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Abstract

Arf4 is proposed to be a critical regulator of membrane protein trafficking in early secretory

pathway. More recently, Arf4 was also implicated in regulating ciliary trafficking, however,

this has not been comprehensively tested in vivo. To directly address Arf4's role in ciliary

transport, we deleted Arf4 specifically in either rod photoreceptor cells, kidney, or globally

during the early postnatal period. Arf4 deletion in photoreceptors did not cause protein mis-

localization or retinal degeneration, as expected if Arf4 played a role in protein transport to

the ciliary outer segment. Likewise, Arf4 deletion in kidney did not cause cystic disease, as

expected if Arf4 were involved in general ciliary trafficking. In contrast, global Arf4 deletion in

the early postnatal period resulted in growth restriction, severe pancreatic degeneration and

early death. These findings are consistent with Arf4 playing a critical role in endomembrane

trafficking, particularly in the pancreas, but not in ciliary function.

Author summary

Primarycilia aresensoryorganellesfoundon mostcellsandcontainspecificreceptors
thatdetectextracellularstimuli. Defectsin trafficking receptorsto cilia causeadiverseset
of diseasescalledciliopathies,which includepolycystickidneydisease,obesity,cerebral
anomaliesandretinaldegeneration.Basedmostlyon �� ����� studies,thesmallGTPase
Arf4 wasthoughtto becritically important for localizingrhodopsinto theoutersegment
of photoreceptorcellsandcystoproteinsto kidneycilia.HerewegeneticallyremoveArf4
from micein eitheratissuespecificor time dependentmanner.To our surprise,theloss
of Arf4 doesnot causeretinaldegenerationor cystickidneydisease.Sinceciliary dysfunc-
tion causesretinaldegenerationandcysticdisease,our findingsindicatethatArf4 does
not playarole in ciliary function. Instead,micehavezymogengranuledefectsand
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degenerationof theexocrinepancreassupportingrolesfor Arf4 in regulatingendomem-
branetrafficking in specificcells.

Introduction
Primarycilia aremicrotubule-basedorganelles,whichperformsensoryfunctionsimportant
for healthanddevelopmentin vertebrates.Severedefectsin primary cilia leadto embryonic
lethality.Mild defectscauseawiderangeof syndromicdiseases,termedciliopathies,which
manifestasaspectrumof featuresincludingobesity,retinaldegeneration,cerebralanomalies
andrenaldisease[1]. Eachcilium containsasetof specificproteins,somesharedacrosscell
typesandothersadaptedto performuniquecell-specificfunctions.Thisspecializationrelies
on robustintracellulartraffickingmechanismswhosemalfunctionsunderlieavarietyof patho-
logicalconditions[2, 3].

Thesemechanismsremainasubjectof activeinvestigation,with manyproteinsbeingdeliv-
eredinto thecilium throughintraflagellartransport(IFT) [4±7].Lessisknownaboutthe
molecularplayersresponsiblefor designatingproteinsfor ciliary traffickingupontheir exit
from thebiosyntheticmembranes.Manyciliary proteinscontainshortsequencesusedfor
their specifictargeting[8, 9]. Oneof thebetterstudiedcasesis thevisualpigmentrhodopsin,
whichcontainsafour aminoacid(V[S/A]PA) targetingsequenceat its C-terminusknownas
theVXPXmotif [10,11].Humanpatientscontainingmutationsin eithertheV or Presidues
exhibitautosomaldominantretinitis pigmentosa[12], anddeletionof theseresiduesin mice
resultsin rhodopsinmislocalizationfollowedbyphotoreceptorcelldeath[13±15].Theseresi-
dueswerealsofoundto beimportant in an�� ����� assayfor theformationof rhodopsincarrier
vesiclesin theGolgi [16]. A similarRVXPmotif ispresentin otherciliary-localizedproteins
suchastheCNGB1bsubunitof theolfactoryCNGchannel,polycystin-1,polycystin-2and
presenlin-2[17±20].TheP-to-A replacementin theVXPXmotif of presenilin-2wasalso
shownto mislocalizethisprotein from thebasalbodyof epidermalsuprabasalcells[18].

Thework byDereticandcolleaguessuggestedthat theC-terminalVXPXsequencein rho-
dopsinis recognizedbyArf4 [21]. Arf4 isasmallGTPaseregulatingprotein trafficking in the
earlysecretorypathway.It is typicallylocalizedin theER/Golgiintermediatecompartment
andcis-Golgi[22,23].Dereticandcolleagueshypothesizedthat,in addition to thiswell-estab-
lishedfunction,Arf4 directsciliary traffickingof rhodopsinin trans-Golgi.Most importantly,
theyshowedthatArf4 interactswith rhodopsin'scytoplasmicC-terminus�� ����� [21] andthat
expressionof adominant-negativeArf4 mutant in frog rodscausesapartialrhodopsinmislo-
calizationfrom thecilium [16]. Subsequentwork suggestedthatArf4 is requiredfor trafficking
otherciliary proteins,includingpolycystinsandfibrocystin[17,24].Thesefindingsimplicated
Arf4 asakeyplayerin sortingtransmembraneproteinsto thecilium, suggestingthat its mal-
function or losswould leadto humandiseasessuchasretinaldegenerationandpolycystickid-
neydisease.

To addressthefunctionalroleof Arf4 �� ����, an���	 knockoutmousewasgenerated,but
thismutationresultedin embryoniclethalitybetweendays9 and10[24]. Althoughembryonic
lethalityoccursin micewith severedefectsin ciliary assembly,theembryonicnodeof the���	
knockoutmousehadnormalcilia,whichwerefunctionalsinceall embryosbrokeleft-right
symmetryproperlyandformedaD-loopedheart.In wild typemice,���	 ishighlyexpressed
in thevisceralendodermstartingatembryonicday7.In ���	 mutants,themicrovilli andlyso-
somesof thevisceralendodermcellsweredisruptedandthelocalizationof theendocytic
receptormegalinwasaltered.Sincethevisceralendodermis themajorsecretoryand
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absorptivetissueof thedevelopingembryoit is likely that thesedefectsarethecauseof lethality
in the���	 knockoutmice.This isconsistentwith theestablishedfunction of Arf4 in mediat-
ing ER/Golgiprotein trafficking,but doesnot imply adefectin ciliogenesisasno cilia were
detectedon thesecells.

Oneapproachto circumventtheembryoniclethalityof germline���	 knockout,reported
in arecentstudy[18], wasto knockdownArf4 usingalentiviral shRNAinfectionatE9.5.The
authorsinvestigatedtheskinphenotypeof theseanimalsandobservedpresenilin-2mislocali-
zationfrom thebasalbodyof theepidermalcells,defectsin Notchsignaling,andpolydactyly.
Here,weusedamorestraightforwardapproachto assesstheroleof Arf4 in adult tissuesby
generatingafloxed���	 mouse.To our surprise,Arf4 knockoutfrom photoreceptorsdid not
affectrhodopsinlocalizationor photoreceptormorphology,andArf4 knockoutfrom kidney
did not affectciliogenesisor causecysticdisease.In contrast,theArf4 knockoutcausedsevere
degenerationof theexocrinepancreas,consistentwith Arf4 playingacritical role in endo-
membranetraffickingbut not ciliary function.

Results

Characterization of the tamoxifen-inducible Arf4 knockout mouse
To generateaconditionalArf4 knockoutmouse(���	 �
�� ), wefloxedexons2and3 thatencode
thefunctionallyindispensableswitch1andswitch2 regionsof Arf4. Crerecombinationresults
in aframeshift afterresidue22andearlytermination6 residuesdownstreamfrom this residue
(Fig1A).While thispeptidecannotretainthefunction of asmallGTPase,N-termini of Arf
proteinshavebeenshownto haveinhibitory activities�� ����� [25,26].However,if therewas
suchactivityremainingin our mouse,it wouldbeexpectedto manifestasadominant-negative
effectandwedid not observeanyevidencefor this.

Micehomozygousfor the���	 �
�� allelewereviableandshowedno detectablephenotypes.
To understandtheroleof Arf4 in thepostnatalmouse,weusedthetamoxifen-inducibleCagC-
reERdriver to delete���	. ThisCreisbroadlyexpressedbut remainsinactiveuntil miceare
treatedwith tamoxifen[27]. Postnatalday2 (P2)miceweretreatedwith tamoxifenandgeno-
typedon P10.Theviability of animalsbearingthe���	 �
�� �
��
���� genotypeatP10wascon-
sistentlylowerthanexpectedfrom Mendeliandistribution, indicatinganimportant role for
Arf4 in theearlypostnatalperiod.Thesurvivorswerenotablysmallerthanlittermates(Fig1B)
andhadapropensityto dieat randomtimes.Necropsywasunremarkablein mostcasesexcept
for anotablereductionin thesizeof thepancreasandyellowishfecesin thelowerintestine.
Thehair on animalsthatsurvivedpast6weeksturnedfrom blackto grey(Fig1C).Sincethe
first anagenphaseof thehair cycleoccursataboutP28[28] thehair comingin at this time
wouldhavebeenformedaftertamoxifentreatment,thusindicatingarole for Arf4 in hair pig-
mentation.Thisphenotypeis in line with thereportby [18] thatArf4 playsanimportant role
in skincells.

Themajorcellularphenotypeobservedin thegermlineArf4 knockoutmousewasamalfor-
mationof themicrovilli on thevisceralendoderm.Insteadof beingstraightandhavingauni-
form diameter,themutantmicrovilli werecurvedandbulbous[24]. To determineif Arf4 is
generallyinvolvedin microvilli formationor maintenance,weexaminedkidneyproximal
tubulesandintestinalepitheliaby transmissionelectronmicroscopyasthesecelltypeshave
extensivebrushborders.In bothorgans,themicrovilli of theexperimentalanimalsappeared
normalandhadnoneof thestructuraldefectsobservedin thevisceralendodermof thegerm-
line knockout(S1Fig).

To determinethepenetranceof theconditionalArf4 knockoutin specifictissuesandto
addressthecellularlocalizationof Arf4 in wild typeanimals,wegeneratedanantibodyagainst
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apeptidecorrespondingto theresidues98±114of mouseArf4. Thissequencehasthelowest
homologyto otherArf familymembers.Thisantibodyrecognizeda17kDabandcorrespond-
ing to theendogenousArf4 in wild typemouseembryonicfibroblasts(MEFs),whichwas
absentin ���	 ��� MEFs(Fig2A).To further establishantibodyspecificityacrossthemembers
of Arf protein family,wetransientlytransfectedmIMCD3 cellswith all sixArf proteinsbearing
aFlag-tagandfound thatonly endogenousArf4 andits Flag-taggedrecombinantproteinwere
recognizedin Westernblotsof lysedcells(Fig2B).

Fig 1. Generat ion of the floxed Arf4 allele to characte rize tamoxifen -induced deletion of Arf4
postnat ally. A. The mouse Arf4 gene consists of six exons. The Arf4flox mouse has LoxP sites flanking exons
2 and 3. Upon Cre recombinase expression, a frame shift is introduced after residue 22 causing early
truncation of this 180 amino acid protein. The position of the early truncation site in relationship to the N-
terminal functional regions of ARF4 is illustrated on the cartoon at the bottom of this panel. B. Tamoxifen was
administered to Arf4flox/CagCreER mice by intraperitoneal injection on P2. Animals were genotyped at P10
where only 2/3 as many experimental mice were identified as expected (P = 0.0002 by Chi-square analysis).
Orange and black dots represent weights of control and experimental mice at harvest. Curves are logarithmic
best fits and are significantly different (P = 0.0003 by F test). C. At P91, Arf4 experimental mice are smaller in
size and have grey coat color compared to littermate controls. Both experimental and control mice were black
until 6±7 weeks of age when the experimental mice turned grey. Experimental mice were noticeably smaller
and died at random times.

https://doi.org/10.1371/journal.pgen.1006740.g001
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Fig 2. Subcellular localization of Arf4 in mouse embryo nic fibrobl asts. A. Affinity purified rabbit
polyclonal raised against mouse Arf4 detected native Arf4 at ~17kD in wild type MEFs, but not in the Arf4-/-

MEFs. B. Affinity purified rabbit polyclonal raised against mouse Arf4 (red) detected overexpressed Flag-
tagged Arf4 but did not react with the other five Flag-tagged mouse Arfs expressed in mIMCD3 cells. Anti-Flag
(green) was used to detect the overexpressed Arf-Flags. The anti-Arf4 antibody also detected native Arf4 at
~17kD in the mIMCD3 cells. UT, untransfected mIMCD3. C. Immunofluorescence of wild type or Arf4-/- MEFs
stained with anti-Arf4 antibody (red), cilia marker (anti-Arl13b antibody, green) and nuclei (DAPI, blue).
Bottom image of each pair is the Arf4 (red) channel alone. The Golgi-localized Arf4 staining observed in wild
type cells is absent in the mutants. Cilia are present in both genotypes and there is no detectable Arf4 in the
cilia. Scale bar = 10 ��m. D. Graph showing the percent of cells that contained cilia in wild-type and Arf4-/- cells.
N is �!100 cells from three MEF lines for each genotype. E. Graph showing length of cilia in wild-type and
Arf4-/- MEFs. Cilia length was measured on 34 cells from three MEF lines per genotype. F.
Immunofluorescence of wild type or Arf4-/- MEFs stained with an anti-Arf4 antibody (red), a cis-medial Golgi
compartment marker Helix pomatia agglutinin (HPA, green) and nuclei (DAPI, blue). Bottom image of each
pair is the Arf4 (red) channel alone. Scale bar = 10 ��m. G. Intensity profile of the Arf4 (red) and HPA (green)
channels along the line in the top left panel of F. Note the extensive coordination between the peaks in the two
channels along most of the line. H. Immunofluorescence of wild type or Arf4-/- MEFs stained with anti-Arf4
antibody (red), a trans-Golgi compartment marker (anti-Golgin97 antibody, green) and nuclei (DAPI, blue).
Bottom image of each pair is the Arf4 (red) channel alone. Scale bar = 10 ��m. I. Intensity profile of the Arf4
(red) and Golgin97 (green) channels along the line in H (top left panel). Note the lack of coincidence between
the two channels.

https://doi.org/10.1371/journal.pgen.1006740.g002
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Immunofluorescenceanalysisof wild typeMEFsindicatedthatArf4 localizesto theGolgi
complexandhasno associationwith thecilium (Fig2C).���	 ��� fibroblastsdisplayedanormal
fractionof ciliatedcellsandnormalciliary length,indicatingthatArf4 isnot critical to cilio-
genesis(Fig2D and2E).To identify whichcompartmentof theGolgiwaslabeledbyArf4,
cellswereco-stainedfor Arf4 andeitherthecis-medialGolgimarkerHPA or thetrans-Golgi
markerGolgin97.Overlapbetweenthecis-medialmarkerandArf4 wasextensive,whilethe
trans-Golgimarkerlabeledstructuresnextto theArf4 stainingwith minimal overlap(Fig2F±
2I). TheArf4 antibodyalsoproducedpunctatelabelingin thecytoplasm,but identicalstaining
wasobservedin ���	 ��� cellssuggestingthat it representsnonspecificstaining(Fig2C,2Fand
2H). Theseresultsindicatethat theprimary localizationof Arf4 in ciliatedcellsis in thecis-
medialGolgi ratherthantransGolgior cilium, aconclusionconsistentwith localizationof
GFP-taggedArf4 [29].

The loss of Arf4 in the retina does not cause rhodopsin mislocalization or
photoreceptor degeneration
Arf4 involvementin ciliary protein traffickingwasfirst describedfor thevisualpigment,rho-
dopsin.Therefore,Arf4 knockoutwaspredictedto affectrhodopsinlocalizationandlikely
photoreceptorhealth,asrhodopsinmislocalizationisassociatedwith retinaldegeneration
[13,15].To testthisprediction,weusedinducibleArf4 conditionalknockoutmice(���	 �
�� �

��
����) to analyzerhodopsinlocalizationandphotoreceptormorphology.Weusedquan-
titativeWesternblotting to measuretherelativeamountsof Arf4 in theeyecupsof experi-
mentalandcontrol animals.Serialdilutions of eyecupextractswereanalyzedon thesame
blot (Fig3A), thedensitiesof Arf4 bandsweremeasured,plottedasafunction of totalprotein
amountandfitted with straightlines.Theextentof Arf4 reductionin experimentalanimals
wascalculatedfrom theratio betweenthesefits (Fig3B).ThisanalysisshowedthatArf4 in
���	 �
�� �
��
���� eyecupswasreducedto ~13%of control (Fig3C),indicatingthat thepene-
tranceof tamoxifeninduction of theknockoutwashighlyefficient.Consideringthatactiva-
tion of Crerecombinasein agivencellresultsin acompleteandirreversibledeletionof the
���	 gene,this levelof protein reductionindicatesthatArf4 wascompletelylostfrom the
majority of cells.Therefore,thesmallamountof remainingArf4 originatedfrom cellswhere
Crefailedto deletethegene.Suchamosaicinduction patternis typicalfor this tamoxifen-
induciblemodel[27].

Arf4 immunostainingof retinalcross-sectionsfrom control animalsshowedacomplex
stainingpatternwith strongsignalsfound in all retinal layers(Fig3D,WGA usedto label
outersegmentsandretinalplexiformlayers).A side-by-sidestainingof crosssectionfrom
���	 �
�� �
��
���� animalsrevealedacompletelossof Arf4 from theinner segmentsof photo-
receptorcells,whicharelocalizedabovephotoreceptornucleiandarepartiallyco-stainedwith
theGolgimarker,GM130(Fig3D).On theotherhand,theArf4 stainingat thebaseof the
outersegmentlayerwaspreserved(Fig3D and3E).Consideringthatoutersegmentsstart
forming at leastone-weekposttamoxifeninjectionandarecompletelyrenewedevery12days,
weconcludethatArf4 stainingat this locationisnon-specific.This isconsistentwith theanti-
Arf4 antibodycross-reactingwith severaladditionalbandson Westernblotsobtainedfrom
eyecupextracts(S2Fig).Basedon theseobservations,weconcludethat thedegreeof Arf4
knockoutin photoreceptorswasessentiallycomplete.

An overallreductionof Arf4 stainingwasobservedin theinner retinaaswell,although
residualsignalremainedsignificantatvariouslocationsindicatingeithernon-specificstaining
or resistanceof certaincellsto tamoxifentreatment(Fig3D).Regardless,thesecellswerenot
thesubjectof our investigation.
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Fig 3. Deletion of Arf4 from the retina does not disrupt rhodopsin localizatio n or photorecept or morpholog y. A. Representative Western blots show
serial dilutions of control (Arf4+/flox/CagCreER) and experimental (Arf4flox/flox/CagCreER) eyecup lysates for Arf4 and Hsp90 proteins. Mice were analyzed at
P48. B. The fluorescent signal produced by the Arf4 band was normalized to Hsp90 and plotted against total protein loaded. The slope of the curves was
used to calculate the amount of each protein in control and experimental eyecups. C. Quantification of Arf4 levels in tamoxifen-treated Arf4flox/CagCreER
eyecups. Level remaining is relative to Hsp90. ��p = 0.001. N = 5 for each genotype, from eyecups collects between P30-P50. D. Immunofluorescence of
Arf4flox/CagCreER experimental and control retinal cross-sections using anti-Arf4 antibody (green). Specific retinal layers are shown by staining with an
extracellular lectin, wheat-germ agglutinin (red, middle panel). Retinal biosynthetic membranes were stained with the Golgi marker anti-GM130 antibody
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WenextinvestigatedwhetherArf4 knockoutin photoreceptorsaffectsrhodopsinlocaliza-
tion by immunostainingretinalcross-sectionswith ananti-rhodopsinantibody.To our great
surprise,rhodopsinwasnormallylocalizedto rod outersegmentsof ���	 �
�� �
��
���� ani-
mals.No differencewasobservedbetweenexperimentalandcontrol animalsevenwhen
therhodopsinsignalwasgrosslyoversaturated(Fig3F).Consistentwith normalrhodopsin
localization,wedid not observeanymorphologicalabnormalitiesin thephotoreceptorlayerof
���	 �
�� �
��
���� mice,whichwasfurther documentedusingthin plasticretinalcross-sec-
tions(Fig3G).

Giventhatour resultcontradictedthecentralparadigmin rhodopsintrafficking thatArf4
isanindispensableplayerin thisprocess,wereplicatedthis resultbyemployinganalternative
strategyto specificallyknockout Arf4 from rod photoreceptorcells.Wecrossed���	 �
�� mice
with iCre75mice,whichexpressCrerecombinaseundercontrol of therhodopsinpromoter
[30]. BecauseArf4 isexpressedin multiple celltypesof theretina,Westernblot of retinal
extractscouldnot beusedto assesstheefficiencyof Arf4 knockoutin rods.Therefore,we
resortedto themoresophisticatedtechniqueof serialsectioningwith Westernblotting [31].
Weobtainedindividual 20�m-thick tangentialsectionsthroughtheentiredepthof aflat-
mountedfrozenretinaanddeterminedtheir Arf4 contentsusingananti-Arf4 antibody.Spe-
cific sectionswereassignedto individual photoreceptorlayersusingtwo proteinmarkers,per-
ipherin localizedin theoutersegment[32] andphosducinlocalizedthroughouttheentire
photoreceptorcytoplasm[33]. Asshownin Fig4A,Arf4 wassignificantlyreducedin sections
representingthephotoreceptorlayer,whereasits contentin theinner retinawaswell-pre-
served.Interestingly,theoverallcontentof Arf4 in theinner retinaof control animalswas
higherthanin thephotoreceptorlayer.

Theknockoutwasfurther confirmedbyagrossreductionof Arf4 immunostainingin pho-
toreceptorinner segments(Fig4B).Onedifferencefrom the���	 �
�� �
��
���� micewasthat
theArf4 signalwaspreservedin asmallsubsetof photoreceptors,whichispredictedbecausea
smallfractionof photoreceptorsareconesnot expressingCrerecombinasein thismouse.The
outersegmentlayerstainingwith anti-Arf4 antibodywasalsopresent,reconfirmingits non-
specificity.Normalstainingwasobservedwith theGolgimarker,GM130(Fig4C).

Thefactthat rod-specificArf4 knockoutdid not affectmousehealth,allowedusto assess
rhodopsinlocalizationin olderanimalsthanin the���	 �
�� �
��
���� line.No evidenceof rho-
dopsinmislocalizationwasobservedin miceup to 4monthsof age(Fig4D).Similarly,the
conditionalArf4 knockoutdid not affectthemorphologyof thephotoreceptorlayer(Fig4E).
Takentogether,theresultsfrom thetwo conditionalArf4 knockoutlinesprovidecompelling
evidencethatArf4 isentirelydispensablefor rhodopsintraffickingandits presenceisnot nec-
essaryfor maintainingphotoreceptorhealth.

The loss of Arf4 in the kidney does not affect ciliogenesis or cause
polycystic disease
Ward etal.[17] showedthatknockdownof Arf4 in cellculturereducessteadystatelevelsof
ciliary polycystin-1,andwefoundareducedrateof fibrocystindeliveryto cilia whenArf4 was
knockeddown[24]. Theseresultssuggestthat thelackof Arf4 shouldproduceacystickidney

(magenta, bottom panel). The position of Golgi in photoreceptors is marked by arrowhead. In all panels, nuclei stained with Hoechst (blue). Eyes were
collected at P34. Scale bar = 20 ��m. E. Arf4 immunostaining in Arf4flox/CagCreER experimental and control retinal cross-sections. Image of the
photoreceptor IS where the biosynthetic membranes are localized. Eyes were collected at P34. Scale bar = 10 ��m. F. Rhodopsin immunostaining in Arf4flox/
CagCreER experimental and control retinal cross-sections. Eyes were collected at P34. Scale bar = 10 ��m. G. Comparative analysis of photoreceptor
morphology in Arf4flox/CagCreER experimental and control retinal cross-sections. Eyes were collected at P41. Scale bar = 20 ��m. OS = outer segment,
IS = inner segment, ONL = outer nuclear layer, OPL = outer plexiform layer, INL = inner nuclear layer, IPL = inner plexiform layer, GC = ganglion cell layer.

https://doi.org/10.1371/journal.pgen.1006740.g003
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phenotype.To testthis,weanalyzedkidneysfrom ���	 �
�� �
��
���� miceinjectedwith
tamoxifenatP2(Fig5A±5F).In CagCreERmice,Creisexpressedin all segmentsof thetubule
[27] andpreviouswork hasshownthatdeletionof cilia genesprior to ~P14leadsto rapidcyst
formation [34,35].To ensurethat thisprotocoliscapableof driving cystformation,thesame
regimentwasusedwith ���� �
�� �
��
���� miceand����� �
�� �
��
����. Severecysticdisease
developedbyP14in ���� �
�� �
��
���� miceandbyP21in ����� �
�� �
��
���� mice(Fig5G±
5L),indicatingthat thisprotocolissufficientto inducecystsin susceptiblemice.

���	 �
�� �
��
���� treatedmicewerecollectedatvariousagesbetweenP10andP91(seeFig
1B).Westernblot analysisshowedthatArf4 wasreducedto about15%of normal in theexperi-
mentalkidneys(Fig5EandS3Fig),indicatingthat themajority of kidneycellslacked���	.
Kidneyto bodyweightwasslightlylargerin theexperimentalanimals(Fig5F)but no evidence
of cysticenlargementin anyportion of thetubulewasobserved(Fig5A and5B).A small
expansionof therenalpelvis,or hydronephrosis,wasobservedin theexperimentalanimals
(Fig5A).Thismaybeenoughto accountfor theslightlylargerkidneyto bodyweight.How-
ever,theexperimentalanimalswereundersized,whichcouldalsoaccountfor thisdifferenceif

Fig 4. Specific deletion of Arf4 from rod photorecept ors does not affect rhodopsin localization to the ciliary outer segment compartme nt or
photorecep tor morpholog y. A. The distribution of Arf4 in 20 ��m tangential sections through the entire retina of Arf4+/flox/iCre75 control and Arf4flox/flox/
iCre75 experimental mice. A representative cross-section of a retina is shown above the Western blot panes. Peripherin was used as a marker for the outer
segment layer, while phosducin marks the photoreceptor layer. A cartoon of a photoreceptor is used to depict each section. Mice were analyzed at 4 months
of age in this and in all other panels. B-D. Immunofluorescence of Arf4flox/iCre75 experimental and control retinal cross-sections using anti-Arf4 antibody
(green, B), the Golgi marker anti-GM130 antibody (red, C) and anti-rhodopsin antibody (green, D). In all panels, nuclei stained with Hoechst (blue). Scale
bar = 10 ��m. E. Comparative analysis of photoreceptor morphology in Arf4flox/iCre75 experimental and control retinal cross-sections. Eyes were collected at
P60. Scale bar = 20 ��m. OS = outer segment, IS = inner segment, ONL = outer nuclear layer.

https://doi.org/10.1371/journal.pgen.1006740.g004
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not all organswereequallygrowth-retarded.No defectswereobservedin thecilia of experi-
mentalmice(Fig5C)andthefractionsof ciliatedproximaltubulecellswerealsoequalin both
groups(Fig5D).

Sincethefailureto observecystformation in our ���	 �
�� �
��
���� animalswasunex-
pected,weusedHoxB7-Creasasecondmethodto delete���	 (Fig6).HoxB7-Creisactivein
kidneycollectingducts[36]. Previouswork showedthatHoxB7-Cre-drivendeletionof cilia
genesresultsin severecystickidneydiseasewith kidneysbecoming~10fold largerthannor-
malbyP21[37,38].Kidneysfrom ���	 �
�� �������
�� experimentalandcontrol micewerecol-
lectedatP21,P175andP365(Fig6A±6E).Westernblot analysisshowedthatArf4 in
experimentalpapillawasreducedto about40%of normal(Fig6FandS3Fig).Becausethe

Fig 5. Arf4 is not a cystic kidney disease gene. A. H&E stained sections of Arf4flox/CagCreER kidneys. Note lack of cystic kidney disease, while mild
dilation of the renal pelvis or hydronephrosis (arrows) was observed in 7 of 7 experimental animals examined. Kidneys were collected at P48. Each kidney is
a composite of 8 images. Scale bar = 1 mm. B. Kidney sections of Arf4flox/CagCreER control and experimental animals stained with a proximal tubule
marker (LTA, green), collecting duct marker (aquaporin-2, red) and the renal corpuscle marker (T1�., blue). Kidneys were collected at P91. Scale
bar = 50 ��m. Green is mostly autofluorescence. C. Kidney sections of Arf4flox/CagCreER control and experimental mice stained for cilia (Arl13b, red),
centrosome (gamma tubulin, green) and proximal tubule (LTA, blue) markers. Asterisks mark red blood cells. Scale bar = 10 ��m. D. Percent cilia in proximal
tubules of Arf4flox/CagCreER animals. Percent cilia was determined by examining Z-stacks of proximal tubules stained with centrosome and cilia markers
and presented as percent of centrosomes (or centrosome pairs in G2 cells) that are ciliated. N = �!100 centrosomes from three animals of each genotype.
ns, not significant. E. Quantification of Arf4 levels in tamoxifen-treated Arf4flox/CagCreER kidneys. The contralateral kidney from control and experimental
animals used for histological studies was analyzed for Western blotting. Level remaining is relative to Hsp90. ��p = 0.011. N = 4 for each genotype. F.
Quantification of total kidney weight to body weight. Data was pooled from the animals shown in Fig 1B. ���p��0.000 1 with respect to controls. G. Image of
Pkd2flox/CagCreER control and experimental kidneys at P14. Grid lines are 1.35 cm apart. H. Kidney to body weight comparisons of Pkd2flox/CagCreER
control and experimental animals at P14. N = 9 experimental and 28 controls. ���p��0.000 1 with respect to controls. I. H&E image of Pkd2flox/CagCreER
control and experimental kidneys at P14. Scale bar is 1 mm. J. Image of Ift20flox/CagCreER control and experimental kidneys at P21. Grid lines are 1.35 cm
apart. K. Kidney to body weight comparisons of Ift20flox/CagCreER control and experimental animals. N = 4 for both genotypes. ���p��0.000 1 with respect
to controls. L. H&E image of Ift20flox/CagCreER control and experimental kidneys at P21. Scale bar is 1 mm.

https://doi.org/10.1371/journal.pgen.1006740.g005
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Fig 6. Specific deletion of Arf4 from collecting ducts with HoxB7-Cre does not cause cystic kidney disease gene. A-B. Kidney sections of Arf4flox/
HoxB7-Cre control and experimental animals stained for collecting duct marker (aquaporin-2, red) and DNA (DAPI, blue in A, green in B). Kidneys in A were
collected at P21 and in B were collected at P175. M = medulla, C = cortex. Scale bar in A = 500 ��m, in B = 100 ��m. C. Kidney sections of Arf4flox/HoxB7-Cre
control and experimental mice stained for cilia (Arl13b, red), centrosome (gamma tubulin, green) and collecting duct (aquaporin-2, blue) markers. � marks
red blood cells. Scale bar = 10 ��m. Each image is a maximum projection of 16 confocal images taken at 0.5 ��m intervals. D. Quantification of total kidney
weight to body weight. Arf4flox/HoxB7-Cre animals are separated by age group. N = 5±7 animals for each genotype and age. ns, not significant with respect
to controls at same age. E. Percent cilia in collecting ducts of Arf4flox/HoxB7-Cre animals. Percent cilia was determined by examining Z-stacks of proximal
tubules stained with centrosome and cilia markers and presented as percent of centrosome (or centrosome pairs in G2 cells) that are ciliated. N = �!100
centrosomes from three animals of each genotype. Difference is not significant. F. Quantification of Arf4 levels in Arf4flox/HoxB7-Cre kidneys. The kidney
papilla, which is about 50% collecting duct cells, was dissected from the rest of the kidney and analyzed by Western blotting. Level remaining is relative to
Hsp90. �p = 0.01. N = 4 for each genotype. G. The mTmG Cre reporter was crossed into the Arf4flox, HoxB7-Cre line. With this reporter, Cre activity switches
expression of RFP (blue) to GFP (green). HoxB7-Cre is active in collecting ducts, which were marked by aquaporin-2 (red). Note the absence of GFP-
positive collecting duct cells from Cre negative animals whereas most collecting duct cells are GFP positive in experimental animals expressing HoxB7-Cre.
Large arrow marks GFP-positive cells while the arrow head marks a cell that was not converted from RFP to GFP. Scale bar = 50 ��m. Each image is a
maximum projection of 11 confocal images taken at 1 ��m intervals. H. Quantification of Cre-active collecting ducts cells. ���p��0.000 1, n = 3 animals of each
genotype �!400 cells counted per animal.

https://doi.org/10.1371/journal.pgen.1006740.g006
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papillaiscomposedof about50%collectingductcells(whereArf4 wasdeleted),with therest
beingrepresentedbycellsfrom thethin loopsof Henley,theinterstitium andthevasarecta
capillarybed,weconcludethat theknockoutpenetrancewasextremelydeep.No evidenceof
cysticexpansionof thecollectingductswasobservedbyhistologyin anyexperimentalanimals
(Fig6A and6B).Furthermore,theratio of kidneyto bodyweightwasnot significantlydiffer-
entbetweenthecontrol andexperimentalmiceatanyage(Fig6D).Normally,thekidney
weighsabout1.5%of thetotalbodyweight,but thedeletionof ����� by thesameCredriver
increasesthisnumberto 16%atP21[37]. In addition,no defectsin cilia wereobserved(Fig
6C)andequalpercentagesof collectingductcellswereciliatedin bothgroups(Fig6E).To
ensurethat theHoxB7-Credriver usedfor theseexperimentswasactive,wecrossedthe
mTmG Crereporter[39] into theline.Thisreporterexpressesredfluorescentprotein that is
convertedto greenfluorescentproteinuponCrerecombination.Control animalslackingCre
containedno GFP-positivecollectingductswhilethevastmajority of collectingductcellswere
GFPpositivein theexperimentalanimals,whichexpressedHoxB7-Cre(Fig6Gand6H).
Overall,our dataindicatethatArf4 isdispensablefor maintainingnormalkidneystructure
andits lossdoesnot leadto cystickidneydisease.

Loss of Arf4 causes severe degeneration of the exocrine pancreas
During necropsyof ���	 �
�� �
��
���� animalswenotedthat their pancreaswasabnormally
small(Fig7A). In addition,experimentalpancreaseswereopaqueandhadislet-sizedspheres
visiblewithin thetissue,suggestingexocrinepancreasabnormality.Theamountof Arf4
remainingin thesepancreaseswasestimatedto be27%of normalatP10and45%atP28(Fig
7BandS4Fig).TheapparentlysmallerArf4 reductionthanin thekidneyandArf4's increase
with agecanbeexplainedbyongoingdegenerationof cellsin whichCrerecombinasewas
induced.Accordingly,thefractionof non-inducedcellsin thesepancreasesincreaseswith age.
Histologicalexaminationrevealedthat isletsin experimentalpancreasappearnormalbut the
surroundingexocrinetissueis reducedin volume,fragmentedandpartiallyreplacedbywhat
appearsto befibrotic materialandadipocytes(Fig7C).Immunofluorescencewith endocrine
markersconfirmedthat theexperimentalisletswerecomparableto thecontrol isletsandboth
hadsimilardistributionsof alphaandbetacells(Fig7D).Trichromeblue,whichlabelscolla-
gen,normallyhighlightsthetunicaesurroundingthevasculatureof thepancreas.Thisstaining
wasobservedin bothexperimentalandcontrol animals,but theexperimentalanimalsalso
showedextensivelabelingwithin thefield of secretoryacinisuggestiveof developingfibrosis
(Fig7E).

H&E stainingsuggestedthatadipocytesmaybeinterspersedwithin theexperimentalpan-
creas(Fig7C).Theexocrinepancreasisassociatedwith afatpadbut theadipocytesarenor-
mallyonly foundaroundtheedgesof thepancreasandnot infiltrated within thefield of acini.
Accordingly,perilipin-A (aprotein locatedon thesurfaceof lipid dropletswithin adipocytes)
isessentiallyabsentfrom thecontrol exocrinepancreas.In contrast,perilipin-A-positivecells
arefound throughoutthefield of acini in the���	 deletedpancreas(Fig7F).Fattypancreasor
pancreaticsteatosiscanbecausedby infiltration of adipocytesor transdifferentiationof exo-
crinecellsinto adipocytes[40,41].Infiltration appearsto bedriving thefat formationwithin
thepancreaswhenArf4 isabsentaswedid not observecellsthatwerepositivefor bothperili-
pin-A andexocrinemarkers.However,thedegenerating���	-defective cellsloseexocrine
markersearlyin degenerationandsoit ispossibletheyaretransdifferentiatingbut do not
simultaneouslyexpressbothzymogengranulemarkersandlipid dropletmarkers.

To betterunderstandthepancreaticpathologyin Arf4 knockoutanimals,sectionsfrom the
���	 �
�� �
��
���� pancreaseswereexaminedbyelectronmicroscopy.Consistentwith light
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microscopyobservations,theisletsof theendocrinepancreasappearedunaffected.Thealpha
andbetacellslookednormalwith abundantglucagonandinsulin granulesinside(Fig8A). In
contrast,theacinarcellsof theexocrinepancreaswerevariablyaffectedin knockoutmiceand
surroundedbyadipocyteswith largeintracellularlipid droplets(Fig8B).In control animals,
acinarcellsaredenselypopulatedwith sphericalelectron-densezymogengranules,up to 1
micron in diameter,locatedneartheapicalendof thecellsurroundingthecentralduct.In
experimentalanimals,someacinarcellslookednormalwhileothersshowedvacuolizationof
thezymogengranules(Fig8B).Electrondensegranulesin thesecellsweresmallerthannormal
andassociatedwith largertranslucent0.25to 1 micron spheres.

Fig 7. Postna tal deletion of Arf4 causes exocrine pancreas degener ation. A. Pancreas (P) dissected from a P91 control and experimental Arf4flox/
CagCreER siblings. Note the smaller pancreas in the experimental compared to the control and the lack of the mesenteric fat pad (F) that normally associates
with the pancreas. St = stomach, SI = small intestine. Grid lines are 1.35 cm apart. B. Quantification of Arf4 levels in Arf4flox/CagCreER pancreas at two
developmental time points, P10 and P28. Arf4 remaining was estimated to be 27% of normal at P10 and 45% at P28. Level remaining is relative to Hsp90.
N = 4 for each genotype. C. H&E stained sections of control and experimental Arf4flox/CagCreER pancreas. Note the endocrine pancreas (Islet) is normally
embedded in the exocrine pancreas but in the experimental animal the islets are separated from the exocrine cells and surrounded by fat and connective
tissue. Scale bar = 50 ��m. D. Sections of control and experimental pancreas Arf4flox/CagCreER stained for beta cells (insulin, green), alpha cells (glucagon,
red) and DNA (DAPI, blue). As with the H&E images, note that the islets have lost their tight association with the exocrine pancreas. Scale bar = 100 ��m. E.
Trichrome blue stained sections of control and experimental Arf4flox/CagCreER pancreas. Note in control and experimental pancreas, trichrome blue-positive
stain is observed near the islet-associated blood vessels (arrow) but in the experimental pancreas positive stain is distributed through the exocrine pancreas
(arrowhead) indicating extensive fibrosis. Scale bar = 100 ��m. F. Sections of control and experimental pancreas Arf4flox/CagCreER stained for peanut
agglutinin (PNA, green), lipid droplets (perilipin-A, red) and DNA (DAPI, blue). Note the clusters of perilipin-A-positive adipocytes (arrows) in the experimental
animals and the lack of these cells in the control. PNA labels zymogen granules in acinar cells and the intercalated ducts connecting the acinar cells.
Arrowheads mark examples where the zymogen granules and the duct are visible. Note the loss of PNA label in the experimental pancreas as compared to
the control. Scale bar = 50 ��m. Image is a maximum projection of a 10 image z-stack taken at 0.5 ��m intervals.

https://doi.org/10.1371/journal.pgen.1006740.g007

Arf4 in retina, kidney and pancreas

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1006740 April 14, 2017 13 / 23



Discussion
Arf4 first cameto interestasaciliary trafficking regulatorwhenit wasfound to bind to theC-
terminusof rhodopsin,whichencodestheoutersegmenttargetingsignal.�� ����� experiments
demonstratedthatperturbingArf4 couldinhibit theformationof rhodopsincarriervesicles
from Golgimembranes[21]. Subsequentwork suggestedaninteractionnetworkfor Arf4,
includingASAP1,Rab11andotherproteins[10], thatappearto beimportant for the

Fig 8. Electron microsco py of the pancreas. A. Transmission electron micrographs of islets from control
and experimental Arf4flox/CagCreER pancreas. Insulin-producing beta cells (��) are marked by insulin
containing granules with clear halos. Glucagon-producing alpha cells (�.) are marked by similar-sized granules
lacking the clear halos. No differences were detected in either the beta or alpha cells between the two
genotypes. Scale bar = 5 ��m. B. Transmission electron micrographs of control and experimental Arf4flox/
CagCreER exocrine cells. Note the large electron dense zymogen granules (arrows) in the control image.
Most experimental exocrine cells showed evidence of degeneration including vacuolization of the zymogen
granules (arrows). F marks fat cells, � marks the lumen of acini. Scale bar = 2 ��m.

https://doi.org/10.1371/journal.pgen.1006740.g008
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traffickingof rhodopsinconstructsto primary cilia of culturedcells[42]. Theonly published
validationof thismodel�� ���� wasperformedwith frog photoreceptorsaftertransgenic
expressionof Arf4-GFPor its dominantnegativeArf4I46D-GFPmutant [16]. Photoreceptor
cellsexpressingthemutanthadabnormalcelljunctions,perturbedGolgimembranesandpar-
tially mislocalizedrhodopsin.Theauthorsinterpretedtheseobservationsasevidencefor Arf4
involvementin rhodopsintrafficking,but theseeffectscouldbeaconsequenceof ageneralized
Golgibreakdowncausedby theoverexpressionof Arf4I46D-GFPmutant.Theauthorsalso
reportedthatexpressionof Arf4I46D-GFPcausesretinaldegeneration.However,in thisexperi-
menttheappearanceof rodsexpressingtheArf4I46D-GFPconstructis identicalto adjacent
rodsnot expressingtheconstruct(Fig5Ein [16]), with only obviousdifferencebetweenthe
retinasof Arf4-GFPandArf4I46D-GFPfrogsbeingtheamountof theoutersegmentcovered
by theRPE(Fig5D vs.Fig5Ein [16]).

Arf4 is dispensable for rhodopsin trafficking in photoreceptors
In thisstudy,wedirectlyaddressedwhetherArf4 is requiredfor rhodopsintraffickingby
knockingit out from photoreceptorsusingtwo independentCre-loxsystems.Wefound that
neithermouseline displayedeventheslightestabnormalityin subcellularrhodopsinlocaliza-
tion, demonstratingthatArf4 isentirelydispensablefor rhodopsinprocessingby thebiosyn-
theticmembranes,outersegmenttargetinganddelivery.Consistentwith normalrhodopsin
trafficking,photoreceptorsof knockoutmicedisplayedno structuralabnormalityor signsof
degeneration.Oneexplanationfor our negativeresultis that rhodopsintrafficking in photore-
ceptorsfollowsanArf4-independentroute,suchasintraflagellartransport(reviewedin [9]).
Of particularinterestin thiscontextis theroleof Ift20,adynamiccomponentof theIFT com-
plexB,whichlocalizesatbothGolgiandat theciliary base[43,44].ThispositionsIft20 to
recruit andguiderhodopsintransportvesiclesfrom thebiosyntheticmembranesto thecilium.
Accordingly,inducibleknockoutof Ift20 causedrhodopsinaccumulationin theGolgimem-
branessupportingarole for Ift20 in sortingor transportingrhodopsinfrom Golgi to theouter
segment[45,46].

Arf4 is not a cystic kidney disease gene
Arf4 waspredictedto beacystickidneydiseasegenebasedon polycystin-1[17] andfibrocys-
tin [24] traffickingdefects�� �����. Ward andcolleaguesshowedthatArf4 boundto aVxPx
motif in theC-terminaltail of polycystin-1thatwasrequiredfor targetingof theprotein to
cilia.Theyfurther showedthatknockdownof Arf4 in cellculturepreventedpolycystin-1from
localizingto cilia.Weidentifiedashortmotif in fibrocystinthatcandirectGFPto cilia and
found that thispeptideboundstronglyto Arf4 eventhoughit did not containaVxPxmotif.
Knockdownof Arf4 delayedthedeliveryof afibrocystin-GFPfusionprotein to cilia but did
not affectits steadystatelevel[24,47].In our currentwork wedirectlytestedtheroleof Arf4
in cystogenesisbydeletingthegenefrom thekidneyusingtwo differentstrategies.While these
approachesyieldcystickidneyswhenothercilia genesaredeletedneitheryieldedanyevidence
for cystogenesiswhenArf4 wasdeleted.This indicatesthat if Arf4 is important in thekidney,
otherproteinscancompensatein its absence.

Presence of a VxPx motif is not a predictor of ciliary targeting
TheVxPxmotif, first identifiedin rhodopsin[48], hasbeenproposedasapredictorof
ciliary localization[2] andVxPxmotifshavebeenfound in severalciliary proteins.The
beststudiedexamplebesidesrhodopsin,ispolycystin-2,whichisdirectedto cilia viathe
R6VxPmotif in theN-terminal partof theprotein [19]. A VxPxisalsoimportant in theouter
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segmenttargetingof RDH8,alipidatedretinol dehydrogenaselocatedin outersegment
discmembranes[49], aswellasthedeliveryof CNGB1bto olfactorycilia [20]. Arf4 was
reportedto bind to aVxPxmotif in theC-terminaltail of polycystin-1thatwasthoughtto
betheciliary targetingsequencefor thisprotein [17]. Subsequentwork failedto reproduce
therequirementfor theVxPxmotif in targetingpolycystin-1to cilia andfoundno effectson
ciliary polycystin-1whenArf4 wasdepleted[50]. Themotif isalsofound in CRMP-2and
Nphp3but mutationalanalysisindicatesthat themotif isnot requiredfor ciliary localization
[51,52].To further assessthevalueof theVxPxmotif to predictciliary localization,weana-
lyzedtheprevalenceof thismotif in themouseproteome.Predictedfrequencyis1 motif every
292aminoacidsbasedon 6.6%V and5.2%Pin theaverageprotein [53]. Similarto predic-
tions,on averagewefound1 motif every237aminoacidsand58%of mouseproteinscon-
tainedthemotif. Sincethebestguessesof theciliary complexitysuggeststhat5%or lessof the
proteinsin themouseareassociatedwith cilia, finding aVxPxmotif in aproteinhasno pre-
dictivevaluein termsof cellularlocalization.This is further compoundedby theobservations
thatciliary targetingsequencesin fibrocystinandmultiple GPCRsdo not containVxPx
motifs.

Arf4 plays a critical role in maintaining the exocrine pancreas
While our work clearlydemonstratedtheabsenceof Arf4 doesnot causeretinaldegeneration
or cystickidneydisease,Arf4 isacritical protein in post-natalmousedevelopment.In addition
to augmentedhair color,growthrestrictionandearlydeath,themoststriking phenotype
observedin our studyisseveredegenerationof theexocrinepancreas.Theacinarcellsof the
exocrinepancreasdegeneratedleavingtheisletssurroundedbyadipocytesandfibrotic mate-
rial ratherthanbeingembeddedin exocrinetissue.Fattypancreas,whichgoesby thenamesof
pancreaticsteatosisor pancreaticlipomatosis,isasignificanthumanpathology[54]. In obe-
sity-associateddisease,theadipocytesarebelievedto infiltrate thepancreas[40], although
transdifferentiationof theexocrinecellsinto adipocytesisalsopossibleuponthelossof cMyc
[54]. In thecMyc-driventransdifferentiation,both lipid dropletsandzymogengranulesare
observedin thesamecells.In our case,wedo not seelipid dropletsandzymogengranules
togetherin acell.However,theexocrinecellsappearto losemarkersof zymogengranules
earlyin thedegenerationprocess,soit ispossiblethat transdifferentiationisoccurring.

Mutationscausingexocrinedegenerationandfibrosishavebeendescribedin anumberof
mousemodels,includingothercomponentsof thesecretorysystemsuchasSec23.�����
encodesasubunitof theCOPII complexinvolvedin transportbetweenERandGolgi.Similar
to our observationsin theArf4 knockout,�����-defective micehavereducedzymogengran-
ules[55]. However,thesemicealsoshowedverydistendedER,whichwasnot observedin our
���	 knockoutanimals.Exocrinepancreasdegenerationhasalsobeendescribedin several
mousemodelswith ciliary defectsincluding ���  and���! [56±58].Thesemicesharethephe-
notypeswith ���	 in that theexocrinepancreasisprimarily affectedwithout structuraldefects
in theendocrinepancreas.However,thedegenerationin theciliary-relatedmutationsstarts
with cystformation in theexocrineducts,whicharenot observedin the���	-defective
pancreas.

In summary,wehavedemonstratedthat thelossof Arf4 from themousekidneyandretina
doesnot recapitulatephenotypesthatwouldbeexpectedif Arf4 wascritical for sortingor
transportingproteinsto thecilium andtheoutersegment.However,theembryoniclethality
thatweobservedwith agermlinemutationandthepost-natallethalityobservedin conditional
allelesupportscritical rolefor Arf4 in transportthroughtheendomembranesystemin specific
organs,moststrikingly theexocrinepancreas.
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Materials and methods

Mouse
Arf4flox miceweregeneratedat theDukeTransgenicMouseFacility.LoxPsiteswereinserted
upstreamanddownstreamof ���	 exon2and3usingstandardBACRecombineeringtech-
niques.Neoselectionwasusedto selectpositiveembryonicstem(ES)cellclonesthatwere
thenvalidatedbybothLongRangePCRandSouthernblot.ValidatedEScloneswerethen
injectedinto the8-cellembryostage,usingtheVelociMousemethodasdescribedin [59], to
generateArf4flox chimeras.Chimeraswerebreedto C57Bl6/Jmiceto produceArf4+/flox mice.
MiceweremaintainedasC57Bl6/Jcongenics.Genotypingwasdonewith cArf4-KO-Fgggag-
gattgggaagacaat,cArf4-KO-R1caccacttgactgggaaggtandcArf4-KO-F2agcagcctcattgtcctagc,
whichproducesa400bp productin wild typeanda268bpproductin theArf4flox allele.
HoxB7-Cre[36] andCagCreER[27] wereobtainedfrom JacksonLaboratory.iCre75[30] were
agenerousgift from NeenaHaider,SchepensEyeResearchInstitute.

Forpost-nataldeletionof Arf4flox byCagCreER,5 microlitersof 20mg/ml (0.1mg) tamoxi-
fendissolvedin cornoil wasadministeredby intraperitonealinjectionon P2.

All mousework wasapprovedby institutionalanimalusecommitteesatDukeUniversity
(protocolA254-16-12)or Universityof MassachusettsMedicalSchool(protocolA-1174)as
regulatedby theNationalInstitutesof HealthOfficeof LaboratoryAnimal Welfare.

VxPx motif identification
EMBOSSpatmatdbwasrun againsttheENSEMBLGRCm38proteincollection.Of the56999
proteinsin thisproteome,33260(58%)hadat leastoneVxPxmotif andtheaverageprotein
had2.51motifs.Theaverageoccurrencewas1 motif every237aminoacids.Predictedfre-
quencyis1 motif every292aminoacids(basedon 6.6%V and5.2%Pin theaverageprotein
[53]).

Cell culture
MEFsweregeneratedfrom E14embryosfrom pregnantmousetreatedwith 100microlitersof
10mg/ml (1 mg) tamoxifen(by oralgavage)48hr beforeharvest.Cellswereimmortalized
with LargeT antigenandclonedto generatecontrol (���	 �
����
�� �
��
����) andexperimental
(���	 ��� �
��
����) lines.MEFswereculturedin 90%DMEM (4.5g/L glucose),10%fetal
bovineserum,100U/ml penicillin,and100�g/ml streptomycin(all from Gibco-Invitrogen,
GrandIsland,NY). SV40LargeT immortalizedcellswereusedfor analysis.

mIMCD3 [60] cellswereculturedin DMEM/F12with 10%fetalbovineserum,100U/ml
penicillin,and100�g/ml streptomycinandtransfectedwith Flag-taggedArf constructsas
describedin [24].

Cellsfor immunofluorescencestainingweregrownon glasscoverslips.Serumwasreduced
to 0.25%for 2 daysbeforefixation to enhanceciliation [43,61].

Histology
Hematoxylin andeosin. Paraffinsectionsfor H&E stainingweredewaxedwith Safeclear

(FisherScientific,Hampton,NH) andrehydratedwith gradedaqueoussolutionsof isopropa-
nol. Thesectionswerestainedfor 4 min with CAT Hematoxylin(BiocareMedical,Concord,
CA), rinsedin running tapwaterfor 30secfollowedby threequickdipsin saturatedlithium
carbonateandarinsein distilledwater.Thiswasfollowedby90%ethanolfor 2min, Edgar
DegasEosin(BiocareMedical)for 2 min and3 quick rinsesin 100%ethanol.Thesections
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wereclearedwith Safeclear(two 5 min incubations)andweremountedwith Permount(Fisher
Scientific).

Trichrome blue. Paraffinsectionswerestainedby theMasson'sTrichromemethodfol-
lowingmanufacturer'sprocedure(PolyScientificR&D Corp,BayShore,NY).

Toluidine blue. Mouseeyeswerefixedin 2%paraformaldehyde/ 2%gluteraldehydein
0.1MCacadylateBufferfor 2 hr, at22ÊC.Plastic-embeddedretinalcross-sections(1 �m) were
preparedasin [33] andstainedwith toluidine bluefor light microscopy.

Electronmicroscopy. Animalsweredeeplyanesthetizedandperfusedwith PBSuntil the
bloodwasremovedfollowedby15min perfusionwith 2.5%glutaraldehyde,2%paraformalde-
hydein 100mM cacodylatepH 7.2.Tissuewasthenremovedandcut in 1mm cubesor rings
andfixedovernightin thesamesolutionbeforeosmicationwith 1%osmiumtetroxidefor 1
hr, at22ÊC.Sampleswerethenrinsedandthendehydratedthroughagradedethanolseriesof
20%increments,beforetwo changesin 100%ethanol.Samplesweretheninfiltrated first with
two changesof 100%PropyleneOxideandthenwith a50%/50%propyleneoxide/ SPI-Pon
812resinmixture.Thefollowingdaythreechangesof fresh100%SPI-Pon812resinwere
donebeforethesampleswerepolymerizedat68ÊC in plasticcapsules.Thesampleswerethen
sectioned(1 �m) andstainedwith toluidine blueto locatetheislets.Thesampleswerethenre-
trimmed with theisletsin thecenter,andthin sectionsof approximately70nm wereplacedon
coppersupportgridsandcontrastedwith LeadcitrateandUranyl acetate.Sectionswereexam-
inedusingtheFEITecani12BTwith 80Kvacceleratingvoltage,andimageswerecaptured
usingaGatanTEM CCDcamera.

Immunofluorescence. Paraffinsectionsweredewaxed,rehydratedandsubjectedto anti-
genretrievalin anautoclave(250ÊF,40min) with 10mM sodiumcitrateatpH 6.Frozensec-
tionsof kidneysfor nativefluorescencewerepreparedby flashfreezingunfixedtissue
embeddedin TissueFreezingMedium (ElectronMicroscopyServices,Hatfield,PA) using
2-Methylbutane(Sigma,St.Louis,MO) cooledby liquid nitrogen.12�m thick sectionswere
cut on aLiecaCM 3050Scryostatandstoredat -20ÊCprior to use.Immediatelybeforeuse,
frozensectionsweretreatedwith 4%paraformaldehydein PBSfor 30min. Bothparaffinand
frozensectionswerebroughtto ambienttemperatureandtreatedwith blockingsolution(4%
non-immunegoatserum,0.1%Triton X-100,0.05%SDS,and0.1%fishskingelatin[Sigma]in
TBST[0.05%Tween-20in Tris-bufferedsaline,pH 7.4])for 30min, subsequentlywashedwith
TBSTandthenexposedto primary antibodiesovernightat4ÊC.Nextdaythesectionswere
washedwith TBST,incubatedwith AlexaFluor-conjugatedsecondaryantibodies(Life Tech-
nologies,GrandIsland,NY) for 30min at22ÊC,andwashedwith TBSTfollowedbyarinse
with TBS.Theantibodieswerebroughtto their working dilutionswith 0.1%fishskingelatin
in TBS.Thesectionswerethendippedfor 5 sin DAPI (1 �g/ml in TBS)andafterrinsingwith
TBSweremountedwith ProlongGold(Life Technologies).Eachkidneyimageisamaximum
projectionof 16confocalimagestakenat0.5�m intervals.

Mouseposterioreyecupswerefixedfor 1 hr with 4%paraformaldehydein mouseRinger's
solution,thenrinsedthreetimesin Ringer's.Fixedeyecupswereembeddedin Tissue-TekO.
C.T.(Sakura,Torrance,CA) andflashfrozenon liquid nitrogenfor cryostatsectioning.18�m
thick sectionswerecut on aMicrom HM550cryostat(ThermoFisherScientific,GrandIsland,
NY) andstoredat -20ÊCprior to use.Immediatelybeforeuse,frozensectionswerebroughtto
ambienttemperatureandincubatedin blockingsolution(5%goatserumand0.5%Triton X-
100in PBS)for 1 hr. Sectionswereincubatedin primary antibodiesin blockingsolutionover-
night at4ÊC,rinsedthreetimes,andincubatedwith goatsecondaryantibodiesconjugated
with AlexaFluor 488,568,or 647(Invitrogen) in blockingsolutionfor 2 hr at22ÊC.To stain
nuclei,5 �g/ml Hoechst(Invitrogen)wasused.To stainretinal layers,1 �g/ml lectinWheat
GermAgglutinin (WGA) conjugatedto Alexa594(ThermoFisherScientific)wasused.
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Sectionsweremountedwith Immu-Mount (ThermoFisherScientific)andcover-slipped.
ImageswereacquiredusingaNikon Eclipse90imicroscopeandaC1confocalscannercon-
trolled byEZ-C1,version3.10software.

Antibodies. Aquaporin-2,rabbitpolyclonal(Sigma);Gammatubulin, mousemonoclonal
cloneGTU-88(Sigma);Arl13b,mousemonoclonalcloneN295B/66(NeuroMab,University
of CaliforniaDavis);T1��, hamstermonoclonalclone8.1.1(DevelopmentalStudiesHybrid-
omaBank,Universityof Iowa);Perilipin-A, goatpolyclonal(Abcam,Cambridge,MA); Insu-
lin, guineapig polyclonal(DAKO); Glucagon,mousemonoclonalcloneK79bB10(Sigma);
��
�� "�#���� agglutinin,Alexa488conjugated(ThermoFisherScientific);LotusTetragonolo-
busAgglutinin, fluoresceinlabeled(VectorLabs,Burlingame,CA); Arf4, rabbitpolyclonal
antibodyagainstresidues98±114of mouseArf4; Rhodopsin,monoclonalclone1D4(Abcam);
Peripherin,rabbitpolyclonalantibody(GabrielTravis,Universityof CaliforniaLosAngeles);
Phosducin,mousemonoclonalcloneG-7(SantaCruz,Dallas,TX); GM130,mousemonoclo-
nalclone35(BD Biosciences,SanJose,CA); B-actin,mousemonoclonalcloneC4(Santa
Cruz);Hsp90,rabbitpolyclonal(SantaCruz).

Western blotting
Tissuesfrom experimentalandcontrol micewerecollected,homogenizedandsonicatedin 2%
sodiumdodecylsulfate(Sigma)and1� cOmpleteproteaseinhibitor mixture (Roche,India-
napolis,IN) in phosphate-bufferedsaline(PBS).Eyecuplysateswereclearedat14,000g for 10
min at22ÊCandtotalproteinconcentrationwasmeasuredusingtheRCDC ProteinAssaykit
(Bio-Rad,Hercules,CA). Kidneyandpancreaslysateswereclearedat100,000g for 20min at
22ÊCandtotalproteinconcentrationwasmeasuredusingtheBCAProteinAssayKit (Pierce).
Serialdilutionsof eachlysateweresubjectedto SDSpolyacrylamidegelelectrophoresisusinga
10±20%Tis-HCLcriterion gel(Bio-Rad)andtransferredto Immun-Blot LFPVDF(Bio-Rad).
Westernblotting wasperformedby incubatingin theappropriateprimary antibodydiluted in
50%/ 50%of Odysseyblockingbuffer/ PBSTovernightat4ÊC.Blotswerethenrinsed3 times
with PBSTbeforeincubatingin thecorrespondingsecondarygoatantibodiesconjugatedwith
AlexaFluor680or 800(Invitrogen) for 2 hr, at22ÊC.Bandswerevisualizedandquantified
usingtheOdysseyinfraredimagingsystem(LiCor Bioscience,Lincoln,NE).

Supporting information
S1Fig.No evidencefor generalmicrovilli dysfunction. A. Transmissionelectronmicro-
graphsof smallintestine(SI) from control andexperimental���	 �
�� �
��
���� mice.Micro-
villi uniformly coveredthecellsfrom bothmiceandappearedstructurallynormal.Scale
bar= 1 �m. B. Transmissionelectronmicrographsof kidneyproximaltubulesfrom control
andexperimental���	 �
�� �
��
���� mice.Tubulecellsandtheir associatedmicrovilli werenot
detectablydifferentbetweenthetwo genotypes.Scalebar= 2 �m.
(TIF)

S2Fig.Westernblot from ���� ���� �	
�	��
� experimentalandcontrol eyecuplysatesshow
the presenceof nonspecificbandsupon staining with the anti-Arf4 antibody. 20�g of total
proteinextractfrom control andexperimentalmouseeyecupsis loadedin eachlane.
(TIF)

S3Fig.Quantitative westernblot analysisof Arf4 reduction in tamoxifen treated���� ���� �
	
�	��
� kidney and in Arf4flox/HoxB7-Cre kidney papilla. A. RepresentativeWestern
blotsshowserialdilutionsof control (���	 $��
�� �
��
����) andexperimental(���	 �
����
�� �

��
����) kidneylysatesfor Arf4 andHsp90proteins.Thefluorescentsignalproducedby the
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Arf4 bandwasnormalizedto Hsp90andplottedversustotalprotein loaded.Theslopeof the
curveswasusedto calculatetheamountof eachprotein in control andexperimentalkidneys.
B.RepresentativeWesternblotsshowserialdilutionsof control (���	 $��
�� �������
��) and
experimental(���	 �
����
�� �������
��) kidneypapillalysatesfor Arf4 andHsp90proteins.The
fluorescentsignalproducedby theArf4 bandwasnormalizedto Hsp90andplottedversus
totalprotein loaded.Theslopeof thecurveswasusedto calculatetheamountof eachprotein
in control andexperimentalpapilla.
(TIF)

S4Fig.Quantitative westernblot analysisof Arf4 reduction in tamoxifen treated���� ���� �
	
�	��
� pancreas.A. P10representativeWesternblotsshowserialdilutionsof control
(���	 $��
�� �
��
����) andexperimental(���	 �
����
�� �
��
����) pancreaslysatesfor Arf4 and
Hsp90proteins.Thefluorescentsignalproducedby theArf4 bandwasnormalizedto Hsp90
andplottedversustotalprotein loaded.Theslopeof thecurveswasusedto calculatethe
amountof eachprotein in control andexperimentalpancreas.B. P28representativeWestern
blotsshowserialdilutionsof control (���	 $��
�� �
��
����) andexperimental(���	 �
����
�� �

��
����) pancreaslysatesfor Arf4 andHsp90proteins.Thefluorescentsignalproducedby
theArf4 bandwasnormalizedto Hsp90andplottedversustotalprotein loaded.Theslopeof
thecurveswasusedto calculatetheamountof eachprotein in control andexperimentalpan-
creas.
(TIF)
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