageof 2biologicalrepeatsand3 independent experimentsStudent's t-test,� � � � p< 0.0001.(C) Representative
imagesof �
�		 -/- (KO) MEFsreconstitutedwith EV-mCherry (left) or myrAKT-mCherry (right) immunostainedfor
cilia (Arl13b),basalbody(�
-tubulin) andnuclei(DAPI). Thelowerpanelshowsmergedimageswith magnificationof
theboxedarea.Scale= 12�m. Left:Percentageof ciliatedcellsin �
�		 +/+ (Wt) and�
�		 -/- (KO) MEFstransfected
with EV or myr-Akt. Mean� SD,n = 100cellsfrom 3 independent experimentsStudent'st-test,� p< 0.05).(D)
RepresentativeimageU6 (shSCRCtrl) andCEP55KD humanbrainorganoidsimmunostainedfor cilia (ARL13b),
basalbody(�
-tubulin) andnuclei(DAPI), Scale= 10�m. (E-G)Comparisonof U6 (shSCRCtrl) andCEP55KD
untreated(DMSO)andtreatedwith 3 �M GSK3��inhibitor, CHIR99021for (E) Ciliatedcellcounts,p< 0.0010(F) The
sizeof organoids(area)p< 0.0380for control,p< 0.0001for shCEP55 (G) Thepercentof cleavedCaspase3 in PAX6
negativecells,p< 0.5767for control,p< 0.0104for shCEP55.Dataweremeasuredacrosstwo independent
experiments.n = 6organoids. Mean� SD,one-wayANOVA (Kruskal±Wallistest)performed,� � p< 0.01).

https://doi.org/10.1371/journal.pgen.1009334.g006
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development[4±6].Surprisingly,patientsthatarecompoundheterozygotesfor nonsenseand
missense,or splicingmutations,in CEP55survive[33]. However,to date,theexactmolecular
mechanismunderlyingthesedisordershasremainedelusive.Bysimultaneouslystudying
�
�		 -/- mousemodelandhumancerebralorganoids,our studiesprovidenovelinsightsinto
thepathophysiologicalroleof �
�		 to understanddiseaselinked to dysregulationof this
gene.Theneuralphenotypesin thismodel,includingseveremicrocephalywith diminished
corticalcellularityoverlapwith thehuman�
�		���������
� disorders.Notably,wealso
observedahigherproportion of multinucleatedneuronsin E14.5�
�		 �
� brainswhencom-
paredto controls,reminiscentof thatobservedin infantsaffectedbyMARCH syndrome[6].
Consistently,asignificantproportion of immortalizedMEFsalsoexhibitedmultinucleation
uponlossof Cep55.

Thebrain sizeof �
�		�deficient embryosissignificantlyreducedcomparedto controls
dueto hypocellularity.It is conceivablethat theapoptosisseenin brain sectionscouldprogress
to amajor lossof cerebralhemisphereparenchyma,resultingin markedcavitation,leaving
only asmallamountof residualcorticaltissue,andcompensatoryexpansionof thelateralven-
tricles(termedhydranencephaly:seenin humanwith CEP55mutation),or porencephaly,if
thecysticchangeandparenchymallosswaslesssevere.For thedetailedcharacterizationof
neurodevelopmentaldefectsuponlossof �
�		, in thisstudy,wehaveconcentratedon the
developmentof theneocortex.Analysisof theoveralldistribution of neuronsacrossthe

Fig 7. Graphicalabstract.Proposedmodelof Cep55-dependentregulationof RGCproliferationor apoptosisthrough
PI3K/Akt andthedownstreamtargetsGsk3��,��-CateninandMyc.CEP55isknownto bind thecatalyticsubunitof
PI3K(p110)andpromotesdownstreamphosphorylation of AKT (S473).TheactiveAKT inactivatesGSK3��by
phosphorylatingit on S9.However,in Cep55KO cells,downregulation of Akt phosphorylation leadsto upregulation
activeGsk3��(Y216)andconsequentcelldeathwhichcanberescuedbyGsk3��inhibition. Ciliogenesisis regulatedin
anAkt-dependentmannerandindependentof Gsk3��.

https://doi.org/10.1371/journal.pgen.1009334.g007
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neocortexrevealedadecreasedpopulationof all NPCsandneuronsin �
�		 �
� brainsinclud-
ing RGCs,IPCs,andPMNs.A deficiencyin cellproliferationin �
�		 -/- brainsatearlyneuro-
developmentstages,aswellasthesignificantincreaseof apoptosisin bothNPCsandPMNs,
reinforceapro-survivalroleof Akt activation,which issignificantlycompromisedin �
�		 -/-

brains.This finding is in line with thetime-lapsedatashowingthatcelldeathisnot dueto the
mitotic catastrophecausedbyaberrantcytokinesisbut rathercellsaremainlydyingduring
interphase.Our dataindicatethepresenceof proliferationdefectsassociatedwith lossof
Cep55in E14.5embryobrains,aswellas�� ����� in MEFmodelswith bothconstitutiveand
conditionalCep55loss.Thisproliferationdefectcouldberescuedin �
�		 -/- MEFsbyectopic
expressionof ���		. Overall,the�� ����� proliferationdeficiencyin �
�		 -/- MEFswasconsis-
tentwith theobservedphenotypein neuronalprogenitors,with decreasedproliferation
observedbyKi67 immunohistochemistry atE14.5.Wealsoobservedincreasedlevelsof
cleavedcaspase-3,amarkerof apoptoticcelldeathby immunoblotsin �
�		 -/- embryonic
brain tissueconsistentwith increasedapoptosisasassessedbyTUNEL stainingof brain sec-
tionsby IHC.

During thepreparationof thismanuscript,threereports[8±10]demonstratedgeneration
of viablehomozygous�
�		 KO pupsatP0whereasin our study�
�		 KO wereveryrarely
born (1/29atP0).Tedeschietal.[8] andour �
�		 knockoutmiceweregeneratedusingES
clonesfrom theEuropeanmutantmiceconsortium,albeitusingdifferentclones
(HEPD0726_6_A04;HEPD0726_6_B01).Bothstudiesgenerateda���� allele,in C57BL/6
geneticbackground,but therecouldbesubstraindifferences,whereastheothertwo studies
generatedmiceusingCRISPR-Cas9in eitheramixedC57BL/6andFBV/N or pureC57BL/6
background[9,10].Theseprior studies,alsoreportedslightdifferencesin postnatallethality
rangingfrom preweaninglethalitywith incompletepenetrance,~7%homozygousmiceviable
between(P1-P14)to 100%mortality for KO pupsatP2[8,9].Weobservedasignificantreduc-
tion in thenumbersof KO pupsobtainedatP0comparedto theexpectednumberbasedon
Mendelianratio.Thisdifferencein P0survivalmaybeexplainedbygeneticdifferencein sub-
strainanddifferent�
�		 ES���� cloneusedbyusandTedeschietal.[8]. Differencesin the
approachusedto target�
�		 in theothertwo studiesmayalsocontributeto thisdiscrepancy
[9,10].Thedifferentgeneticbackgroundsareknownto havemajoreffectson thepenetrance
andseverityof phenotypes.Asanexample,in ����� mousemodeltheoffspringexhibit
markedlyvariablestrain-dependentphenotypesthatwidelyrangefrom extremelysevereand
lethalto apparentlynormalandviablemice[34]. Theenvironmentaldifferencesbetweenfacil-
ities(diet,bedding,light, noiseanddisruptionetc)mayalsoaffectperinatalviability either
directlyon healthof thepupor indirectly throughimpacton maternalcare.

Importantly,however,therearesimilaritiesin our reportandpreviousstudies,where
Cep55-/- animalsfail to thriveandconsistentlyperisharoundthetime of birth or soonafter.
All studiesreportmalformationof brain,microcephaly,decreasein length,thickness,andcel-
lularity of cortex.Weandothersalsoreport reductionin neuronalstemandprogenitorcells
andaccumulationof binucleatedneuronsandincreasedapoptosisin brain.Tedeschietal.[8]
suggestedcelltypespecificrequirementof Cep55andendosomalsortingcomplexesrequired
for transport(ESCRT)complexin control of cellabscission,whichisaknownfunction of
Cep55[35]. Thiswasobservedin NPCsbut not in primary fibroblasts,suggestinga
CEP55-ESCRTIII-independentmechanismof abscissioncontrol in non-neuralcells.Notably,
primary fibroblastswereshownto undergocytokineticabscissionin theabsenceof Cep55or
afterdepletionof ESCRTIII.In contrast,Little etal.[10] reportedalternativefindingsdemon-
stratingthatESCRTsrecruitmentisnot absentbut ratherreducedin Cep55-nullcells,suggest-
ing that thereisnot anabsoluterequirementof Cep55for recruitmentof ESCRTs.A role for
Cep55-ESCRTin regulationof non-neuralcelldivisionhasalsobeenreported[10], refuting
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theclaimof theaforementionedstudy[8] thatCep55isdispensablefor non-neuralcelldivi-
sion.Notably,theauthorsobservedcontrastingp53apoptoticresponsesto cytokineticdefects
in differentcelltypesandsuggestedit asapotentialmechanismto explaindisparatetissuephe-
notypes[10].P53accumulatedin �
�		 �
� corticalcellsandp53KO partiallyrescuedthe
microcephalyphenotypein �
�		 �
� mice,but corticaldisorganizationstill occurred.

Thepresentstudyprovidesevidencethatcytokineticandabscissiondefectsdueto lossof
Cep55do not explainincreasedapoptosisof NPCs,asin �
�		 �
� neocorticesandin knock-
downhumanbrainorganoids,theapoptoticNPCswerefrequentlymononucleated,suggesting
that lossof prosurvivalroleof Cep55,possiblydueto reducedPI3K/Akt pathwayactivationin
absenceof Cep55,might resultin celldeath.This isconsistentwith our prior studyin cep55
mutantZebrafish[36]. Notably,thecytokineticdefectin �
�		 mutantZebrafishwasvery
mild andthemicrocephalicphenotypewasattributedto increasedapoptosis.Previousstudies
on brain organoidsgeneratedfrom pluripotentstemcelllineswith defectsin primary micro-
cephalyspecificgenesincluding ���� [37], ���� [38], �� !" [39] and���	 ��" [40]
suggestedthatalossin NPCswascausedby their prematuredifferentiation,not byapoptosis,
that leadto depletionof theprogenitorpopulation[41±43].Our studyshowsthat reductionin
NPCsin CEP55-depletedhumanorganoidswascausedby increasedcelldeath,whichholds
true for our �
�		 KO mousemodelandthosereportedbyothers[8±10].

Additionally,our studydocumentsanovelcontribution of hyperactiveGsk3��to the
observedneuralphenotype.Thethedysregulationof Akt [44] aswellasits downstreameffec-
torssuchasGSK3��[45], Myc,and��-Catenin[46] havebeenreportedto haveadverseeffects
on neurodevelopment.GSK3��,implicatedasamasterregulatorof NPCs,isacentralmediator
of awiderangeof processesin neurodevelopment[47]. Our datashowedreducedAkt phos-
phorylationandaconsequentreductionin inhibitory phosphorylationon Gsk3��in the
absenceof Cep55leadsto Gsk3��activationandconsequentproteasomalmediateddegradation
of its substrate,��-catenin.In the�
�		 -/- brain andMEFsweobservedreducedexpressionof
��-cateninby immunoblotandimmunohistochemistry in theabsenceof anychangesat the
levelof transcription.WeidentifiedMyc destabilizationin MEFsandembryonicbrain in pro-
tein levelby immunoblotanddecreasein Myc andN-Myc transcriptlevelsbyRT-qPCR.We
alsovalidatedtheseresultsby IHC analysiswhichrevealedadeclinein N-Myc protein
expressedmostlyin theVZ of mousebrains.Overall,reducedproliferationandincreasedapo-
ptosisin NPCsupon�
�		 deletioncouldexplainsmallerbrain size.

Primarymicrocephalyiscausedbyautosomalrecessivemutationsin genesthatcontrol the
assemblyof centrosomesandcilium, andassuch,celllinesgeneratedcontainingmutationsin
thesegenesdisplaydefectsin cellcycleprogression,primary cilium formationandviability
issues[48]. Multiple piecesof evidenceobtainedin thisstudysupportCep55-dependentregu-
lation of ciliogenesis.First,ciliogenesiswasconsistentlydefectivein NPCsfrom �
�		 -/-

embryonicbrain sections(E14.5)andCEP55-depletedhumancerebralorganoids.Moreover,
severalothercellularmodelsusedin thestudyincluding �
�		 -/- MEFsand���		-depleted
RPE-1andSH-SY5Ycellsalsoexhibitedaprimary cilium defect.This indicatesthatCep55is
broadlyrequiredfor cilia formation in multiple mouseandhumancelltypes.This isconsistent
with thedescribedassociationof ���		 with humanMKSlike ciliopathysyndrome[4,5].Sec-
ond,wefound that �
�		 ispredominantlylocalizedat thebaseof theprimary cilium consis-
tentwith afunction in theassemblyor anchoringof cilia axoneme.Third, myr-AKT
overexpressionissufficientto restorethedeficit in cilium lengthandproliferationdefectin
Cep55-deletedMEFs.Thereisemergingevidencethat thecilia dysfunctionscontributeto
manyneurogeneticdisorderssuchasMeckel-Grubersyndrome[49]. Thereisalsoaknown
relationshipbetweenAKT pathwayactivationandprimary cilia whereinpAKT hasbeen
shownto localizeto thebasalbody.Consequently,Akt knockdowncansuppresscilia
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formation [50]. Weproposethatdefectiveactivationof theevolutionaryconservedPI3K/Akt
pathwayin absenceof Cep55leadsto defectivesurvivalof neuronsaswellasdefectivecilia for-
mation.However,inhibition of activatedGsk3��,observedin �
�		 -/- MEFsandhumanorga-
noidsasaconsequenceof reducedAkt activation,couldonly rescuethephenotypethrough
decreasingapoptosiswithout anyimpacton ciliogenesis,suggestingthatotherdownstream
effectorsof Akt areinvolvedin theregulationof ciliogenesis.Recentlyit wasreportedthat
Cep55wasrequiredfor cilia resorption[9]. Theabsenceof cilia formationdefectin thisstudy
maybeaconsequenceof severityof Cep55lossbetweenmousemodels.Similarly,wehave
reportedsubstantiallymoreseverepost-natalviability of Cep55-/-offspringin our mouse
model.Importantly,our currentfinding thatCep55is requiredfor cilia formationdoesnot
ruleout aninvolvementin cilia resorption.Indeed,severalcentrosomalproteinssuchasPLK1
[51], CEP170[52] andWDR62[48] havebeenshownto beinvolvedin bothcilia assemblyand
disassemblyatdifferentstagesof thecellcycle.However,theseverityof ciliogenesisdefectin
our animalandcellmodelsdoesprecludeusfrom examiningacilia resorptiondefect.

In summary,our studyemployedamousemodelandhumanbrain organoidsto identify
thecritical roleof �
�		 during brain development.WesuggestthatdefectivePI3K/Akt path-
wayactivationandconsequently,increasedapoptosisduring embryogenesiscouldbethepre-
dominantcauseof microcephalyseenin ���		 loss-associatedgeneticsyndromes.In
addition,werevealedanimportant roleof Cep55in regulatingciliogenesisin anAkt depen-
dentmanner.FurtherstudieswherewecangenerateinducibleCEP55KO humanpluripotent
stemcelllinesshouldallowmorein-depthevaluationof CEP55biologyin particularto what
extentdisruptionof ciliogenesiscontributesto complexCEP55-associatedclinicalphenotypes
[4±6].

Materials and methods

Ethicsstatement
Thisresearchwascarriedout in strict accordancewith theAustralianCodefor thecareand
useof animalsfor scientificpurposes.All protocolswereapprovedby theQIMR Berghofer
MedicalResearchInstituteAnimal EthicsCommittee(ethicsnumberA0707-606M).

Generationof constitutive ����� knockout mice
�
�		 floxedEScellswerepurchasedfrom theInternationalKnockoutMouseConsortium
(Exon6 of �
�		 wastrapped,IKMC ProjectID:93490)andheterozygous�
�		 targeted
miceweregeneratedby theAustralianPhenomicsNetwork(APN) facility,wherethetargeted
alleleactsasagene-trapto form anon-functional(KO) allele.Theknockout-firstalleleusedin
thetargetingstrategyisamenableto thegenerationof afloxedalleleviaFLPrecombinase
breeding,allowingthegenerationof conditionalknockoutmice.Micewerehousedat the
QIMR BerghoferMedicalResearchAnimal Facilityin OptiMICE caging(Centennial,Colo-
rado,USA)at25ÊCwith a12-hourlight-darkcycle.All experimentalanimalsweremaintained
on aC57BL/6Jstrain.

Genotypeanalysis
GenotypingwasperformedusinggenomicDNA extractedfrom mouseearusingtheQuickEx-
tractDNA ExtractionSolution(Lucigen,USA)accordingto themanufacturer'sprotocol.
Wild-typeand�
�		 transgenicallelesweregenotypedusinga3-primerPCRwith acommon
forwardprimer (P1)andtwo differentreverseprimers(P2andP3)to differentiatebetween
differentalleleforms.Primersequenceswereasfollows:�
�		 P1(TGGGTCTTTAACTCA
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TGGTC),�
�		 P2(AGGAGTGAAAAGTCCTCACA),�
�		 P3(GTACCGCGTCGAGAA
GTT).

Quantitative reversetranscription PCR
QuantitativereversetranscriptionPCR(RT-qPCR)wasperformedusingcDNA asthetem-
platewith gene-specificprimersasoutlinedbelow.ThereverseTranscriptionobtainedusing
theSuperScriptFirst-StrandSynthesisSystem.A control reactionwasperformedwithout
reversetranscriptaseto ensureno genomicDNA hadcontaminatedthesamples,aswellasa
no-templateDNA control.TheRT-qPCRwasperformedin 96-wellplateformatusingaSYBR
Greenmaster-mix(RocheAppliedScience,Basel,Switzerland)with aCFX96TouchReal-
TimePCRDetectionSystem(Bio-RadLaboratories,US).Thetotal volumeof eachreaction
was8 �L including4 �L of Sybrgreen,1 �L of eachprimer (1 picomoleof each),1 �L of cDNA
(10ng)and2 �L of sterilewater.Thespecificityof RTqPCRamplificationwasexaminedby
checkingthemeltingcurvesandrunning eachsampleon a2%agarosegel.Theresultswere
analyzedby the�ï�ïCt method.Actin wasusedasahousekeepinggene.

RT qPCRprimers
�#� (CGGACACACAACGTCTTGGAA / AGGATGTAGGCGGTGGCTTTT),

�#�� (CCTCCGGAGAGGATACCTTG/ TCTCTACGGTGACCACATCG),
�
�		 (AAGGCAGAAGCAGACTCTTGGAGA/ GTGGCGGACAGCTGGTTTTTCA

and
TCGAGCTGGAAAAGAGAACAG/ TGCTTCTCCACTTGAAGATAACC)

Organ/embryoisolation
MouseorganswereisolatedusingtheNikon SMZ45stereodissectingmicroscope(Nikon Inc,
Tokyo,Japan).Theisolatedorganswerewashedin ice-coldPhosphateBufferedSaline(PBS).
Forproteinor mRNA extraction,thesamplesweresnap-frozenon dry ice.Forhistologystain-
ing, tissueswerefixedin eithertheBouinsolution(pathologyinvestigation)or 4%PFA
(immunohistochemicalstaining)for 24±48hours.

MEFestablishment
MEFswereisolatedfrom E13.5embryosfrom �
�		 +/� inter-crossesfor theconstitutiveMEF.
Embryosweredissectedinto ice-coldsterilePBS,followedbyremovalof theinternalviscera
andheadfor genotyping.Theremainingtissuewasincubatedin trypsin-EDTA(Sigma
Aldrich, StLouis,USA)anddisaggregatedbymechanicalshearingusingasterilescalpelblade.
Thedispersedtissueswerefurther homogenizedby trituration andtransferredinto 25cm2

flasks(Corning) andallowedto adhereovernight.PrimaryMEFsweremaintainedin
Dulbecco'sModified Eagle'sMedium(DMEM) (Life Technologies,Carlsbad,CA,USA)con-
taining20%FetalBovineSerum(SAFCBiosciences,Lenexa,USA)1%penicillin-streptomycin
(Life Technologies)and1%AmphotericinB.PrimaryMEFsprior to passage5 wereusedfor
experimentsasindicated.RetroviralSV40transfectionwasusedfor theimmortalizationof
MEFs.

Cell culture
Mouseembryonicfibroblasts(MEFs)weregeneratedasperextendedmethods.RetinalPig-
mentEpithelium(RPE-1)cellswereobtainedfrom theDiamantinaInstitute,UQ. Human
neuroblastoma(SH-SY5Y)cellline wasculturedin a1:1mix of DMEM andF-12
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supplementedwith NEAA (1%,non-essentialaminoacids),FCS(10%)andpen/strep(100U/
ml). Pluripotentstemcellline HES3(WiCell) wasmaintainedin mTeSR1media(StemCell
Technologies)andpassagedevery4 daysusingReLeSRTMaspermanufacturer'sinstructions
(StemCellTechnologies)andreseededat12,000cellspercm2 onto T25cellcultureflasks
coatedwith Matrigel(Corning).All thecelllineswereroutinely testedfor Mycoplasmainfec-
tion byScientificServicesatQIMR BerghoferMedicalResearchInstitute.

Cerebralbrain organoiddifferentiation
Cerebralbrain organoidsweregeneratedfrom single-celldissociatedHES3pluripotentcul-
turesaccordingto previouslydescribedmethods[53±55].Briefly,single-cellsuspensionswere
countedandseededat104 cellsperwellof U bottom96wellultra-low attachmentplates
(Corning) in mTeSR1mediasupplementedwith 10�M ROCKinhibitor andcentrifugedat
300gfor 3 minutesto allowfor initial aggregation.Thefollowingday,mediain eachwellwas
replacedwith knockoutserumreplacement(KSR)media,consistingof DMEM/F12,20%
KSR,1xPenicillin/Streptomycin, 1xGlutamax,1xNon-essentialaminoacidsand0.1mM��-
mercaptoethanol(Life Technologies).KSRmediawassupplementedwith 2 �M Dorsomor-
phin andA83-01(Sigma-Aldrich)andchangeddaily for thefirst 5daysof induction.Between
days5 and6 of induction,mediawaschangedata1:1ratio with neuralinduction mediacon-
sistingof DMEM/F12,1xN2,1xGlutamax,1xNon-essentialaminoacids,1xPenicillin/Strep-
tomycinand10�g/mL Heparin(StemCellTechnologies)supplementedwith 1 �M
CHIR99021andSB-431542(Sigma-Aldrich).At day7,mediachangesconsistedonly of neural
induction mediasupplementedwith 1 �M CHIR99021andSB-431542until day14,atwhich
point cultureswerechangedto neuraldifferentiationmediaconsistingof 1:1basemediaof
DMEM/F12andNeurobasal,1xGlutamax,1xNon-essentialaminoacids,1xN2 andB27
(with vitamin A) supplements,1xPenicillin/Streptomycin, 0.05mM��-mercaptoethanoland
2.5�g/ml insulin (Life Technologies).

Doubling time assay
MEFswereplatedin a10cmpetri dish,atadensityof 105 cellsperwell,in triplicatefor each
genotype.Everysecondday,cellswerecollected,andtheoverallcellnumberassessedusinga
Countessautomatedcellcounter(Life Technologies)for atotalof 6 days.

Cell proliferation assay
Cellswereseededatadensityof 5�103 or 104 cellsperwell in duplicate,andgrowthassessed
usinganIncuCyteS3Live-CellAnalysissystem(EssenBioSciencesInc, USA)Wheretreat-
mentswereperformed,drugswereaddedthedayfollowingcellseeding.

Cell cycleanalysis
Cellswereplatedin a6-wellplatein duplicateatadensityof 105 cellsperwellandharvestedin
trypsin-EDTA(SigmaAldrich, StLouis,USA)at indicatedtime pointsandfixedin ice-cold
Ethanolfor 24hours.Cellswerestainedin 1mg/mLof propidium iodide(SigmaAldrich) and
15mg/mLRNAseA) at37ÊCin thedark.DNA contentwasassessedusingaFACScantoII
flow cytometry(BD Biosciences,Mountain View,CA). Theproportion of cellsin G0/G1,S
phaseandG2/M werequantifiedusingModFit LT 4.0software(Verity SoftwareHouse,Top-
sham,ME, USA).
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Live-cellimaging andmicroscopy
Live-cellimagingwasperformedon anEVOSFl Auto (ThermoScientific)or Spinningdisk
confocal(Andor) microscopeusingMetaMorphMicroscopyautomationandimageanalysis
software.ImageswereanalyzedusinganalySISLSResearch,version2.2(AppliedPrecision).

Histopathologicalanalysisand immunohistochemistry staining
Forhistopathologicinvestigationwith hematoxylinandeosin(H&E), tissueswerecollected
andfixedBouin'ssolution(Sigma-Aldrich,USA)for 48hoursandembeddedin paraffin
blocks.5 �m±thick sectionswerepreparedfor H&E stainingwith aLeicaAutostainerXL. For
periodicacid±Schiff(PAS)staining,tissueswereremovedfrom miceandfixedin 4%PFAfor
24±48hours.Tissueswereembeddedin paraffinandwax-embeddedtissuesweresectionedat
5±10�m andmountedon SuperfrostPlusslides(ThermoFisherScientific)usingtheSakura
Tissue-TekTEC(SakuraFinetek,Tokyo,Japan).Theslideswerethendewaxedandrehydrated
bystandardprotocols.

Antigenretrievalprotocolwhichwasperformedwith 10mM Sodiumcitratebuffer
pH = 6.0usingaDecloakingChamberNxGen(BiocareMedical,USA)for 15minutesat95ÊC.
Sectionswerepermeabilizedandblockedin blockingbufferatRTfor at least1hour (20%FBS/
2%BSA/ 0.2%Triton X-100in PBS.Primaryantibodiesweredilutedin blockingbufferand
incubatedat4ÊCovernightin ahumidifiedchamber.Alexa-fluor-conjugated(LifeTechnolo-
gies)secondaryantibodieswereincubatedatRTfor 3hoursin ahumidifiedchamber.Slides
weremountedwith Vectashield(VectorLaboratories,Burlingame,CA,USA)followedby
cover-slippingusingaLeicaCV5030(LeicaBiosystems,Wetzlar,Germany)glasscoverslipper
andShandonConsul-Mountmountingmedia(Life Technologies).Slideswerescannedwith
AperioScanscopeFL/XT (Aperio,Vista,USA)using20Xor 40Xmagnificationandimaged
with anLSM780confocalmicroscope(Zeiss,JenaGermany)beforeanalyzingwith ImageScope
software(LeicaBiosystems,BuffaloGrove,IL, USA).Nucleicountv9algorithmor Imaris(Bit-
planeScientificSoftware,Belfast,United Kingdom)wasusedto scoreimmuno-positivecells.

Immunofluorescence(IF)
For immunofluorescence(IF) assays,cellswerecountedandseededat5�104 cellson sterile
glasscoverslips.Forassessingcilia,MEFswereserum-starvedfor 48hoursprior to analysis.
Whereindicated,drugswereadded24hoursprior to fixation.Cellswerefixedin 4%PFA
(SigmaAldrich, StLouis,USA)or ice-coldMethanol(100%)for thecentrosomalprotein in
PBSfor 20minutesatRTandpermeabilizedin 0.1%TritonX-100(SigmaAldrich) for 10min-
utesor 90seconds(cilia experiments)andblockedin 3%or 1%(cilia experiments)bovine
serumalbumin(BSA;SigmaAldrich) in PBSfor 1hour in ahumidified chamberatRT.Cover-
slipswerewashedandincubatedwith Alexa-fluor-conjugatedsecondaryantibodies(Sigma
Aldrich) diluted in 3 or 1%BSA(1:1000)for 30minutesat37ÊCin ahumidified chamberin
thedark.CoverslipsweremountedusingProlonggoldanti-fademountingmedium(Life
Technologies).Imagingwasperformedon aDeltaVisionpersonalDV deconvolutionmicro-
scopeandDeltaVisionUltra (super-resolution)(AppliedPrecision,GEHealthcare,Issaquah,
WA) andanalyzedusingtheGEDeltaVisionsoftwarepackage.Automatedcountingwasper-
formedusingscriptmodulesof Fiji ImageJsoftware(Java3D,Minnesota,USA).

Whole-mount immunostaining
Brainorganoidswerestainedfollowingapreviouslypublishedprotocol[56]. Briefly,organoids
werefixedin 1%paraformaldehydesolutionovernightat4ÊC.After washing,organoidswere
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incubatedfor 4 hoursat room temperaturein ablockingbufferconsistingof 5%FBSand0.2%
Triton X in PBS.Organoidswereincubatedwith primary antibodies(extendedmethods)in
blockingbufferovernightat4ÊC,followedbywashingin blockingbufferandsubsequently
incubatedwith secondaryantibodiesandHoechst(1:1000)overnightat4ÊC.Organoidswere
againwashedtwicein blockingbufferat4ÊCandsubsequentlymountedonto microscope
slidesusingProlongglassantifademountant(Life technologies).Liveimagingwascarriedout
usinganAndor WD Revolutionspinningdiskmicroscopeto assessanincreasein integrated
viral GFP.ImmunostainedsampleswereimagedusingaZeiss780-NLOconfocalmicroscope.
Fourrandomfieldsof viewwereimagedperorganoidandmanuallyquantifiedusingFiji
software.

Antibodies for immunostaining
Immunostainingwasperformedwith thefollowingprimary antibodies:Ki671:500(rabbit,
NCL-ki67p;Novacastra,Wetzlar,Germany);mouseanti �
-tubulin (1:400,T5326Sigma),rab-
bit anti �
-tubulin (1:400,T5192Sigma),rabbitanti Arl13b(1:300,17711-1-APProteintech),
mouseanti ��-tubulin (1:300,T5168Sigma),mouseanti Arl13b(1:300,75287,Antibodies
Inc.), rabbitanti TBR1(1:200,ab31940Abcam),MonoclonalAnti-AcetylatedTubulin anti-
bodyproducedin mouseclone6-11B-1(SigmaAldrich), rat anti TBR2488(1:200,53-4875-80
eBioscience),rabbitanti phospho-histone3(1:300,ab47297Abcam),mouseanti PAX6(1:200,
DSBH),Cep55(1:500;sc-374051SantaCruzbiotechnology),Pericentrin(1:1000;Covance,
PRB-432C),��-Catenin(1:1000;CellSignalingTechnology,9582),CleavedCaspase-3(1:500;
9664CellSignalingTechnology),Tuj1 (TU20)(1:200,4466sCellSignalingTechnology),GFP
(1:500,AB290Abcam),DAPI wasusedfor thenuclearstaining(D9564;MilliporeSigma).
ApopTagstainingwasperformedwith anApopTagperoxidasein situapoptosisdetectionkit
(S7100;MilliporeSigma,Billerica,MA, USA).

��-Galactosidasestaining
Detectionof ��-GalactosidaseActivity usingLacZreporterandX-galStainingwasperformed
asdescribedby(Burn,2012).X-gal(5-Bromo-4-chloro-3-indoxyl-beta-D-galactopyranoside,
GoldBio)wasusedto detectreportergeneexpressionmarkedbyadarkbluestain.Briefly,
wholeembryos/organsweredissectedandfixed(4%PFAfor 30minutes)followingbywash-
ing (threetimeswith washbuffer(0.02%NP-40,0.01%deoxycholatein PBS)andchromogenic
stainingwith stainingsolution(5 mM K3Fe(CN)6,5mM K4Fe(CN)6,0.02%NP-40,0.01%
deoxycholate,2 mM MgCl2,5 mM EGTA,1 mg/mL X-galin PBS)in thedarkat37ÊC
overnight.

Genetransduction and transfection
For thegenerationof stableandconstitutivecelllineswith overexpressionor knockdownof
Cep55,weusedFlag-���		 clonedinto thepLentiPGKHygroDestvector(addgene#19066),
or mousesmall-hairpinRNAs(shRNAs)in thepLKO plasmid(SigmaAldrich, StLouis,USA).
Cellsweretransducedbyspinfectionfor 1 h in thepresenceof Hexadimethrinebromide
(Polybrene)(SigmaAldrich, StLouis,USA)andmediacollectedandfilteredat48h and72h
post-transfection.Forhumancelllines,constitutiveCEP55-knockdownwasperformedaspre-
viouslydescribed[1]. TheSelectionof cloneswasperformedusing400�g/mL Hygromycin,
50�g/mL Zeocin,5 �g/mL Blastocydin(Life Technologies)or 5 �g/mL of Puromycin(Life
Technologies).TransientCep55silencingwasperformedby reversetransfectionusing10±20
nM of individual smallinterferingRNAs(siRNAsmanufacturedbyShanghaiGenePharma,
China)andLipofectamineRNAiMAX (Life Technologies)for 48hours.
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Adenoviral shRNAinfections
Cerebralbrain organoidswereinfectedwith adenoviralshRNAvirusesaspermanufacturer's
instructions(VectorBiolabs).Two control andCEP55adenoviralshRNAswereused:scram-
bledcontrol Ad-U6-RNAi (cat#1640),CMV drivenAd-GFPcontrol (cat#1060)andhuman
CEP55shRNAsilencingadenovirus(cat#shADV-204994).Day16cerebralorganoidswere
infectedwith thecontrol andCEP55adenoviralshRNAsataMOI of 10.Organoidswerehar-
vested24-and48-hourspost-infectionto characterizeknockdownof CEP55.

Retrovirusand lentivirus packagingand transduction
For theproductionof retrovirusor lentivirus,PhoenixAmphotropic(retrovirus)or HEK293T
cells(lentivirus)wereplatedat90%confluencyin aT75flaskandtransfectedwith 5 �g of
DNA and15�L Polyethylenimineor PEI(Polysciences,Inc.,23966±2,POL)(1:3ratio) in
Optimum media.At 5 h post-transfection,mediawaschangedandthepackagingcellsincu-
batedfor 72hours.At 48hoursand72hourspost-transfection,themediawasfilteredusinga
0.45�m filter onto targetcellsprior to spinfection(at1000X g for 1 h at25ÊC) in thepresence
of hexadimethrinebromide(polybrene;SigmaAldrich, H9268-5G).Mediawasremovedafter
spinfectionandcellswereallowedto recoverfor thenext48h beforeselectionwith thecorre-
spondingantibioticwascarriedout to selectfor transducedcells.Antibiotic selectionwassus-
taineduntil anuntransducedcontrol plateof cellshadall died.

Sequencesfor ����� siRNA andShRNA
(5'-3') Cep55_Scr(CCGGCGCTGTTCTAATGACTAGCATCTCGAGATGCTAGTCATT
AGAACAGCGTTTTTT);Cep55_sh#2(CCGGCAGCGAGAGGCCTACGTTAAACTCG
AGTTTAACGTAGGCCTCTCGCTGTTTTTG);Cep55_sh#4(CCGGGAAGATTGAATC
AGAAGGTTACTCGAGTAACCTTCTGATTCAATCTTCTTTTTT); SiRNA(Cep55_Scr
Sense(5'-3'):CAAUGUUGAUUUGGUGUCUGCA)andanti-sense(5'-3'):UGAAU AGGA
UUGUAAC); SiRNACep55_SEQ1Sense(5'-3'):CCAUCACAGAGCAGCCAUUCCCACT
andanti-sense(5'-3'):AGUGGGAAUGGCUGCUCUGUGAUGGUA)

Cell and tissuelysatepreparation
Forpreparationof tissuelysate,theorgansweredicedusingasterilescalpelbladefollowedby
lysisin RIPAbuffer(25mMTris-HCl (pH 7.6),150mMNaCl,1%NP40,1%Sodiumdeoxy-
cholateand0.1%SDS)or Urealysisbuffer(8M urea,1%SDS,100mMNaCl,10mMTris) and
thesamplesweresonicatedfor 10secondson aBransonSonifier450(BransonUltrasonicCor-
poration,Danbury,CT,USA).Celldebriswasremovedbycentrifugationat13,000RPMat
4ÊCfor 30minutes.ProteinconcentrationwasdeterminedusingaPierceBCAProteinAssay
Kit with Bio-RadProteinAssayDyeReagent(Thermo-Scientific).30or 60�g of proteinwas
resuspendedin 1X laemmlibufferandsamplesheatedto 95ÊCfor 5 minutesprior to
electrophoresis.

Westernblot
Westernblotting wasperformedaspreviouslydescribed[3]. (Preparedproteinsampleswere
subjectedto electrophoresisat120V usingtheBio-RadMini-PROTEANTetrasystemin SDS
running buffer(25mM Tris-HCl, 192mM glycine,0.1%SDS(v/v)). Geltransferwasper-
formedusingtheInvitrogenX-cellSureLocktransfersystemat80V for 90minutesin 1X
transferbuffer(50mM Tris,40mM Glycine,20%methanol)onto AmershamHybondnitro-
cellulosemembrane(GEHealthcare,Waukesha,WI, USA),andtransferefficiencyassessedby
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PonceauSstaining(0.1%(w/v) PonceauSin 5%aceticacid).Membraneswereblockedin
blockingbuffer(5%Skimmilk powder(DiplomaBrand)in PBScontaining0.5%Tween-20-
PBS-T)for 1 hour on ashakeratRTfollowedbyovernightincubationwith primary antibodies
at4ÊC.Themembraneswerewashed(3xPBS-T)andincubatedin secondaryantibodiesfor 1
hour.ProteindetectionwasperformedusingSuperSignalchemiluminescentECL-plus(Perki-
nElmer,Waltham,MA, USA)on aBioRadGeldoc(Bio-RadChemiDocTouch,USA).

Antibodies for Westernblot
Cep55(1:1000,In houseraisedin rabbitagainstmurine Cep55(aminoacids55±250)andThe
CellSignalingTechnology,CEP55(D1L4H) RabbitmAb #816931:1000),Vinculin (1:2000;
13901CellSignalingTechnology),��-Actin (1:2000,612656BD Pharmingen),��-Catenin
(1:1000,9582CellSignalingTechnology),GSK3�� (1:1000,9369CellSignalingTechnology),
pGSK3��(Ser9)(1:1000,9322CellSignalingTechnology),CleavedCaspase-3(1:500,9664Cell
SignalingTechnology),pAKT(s473)(1:1000,4060CellSignalingTechnology),AKT (1:1000,
9271CellSignalingTechnology),p Myc (T58)(1:1000,ab28842Abcam),Non-phospho
(Active)��-Catenin(Ser33/37/Thr41)(1:1000,8814CellSignalingTechnology),MYC (Y69)
(1:1000,Ab32072Abcam).

Statisticalanalysis
Thesamplesizesweredeterminedbasedon previouslypublishedstudiesthatperformedsimi-
lar analysesusingsamplessizesthatarewidelyaccepted[57] anddemonstratedto besufficient
to revealdifferencesin corticalphenotypesin organoids[58] andin vivoexperiments[48,59].
Thesamplesizefor in vivoembryonicanalysisof developingneocortexwas4/ groupwhich
candetectdifferencesof 2.38standarddeviationswith 80%power.Two-tailedunpairedor
pairedStudent'st-test,one-way(Kruskal±Wallistest)or two-wayANOVA with posthocBon-
ferroni, log-ranktestingwasperformedasindicatedusingPrismv8.0(GraphPadSoftware,La
Jolla,CA,USA)andtheP-valueswerecalculatedasindicatedin thefigurelegends.Meanand
standarderror of mean(Mean� SD)areusedto describethevariabilitywithin thesamplein
our analysis.ns;P> 0.05;� P � 0.05;� � P � 0.01,� � � P � 0.001,and� � � � P � 0.0001.

Supporting information
S1Fig.Targeteddisruption of ����� genein mice.(A) Schematicrepresentationof murine
�
�		 geneloci:Wt (wild type,�
�		 +/+), transgenic(genetrappedknockoutfirst allele,
����,), showingtheselectioncassette(neo),thegenetrappingcassette(LacZ),andLoxPand
FRTrecombinationsites.Thebluearrowsindicategenotypingprimers.Thestructureof
Cep55proteindomainsillustratesthecoiledcoil domain1 (CC1),ESCRTsandALIX-binding
domain(EABR),thecoiledcoil domain2 (CC2)andubiquitin binding domain(UBD) (B)
PCRgenotypingshowing�
�		 �
� , �
�		 �
� and�
�		 �
� genotypes.(C) mRNA expressionof
�
�		 in �
�		 �
� and�
�		 �
� E14.5mouseheadsfor indicatedprimersbinding �
�		$s exon
3±4(left) andexon6±7(right). ���% wasusedasahousekeepinggenefor normalization.
Datarepresentthemean� SD,n = 2 micepergenotype,3 independentexperiments,Student's
t-tes,p< 0.1404(left) andp< <0.0001(right); � P< 0.05,� � P< 0.01,� � � P< 0.001,� � � � P<
0.0001).(D) Immunoblot analysisof Cep55proteinexpressionfrom �
�		 �
� , �
�		 �
� and
�
�		 �
� E14.5mouseheads.��-actinwasusedasaloadingcontrol.(E) Comparisonof organ
volumesof 8-week-old�
�		 +/+ and�
�		 +/- mice.Brainandthymussizeareslightlysmaller
in �
�		 +/- (Het) mice,n = 2 pergroup.(F) Meanbodyweightsof �
�		 +/+ and�
�		 +/- off-
springmeasuredat theindicatedtime pointsuntil 20weeks.n = 6±9micepergroup.(G)
�
�		 expressionin thesingle-celltranscriptomicanalysisof mouseneocorticaldevelopment
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visualizedbasedon theavailabledataatZylkalabdataset.Thehighestexpressionisseenin
radial-glialcells(RG2)atembryonicday14.(H) ��-galactosidasestainingof coronalsectionsof
�
�		+/-mouse embryonicbrain at theindicatedtime points.Dottedblackboxindicatesthe
magnifiedareashownon right, Scale= 100�m.
(TIF)

S2Fig.Thephenotypicanalysisof ����� ��� mousebrain andhuman organoid. (A) Cerebel-
lar hypoplasiain �
�		 -/- (lowerpanel)comparedto �
�		 +/+ (upperpanel)brain sections.
Comparedto the�
�		 +/+, thereisamarkedreductionin thicknessof theexternalgranular
layer(EGL)in a�
�		 -/- brain Thecerebellarcorticalneuronalpopulationsaredeficientand
disorganizedin �
�		 -/- neocortex.Thehigherpowerviews(of theboxedarea)showthe
thicknessof EGLin thecerebellarcorticesof �
�		 -/- comparedto �
�		 +/+ mice(right). The
olfactorybulb isalsoneuron-deficientanddisorganizedin a�
�		 -/- mousecomparedto a
�
�		 +/+ mouse(left).Scale= 60�m. (B) Comparisonof cerebralhemisphere(neocortex
(NCx),germinalepithelium(GE)andlateralventricles)from Cep55+/+ (upper)andCep55-/-

(lower)E18.5embryos.Redarrowsindicatestructuraldilation,distortion anddisorganization,
andnecroticareawith neuraltissueloss,scale= 200�m. Middle:magnificationof boxedarea
showingdepletionof subependymalgerminalneuroblastsin Cep55-/-, scale= 50�m. Right:
magnificationof boxedareashowingneocorticalneuronaldepletionin cerebralhemispheres
andreductionof corticalneuronalpopulationin Cep55-/-. Redarrowidentifiesmultinucleated
neurons.Scale= 20�m. (C) Hematoxylinandeosinstainingof E18.5Cep55-/- cerebralcortex.
Upper:neocorticalhypoplasia/dysplasia.Diminishedanddisorganizedneuronswith anarea
of parenchymalnecrosis(N, blackarrow)andneuraltissueloss.Phagocytosedneuronalcellu-
lar debrisisarrowedandmagnified.Scale= 120�m. Lower:numerousbi-nucleatedneurons
(redarrows),scale= 180�m. (D) Representativeimageof NeuN(brown) andEosin(pink)
immunohistochemicalstainingof E18.5sectionsfrom �
�		 +/+ (left) and�
�		 -/- (right)
E18.5embryonicbrain sectionsshowingmultinucleation,scale= 50�m. (E) Graphicalrepre-
sentationof percentageof total cellsshowingmultinucleation.(F) Immunoblottingshowing
cleavedcaspase3expressionin �
�		 +/+ and�
�		 -/- MEFs.�� actinwasusedasaloadingcon-
trol. (G) Theenlargedmacroimagesof iPSC-derivedhumancerebralbrain organoids,note
theneuroepithelialstructuresobservedin differentiatedbrain organoid,scale= 100�m. (H)
Immunofluorescencestainingof organoidsectionshowingneuroprogenitormarkers:PAX6
(magenta,TBR2(Green)andDAPI (blue),in theleft panelandCTIP-1(magenta),TBR1(yel-
low) andDAPI (blue),in theright panel,scale= 20�m. (I) Immunofluorescencestainingof
cilia in cerebralbrain organoidsinfectedwith U6 scrambledcontrol (left),andadenoviral
shRNAs���		 knockdown(KD) (right), ARL13b(green),�
tubulin (red),DAPI (blue),
scale= 15�m.
(TIF)

S3Fig.Defectiveciliogenesisin ����� ��� mouseneocortex(E14.5)andMEFs.(A) Represen-
tativeimageof E14.5mouseneocorteximmunostainedfor cilia (Arl13b),basalbody(�
-tubu-
lin), Cep55andDAPI from �
�		 +/+ (upper)and�
�		 -/- (lower)mice,eachchanneland
mergedimageareshown,noticethatCep55signalscouldnot bedetectedin Cep55-/- (left),
Barchartshowscilia-positivecellsin Ncx in the100�m-width boxatE14.5,cilia countsnor-
malizedto total cell(DAPI) number(lower)atE14.5(right). (B) Cilia-positivecellsin Ncx in
the100�m-width boxatE18.5,quantificationof ciliatedIPCs(left) andRGCs(right) in the
neocortex,expressedasaratio of total cellnumbers.Cellnumberswereobtainedfrom data
shownin FigsS3Aand2A and2B(Mean� SDof four embryosmeasuredin duplicate,Stu-
dent'st-test,� P< 0.05,� � P< 0.01,� � � P< 0.001,� � � � P< 0.0001).(C) Representativeimages
of RPE-1cellstransientlytransfectedwith si-Scramble(left panel)or siRNAagainst���		 for
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48h (right panel)showingcilia (ARL13b)andnuclei(DAPI). Barchartshowsacomparisonof
percentageof ciliatedcells.(D) Immunoblot of ���		 expressionin Ctrl (Emptyvector),or
CEP55-depleted(shRNACEP55)RPE-1cells.Vinculin wasusedasaloadingcontrol.(E)
Immunoblot of �
�		 expressionin �
�		 +/+ and�
�		 �/- MEFs,Vinculin wasusedasaload-
ing control,(F) Representativeimagesof differentphenotypesof cilia in �
�		 +/+ and�
�		 �/-

MEFs(shortenedcilia,doublecilia andremnantcilia).Barchartsshowpercentageciliated
cells,cilia numberandpercentof cellswith remnantcilia or doublecilia.(Mean� SD,n = 300
cilia pergroupof 2 independentexperiments.Student'st-test,� P< 0.05,� � P< 0.01,
� � � P< 0.001,� � � � P< 0.0001),scale= 10�m. (G) Immunoblottingshowing�
�		 expression
in �
�		 +/+, �
�		 -/- MEFswithout or with reconstitutedCEP55(rescue).Vinculin wasused
asaloadingcontrol. (H) Representativeimagesof individual channelsshowingcilia (Arl13b,
green),basalbody(�
-tubulin,red),DAPI (blue)aswellascilia (green)andCep55(yellow)and
DAPI (blue)showingtheco-localizationof Cep55and�
-tubulin at thebaseof cilia.
Scale= 5 �m.
(TIF)

S4Fig.Analysisof proliferation, mitosis andcell cycledefectsin ����� ��� MEFs.(A) Dou-
bling time of �
�		 +/+ and�
�		 �/- MEFs(Mean� SD,n = 2 biologicalrepeatsand3 indepen-
dentexperimentsStudent'st-test,� � � � P< 0.0001).(B-C) Proliferationof (B) �
�		 +/+,
�
�		 +/- and�
�		 �/- MEFsand(C) �
�		 +/+ (Wt), �
�		 �/- (KO) and���		-reconstituted
(Rescue)MEFs(Mean� SEM,averageof 2biologicalrepeatsand2 independentexperiments
Student'st-test,� � � � P< 0.0001),measuredusingIncuCyte,Correspondingimmunoblotting
for �
�		 expressionisshownbeloweachgraph.Vinculin wasusedasaloadingcontrol.(D)
Representativeimagesof individual channelsshowing��-tubulin (cytoskeleton),Cep55,and
nuclei(DAPI) in �
�		 +/+ (left) and�
�		 �
� (right) MEFs.(E) Barchartshowingpercentof
multinucleatedcellsin constitutiveMEF(�
�		 +/+ (wt), �
�		 +/- (Het) and�
�		 -/-(KO)),
(Mean� SD,n = 300cellscountedfrom 2 biologicalrepeatsand3 independentexperiments,
One-WayANOVA test,� P< 0.05,� � P< 0.01,� � � P< 0.001).(F) Modfit histogramof cell
cycleanalysisbyFACSshowingcellcycledistribution of �
�		 +/+ (left) and�
�		 -/- (right)
MEFs.(G) Graphshowingpercentof cellsin G1,SandG2for eachgenotype.Datarepresent
mean� SDof two linespergenotype,measuredin duplicateacrossthreeindependentexperi-
ments.(H) Representativeimagesfrom time-lapsemicroscopyof �
�		 +/+ (upperpanel)and
�
�		 -/- (lowerpanel)MEFstransfectedwith mCherry-histoneH2Bshowingdifferentphases
of mitosisandcytokinesis.(I) Dot plot showingthetime cellstaketo completethemitosis
(left), thestackedbarchartshowingtheaveragetime to completecelldivision(right) for
�
�		 +/+ and�
�		 -/- MEFs.(J)Columnchartshowingthepercentageof cellswith cytokine-
sisfailure(multinucleatedcells)or success(singlecells)for �
�		 +/+ and�
�		 -/-,
(Mean� SD,n = 10±25cellscountedfrom 3 technicalrepeatsStudent'st-test,� � P< 0.01).(K)
Thestackedbarchartrepresentsacomparisonof percentagesof differentmitotic phenotypes
of MEFstransfectedwith Cherry-histoneH2Bfor �
�		 +/+ (left) and�
�		 -/- (right), based
on imagesof thecellcapturedby time-lapsemicroscopy(Spinningdiskconfocalmicroscopy).
(Mean� SD,n = 55±67cellscountedfrom 3 technicalrepeatsStudent'st-test,� � P< 0.01).
(TIF)

S5Fig.ReducedMyc transcript levelsin ����� ��� mousebrain (E14.5)/ MEFsand the anal-
ysisof the impact of GSK3��inhibition on proliferation andciliogenesis.(A-B) Foldchange
of mRNA expressionof theindicatedtranscriptsfor (A) �
�		 +/+ and�
�		 -/- E14.5brain
extractsand(B) MEFs.(C) Immunoblot showingexpressionof Akt in EV andmyrAKT trans-
fectedCep55-/- MEF.Vinculin wasusedasaloadingcontrol.Proliferationassayshowing
growthof (D) �
�		 +/+ (Wt, left),andFlag-���		 reconstituted�
�		 -/- MEFs(Rescue,
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right) treatedwith indicateddosesof GSK3��inhibitor, CHIR99021(untreated:red,0.1�M
inhibitor: green,1 �M inhibitor: blue),(Mean� SD,averageof 2 biologicalrepeatsand2 inde-
pendentexperimentsStudent'st-test,� � � � P< 0.0001).(E) Representativeimagesof �
�		 +/

+(left) and�
�		 -/- (right) MEFsuntreated(upper)andtreated(lower)with 1�M of GSK3��
inhibitor, CHIR99021.Barchartshowsthepercentageof ciliatedcellsin �
�		 +/+ and
�
�		 -/- MEFsuntreatedandtreatedwith 1�M of GSK3��inhibitor, CHIR99021,n = 100.
(TIF)

S1Table.Proportion of observedandexpectedoffspring from ����� 	�� x ����� 	�� inter-
crosses.
(DOCX)

S2Table.Number andpercentageof offspring at indicated stagesof gestationfrom
����� 	�� X ����� 	�� intercrosses.
(DOCX)
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