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Abstract

Rab proteins are a family of small GTPases involved in a variety of cellular processes. The

Rab11 subfamily in particular directs key steps of intracellular functions involving vesicle

trafficking of the endosomal recycling pathway. This Rab subfamily works through a series

of effector proteins including the Rab11-FIPs (Rab11 Family-Interacting Proteins). While

the Rab11 subfamily has been well characterized at the cellular level, its function within

human organ systems is still being explored. In an effort to further study these proteins, we

conducted a preliminary investigation of a subgroup of endosomal Rab proteins in a range

of human cell lines by Western blotting. The results from this analysis indicated that

Rab11a, Rab11c(Rab25) and Rab14 were expressed in a wide range of cell lines, including

the human placental trophoblastic BeWo cell line. These findings encouraged us to further

analyse the localization of these Rabs and their common effector protein, the Rab Coupling

Protein (RCP), by immunofluorescence microscopy and to extend this work to normal

human placental tissue. The placenta is a highly active exchange interface, facilitating trans-

fer between mother and fetus during pregnancy. As Rab11 proteins are closely involved in

transcytosis we hypothesized that the placenta would be an interesting human tissue model

system for Rab investigation. By immunofluorescence microscopy, Rab11a, Rab11c

(Rab25), Rab14 as well as their common FIP effector RCP showed prominent expression in

the placental cell lines. We also identified the expression of these proteins in human placen-

tal lysates by Western blot analysis. Further, via fluorescent immunohistochemistry, we

noted abundant localization of these proteins within key functional areas of primary human

placental tissues, namely the outer syncytial layer of placental villous tissue and the endo-

thelia of fetal blood vessels. Overall these findings highlight the expression of the Rab11

family within the human placenta, with novel localization at the maternal-fetal interface.
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Introduction
Rabproteinsareafamily of smallmolecularweightG-proteinsthatbind to avarietyof
downstreameffectorsin order to directmanykeycellularfunctions.In their activestate,
Rabshavespecificintracellularlocalizationsandcontrol specificbiosyntheticandendocytic
traffickingpathways,whichdefinetheir function.Of particularinterestto our researchis
theRab11subfamily,which is primarily localizedto thepericentriolarendosomalrecycling
compartmentandcontrolspivotalstepsof endosomalvesicletrafficking.Rab11hasbeen
studiedin avarietyof modelsystemswith manyimportant implicationsfor humanhealth
anddisease[1]. With their centralrole in vesicletrafficking,continuedanalysisof theRab11
family within physiologicexchangeinterfacescanprovideimportant insightsinto its func-
tion. Theplacentais amajorsiteof nutrient exchangein humanphysiology,maintaining
maternal-fetaltransferthroughoutpregnancy.Interestingly,therehaveonly beenlimited
investigationsof Rabproteinsin placentalcells.To beginaddressingthis,weexaminedthe
expressionandlocalizationof Rab11subfamilymembersandtheir effectorsin thehuman
placenta.

Thehumanplacentais establishedby atightly controlledprocessof cell invasioninto the
maternaluterusduring thefirst trimesterof pregnancy.Themain bodyof theplacentacon-
sistsof villi thatarelined by trophoblastcells,themain functionalcellfor maternal-fetal
exchange.Placentalvilli arelined with acontinuousouterlayerof multinucleatedsyncytio-
trophoblastcellsaswellasaninner cell layerof mononucleatedcytotrophoblastcells.Nutri-
entsareabsorbedfrom thematernalbloodsurroundingtheplacenta,traffickedthrough
thesetrophoblastcell layersandultimatelytakenup by fetalbloodvessels.Thesebloodves-
selsform anetworkthroughouttheplacentathateventuallyleadsto theumbilicalcordand
thedevelopingfetus.Theplacentais avaluablemodelsystemfor cellbiology,with several
well-establishedcelllinesalongwith accessibleprimary tissuesfor corollaryinvestigation
[2]. Humanplacentaltissueis routinelydiscardedafterdelivery,andfor researchpurposes,
its collectionis relativelystraightforwardwith standardpatientconsentandphysician
coordination.

Prior studieshaveidentifiedRabproteinswithin placentalcell lines,primarily asmarkers
for intracellularvesiclesof interest.Rabs5 and7 arefound on avarietyof vesicleswithin or
derivedfrom placentalcellsin studiesfocusingon HIV transmission,Salmonellainfection
andplacentalexosomeformation [3±5].In astudyexaminingexocystcomplexmolecules,
Rab11wasfound within apicalvesicleformationsin placentalcells[6]. However,adedicated
characterizationof Rabproteinswithin humanplacentaltissueshasnot beenperformedto
date.

Forour preliminaryanalysis,wechoseto examinemembersof theendosomalRab11sub-
family,namelyRab11a,Rab11bandRab11c(Rab25)andthemoredistantlyrelatedendosomal
Rab14in arangeof humancelllinesbyWesternblotting.Theseproteinshaveacommon
binding partnerRCP(alsocalledRab11-FIP1C),throughwhichtheseproteinsdirectanumber
of critical cellularfunctionsinvolvingendosomalrecycling[7]. More recentdatahasalso
implicatedRCPin directingcellinvasion[8, 9]. Astheseprocessesareprominent functional
aspectsof placentalphysiology,RCPandits commonbinding partnersRab11a,Rab25and
Rab14wereidealcandidatesfor aninitial examinationof Rabproteinswithin thehumanpla-
centa.In thisstudy,weidentifiedauniqueexpressionpatternof theseproteinsin placentalcell
linesaswellasaprominentpresencewithin keyareasof primary humanplacentaltissuesam-
ples.Overall,thiswork highlightstheplacentaasanovelinterfacefor further for examination
of Rabproteinsin humantissue.

Rab11 protein localization within the human placenta
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Materials and methods

Tissue collection and preparation
All tissueswerecollectedin accordancewith researchethicscommitteeprotocolsapprovedby
theRotundaHospital(REC-2015-012)andTrinity CollegeDublin (201600304).Following
informedconsent,normal term placentaltissueswerecollectedfrom n = 8 patientsundergo-
ing routinecesareansectionswith anaveragegestationalageof 38weeks(+/- 0.26SEM).
Criteria for inclusioninto thestudyfor ªnormal term placentasºwerepregnanciesthatpro-
gressedpast37weeksgestationdeliveredby routinecesariansection(for breechpresentation
or repeatcesariansection)without evidenceof intrauterineinfection,preeclampsia/gestational
hypertensionor gestationaldiabetesandno fetalanomaliesthatcouldbeprenatallydetected
viaultrasound/standardfirst trimestermaternalserumscreening.Tissueswerefixedin 4%
paraformaldehydefor 4 hours,soakedfor 18±24hoursin 18%sucrose,embeddedin Tissue-
TekO.T.C.cryopreservativemedium(VWR) andfrozenat-80ÊC.Tissueblockswerethensec-
tionedviacryostatat20�m thicknessfor subsequentimmunostaining.

Cell culture
BeWo,Jar,H1299,andHeLacellswereobtainedfrom theECACC.BeWocellswerecultured
in ATCCformulatedHam'sF-12Kmediumsupplementedwith 10%foetalbovineserum
(Sigma),100U/ml penicillin/streptomycin,and2 mM glutamine.JARcellswereculturedin
RPMI-1640mediumsupplementedwith 10%foetalbovineserum(Sigma),10mMHepes,
1mM SodiumPyruvate,1500mg/L Sodiumbicarbonate,4500mg/Lglucose,100U/ml penicil-
lin/streptomycin,and2 mM glutamine.H1299andHeLacellswereculturedin Dulbecco's
modifiedEagle'smedium(DMEM) supplementedwith 10%foetalbovineserum(Sigma),
100U/ml penicillin/streptomycin,and2mM glutamine.All of thecelllinesweremaintained
at37ÊCin 5%CO2.

Antibodies
Primaryantibodiesusedfor thisstudywereRab11a(Invitrogen),Rab11b(Sigma)Rab14
(Sigma),Rab25(Sigma),andRCP(Sigma).Additional detailsof primary antibodiesincluding
dilutionsandAntibody Registrationnumberareincludedin S1Table.Secondaryantibodies
for immunofluorescencemicroscopywereAlexa546goatanti-chicken,Alexa488goatanti-
mouse,andAlexa647goatanti-rabbit,all purchasedfrom LifeTechnologiesandusedata
dilution of 1:400.Forwesternblotting, IRDye800-andIRDye700-labelledgoatanti-rabbit
andgoatanti-mousesecondaryantibodies(Licor) wereusedatadilution of 1:10,000.

Immunostaining
For immunofluorescencemicroscopyof culturedcelllines,cellswereseededonto 10-mm
glasscoverslipsfollowedby fixation with 4%paraformaldehydeandblocking/permeabilization
with 0.05%saponin,0.2%bovineserumalbumin.Cellswerethenincubatedwith primary
antibodiesin blockingsolutionfollowedbyextensivewashingandapplicationof secondary
antibodies.Coverslipsweremountedin Mowiol followedbyconfocalimaging.For immuno-
fluorescencemicroscopyof placentaltissue,cryosectionsof placentaltissueswereincubated
for 1 hour at room temperaturein PBSpH7.4with blocking/permeabilizationsolution0.2%
Triton X-100and10%goatserum(Sigma).Goatserumwasthehostspeciesof all secondary
antibodies.Diluted primary antibodieswerethenaddedto slidesfor incubationat4ÊCover-
night.Followingaseriesof washessecondaryantibodieswereaddedto slidesfor 1 hour at
room temperature,followedbyasecondseriesof washes.Forcontrol stainingof placental
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tissues,slideswereincubatedwith only secondaryantibodies(no primary antibodies).Anti-
bodieswerediluted in PBSpH 8 with 1%BSA,0.3%Tween20.All washeswereperformed
with PBSpH 7.4.Followingfinal washes,slideswerecoverslippedwith ProlongGoldwith
DAPI andcuredovernightprior to imaging.

Western blotting
Tissueculturegrowncellswerewashedtwicein cold1xPBS,then100-300ulof coldRIPA
buffer(10mMTris-HCl pH7.6,50mMNaCl,50mMNaF,1%NP-40,1xCocktailStock(con-
taining:Leupeptin,Chymostatin,Antipain andAprotinin), 0.5mMAESBF,1ProteaseInhibi-
tor CocktailTablet(1 tabletper10mllysisbuffer))wasaddedandcellswerescrappedinto
1.5mltubesandlysedon icefor 15minutes.Thelysateswerethenpassed6 timesthough26G
needleandcentrifugedat14,000rpm for 15minutesat4ÊC.Supernatantwastransferredinto
freshtubeandquantifiedusingaBradfordassay.100ugof eachsamplewasresolvedby12%
SDS-PAGE,transferredonto nitrocellulosemembrane,incubatedwith primary antibodies
againstRab11a,Rab11b,Rab25,Rab14,andtubulin andsubsequentlyincubatedwith second-
aryantibodiesanti-mouseIRDye680andanti-rabbit IRDye800.

For Westernblotting of humanplacentaltissues,120mgof placentaltissuefrom three
differentpatientswashomogenizedandincubatedwith RIPAbuffer(150mMNaCl,1%Tri-
ton X-100,0.5%Nadeoxycholate,0.1%SDS,50mMTris,pH 8.0)with proteaseinhibitors
(Roche).Sampleswerecentrifugedfor 20minat12,000rpm, followedbycollectionof super-
natant.ProteinconcentrationwasmeasuredviastandardBradfordassay.Equalamountsof
samplewerethenseparatedbySDS-PAGEgel,transferredto anitrocellulosemembranefol-
lowedby incubationwith antibodiesagainstRab11a,Rab14,Rab25or ��-Actin andsecondary
antibodiesasdescribedabove.Forbothcellline andhumanplacentaltissueWesternblots,
membraneswerescannedusingtheOdysseyInfraredImagingSystem.

Quantification of protein expression
Relativeexpressionlevelsof Rabproteinsin humancelllinesweredeterminedbydensitome-
try usingImageStudiosoftwareversion4.0.Densitometryvalueswerethenaveragedand
graphedalongwith standarddeviationvaluescalculatedviatheSTDEV.Sfunction in Excel,
verison2010.

Imaging
For immunofluorescenceanalysisof thecelllines,imageswereacquiredon aZeissLSM510
laserscanningconfocalmicroscope,using63X1.4NA PlanApo objective.Post-acquisition
analysiswasperformedwith theZeissZen2009software.Imagesof placentaltissueimmuno-
fluorescencewereacquiredon aLeicaSP8scanningconfocalwith LASX software,with Bit-
planeImarispostimaginganalysissoftware.

Ethics approval
RotundaHospitalEthicsCommittee,REC-2015-012;Trinity SOMethicsCommittee,#
201600304.

Results
Weinitially examinedbyWesternblot analysistheexpressionlevelsof Rab11family members
in culturedplacentalcelltypesascomparedHeLacervicalcancerandH1299lungcancercell
lines(S1Fig,Fig1).BothHeLaandH1299cellshavebeenusedasprior modelsfor thestudy
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of Rab11familyproteins[10,11].Interestingly,wefound thatRab11aandRab11c(henceforth
referredto asRab25)wereabundantlyexpressedin BeWocellscomparedwith theseothercell
types,whileRab11bwasdetectedatmuchlowerlevelsin all of thecelllinestested(Fig1).
Giventheseresultswedecidedto extendthisanalysisfurther.WenextexaminedRab14in this
rangeof celltypesbyWesternblotting andfoundRab14to bewellexpressedin Jarandsome-
whatlessin BeWotrophoblastcells,with its expressionlevelshigherin thesecelllinesthanin
anyof theothercelltypestested(Fig1).

Takingthesecombineddatainto account,wedecidedto investigatethelocalizationpat-
ternsof theseRabs(Rab11a,Rab25andRab14),andtheir commoneffectorRCP,by immuno-
fluorescencemicroscopyof these�� ����� culturedcellpopulations.ForRab11a,whileH1299
cellsexpressionwasnotedin both thecytoplasmandon endosomalstructures,it wasdiffusely
cytoplasmicin HeLacells.In BeWocells,Rab11awasbothdiffuselycytoplasmicaswellas
organizedinto notableperi-nuclearendosomalstructures(Fig2a±2f).Rab14expressionwas
notedto becytoplasmicin all celltypesexamined(Fig2g±2l).Further,in examiningRab25
(Fig3a±3f),its distribution wasalsodiffuselycytoplasmicin H1299/HeLacells,but showed
muchmoreprominentperi-nuclearendosomalstructuresin BeWocells.RCPwasfoundboth
in thecytoplasmandcondensedin peri-nuclearareasin BeWocells,andalsoin H1299and
HeLacultures(Fig3g±3l).

Wenextexaminedtheexpressionof theseproteinsin primary humanplacentaltissuesam-
ples.Initial Westernblot analysisof placentaltissuelysatesfrom threedifferentpatients
showedexpressionof Rabs11a,14,25andRCP(Fig4).Weidentifiedtheexpressionof these
proteinswithin all threeterm humanplacentalsamples.However,giventhemixedcellpopula-
tionspresentin wholetissuelysates,wechoseto morespecificallylocalizetheseproteinsby
meansof immunofluorescencemicroscopy.

Wethusconductedasurveyof Rabproteinsin primary placentaltissuescollectedfrom
eightdifferentpatientswith healthyterm pregnancies.Usingimmunofluorescenceconfocal
microscopyweinvestigatedtheexpressionpatternsof Rabs11a,14,25.Major anatomical
areaswithin theplacentalorganwereexamined,includingdecidual,villousandchorionic
platetissues.Asfirst shownin Fig5,expressionof eachRabprotein (shownin red)was

Fig 1. Survey of Rab11a, b, Rab 25 and Rab14 expression in human cell lines. The expression levels of
Rab11a, Rab11b, Rab25 and Rab14 were analyzed by Western blot of lysates generated from several human
cell lines. Combined data are shown as a histogram representing the expression levels of Rab11a, Rab11b,
Rab 25(Rab11c) and Rab14 in various cell lines. Expression levels of each Rab were normalized to �.-tubulin
expression Colored bars represent mean of relative expression levels, error bars represent �“ S.D; Rab11a/b,
Rab25 n = 3, Rab14 n = 2).

https://doi.org/10.1371/journal.pone.0184864.g001
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strikingly presentwithin thevillousplacenta,particularlyin theoutersyncytiotrophoblast
(sTB)celllayer,demarcatedbyE-cadherin(greenstain).Theywerealsoexpressedwithin cell
populationsin theinner villoustissue(Fig5 row B).Rabs11aand14showedparticularly
prominentexpressionin theinner villouscellpopulation,notablyinsidetheE-cadherinbor-
derof theplacentalvillous(Fig5,row B).Thisexpressionwasconsistentamongstall samples
evaluated.

WenextexaminedRCPexpressionandits co-localizationwith eachof its binding partners.
RCPwasprimarily expressedin sTBpopulationwith somenotableexpressionin theinner cell
populationsaswell (Fig6).Of note,themainareasof co-localizationwith Rabproteinswere
in theoutersTBlayerratherthaninner villouscells.

In afurther surveyof placentaltissues,wealsoidentifiedprominentRabexpressionin the
endotheliumof fetalbloodvessels.Rab11aand25endothelialexpressionwasconsistent

Fig 2. Compara tive localization patterns of Rab11a and Rab14 in human cell lines. Rab11a and Rab14
localization was examined in cell lines H1299 (a,d,g,j), HeLa (b,e,h,k) and BeWo (c,f,i,l) by confocal
immunofluorescence microscopy. Images a-c, g-i are representative fields of the indicated cells; images d-f, j-l
are zoomed images. Ten micron scale bars included on each image.

https://doi.org/10.1371/journal.pone.0184864.g002
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throughoutall tissuesexamined(Fig7). Interestingly,Rab14wasnot detectedin fetalendothe-
lium. This isdemonstratedin thelow powerimageof prominentRab14expressionin sTB
with comparativelyminimal expressionin endotheliumwithin thesametissue(Fig7).With
Rab11a/25,wealsoidentifiedconcomitantlocalizationof RCPin fetalbloodvesselendothe-
lium (Fig8).

Discussion
In thispreliminaryinvestigationof Rabproteinsin placentalcellsandtissues,wehavedemon-
stratedexpressionof Rabs11a,14and25plustheir commoneffectorRCPat thehuman
maternal-fetalinterface.Theseproteinsareprominentlyexpressedin culturedplacentalcells
with uniquedistribution in keyareasof primary humanplacentaltissues.While Rabproteins
andtheir effectorshavebeenstudiedextensively�� �����, continuedanalysisof their expression

Fig 3. Compara tive localization patterns of Rab25 and RCP in human cell lines. Rab25 and RCP
localization was examined in H1299 (a,d,g,j), HeLa (b,e,h,k) and BeWo (c,f,i,l) cell lines by confocal
immunofluorescence microscopy. Images a-c, g-i are representative fields of the indicated cells; images d-f, j-l
are zoomed images. Ten micron scale bars included on each image.

https://doi.org/10.1371/journal.pone.0184864.g003
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within humantissuesisaninformativebaselinefor theongoingstudyof thesetraffickingmol-
ecules.Byestablishingtheexpressionof Rab11familyproteinswithin theBeWocellline (Figs
1±3),thisstudyhelpslaythefoundationfor further analysisof Rabproteinsutilizing placental
cells.

BeWocellsareawidelyusedcellline for theanalysisof trophoblastfunction,of whichRab
proteinsmayhaveakeyrole [12,13].Forexample,BeWocellshavebeenusedto studyiron
transport[14], whichisaRab-mediatedintracellulartraffickingpathway[15]. Anotheradvan-
tageof usingplacentalcelllinesto studyRabproteinsishavingaccessiblematerialfor corollary
�� ���� studiesin primary humantissue.Utilizing bothWesternblot andimmunofluorescence,
wedemonstratedtheexpressionof Rabs11a,14and25andRCPin primary humanplacental
tissuesamplesamongacohortof eightpatientswith healthyterm pregnancies.Notably,these
proteinswereexpressedin keyfunctionalareasof thehumanplacenta,summarizedin Fig9.

WeidentifiedRab11ain syncytiotrophoblastcellsin accordancewith prior findings[6].
Wealsoidentifiednovellocalizationof Rab14andRab25within thesyncytiotrophoblast cell
layer(Fig5).Theexpressionof thesethreeproteinswasprominentwithin this layeramongall

Fig 4. Immunob lot analysis of Rab11, Rab14 and RCP in human placenta l tissues . Tissue lysates were
collected from the placentas of three different patients followed by Western blot analysis for Rab11, Rab14,
Rab25 and their common binding partner RCP. kDa size for each target shown to the left of each blot image.
Tubulin is included as a loading control.

https://doi.org/10.1371/journal.pone.0184864.g004
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samplesexamined,lining thesurfaceof thefetalplacenta.Thesyncytiotrophoblastis theouter-
mostcellularinterfaceof thefetalplacentaandisahighlyactiveendocyticinterfacefor the
import of materialsfrom thematernalblood.With their commonrole in variouskeyaspects
of endocytosis[7], theprominentandconsistentexpressionof theseRabGTPasesin this loca-
tion suggeststhatplacentaltissuecouldbeanusefultissuefor futureanalysisof theseproteins.

Wefurther identifiedexpressionof all threeRabproteinsin theinner cytotrophoblastcell
population,with Rab14and25showingparticularlystrongexpressionin thesecells(Fig5).
Cytotrophoblastcellsserveasareservoirfor thesyncytiotrophoblastlayer,whichiscontinu-
ouslyshedthroughoutpregnancy.Fromamethodologystandpoint,cytotrophoblastcellsare
oneof thefewprimary placentalcellpopulationsthathavebeensuccessfullyisolatedfor ��
����� manipulation[16,17].Theexpressionof theseRabproteinsin thispopulationwasan
important finding for thepossibilityof further studyutilizing aplacentalmodelsystem.Syncy-
tiotrophoblastcells,dueto their structure,aremuchmoretechnicallychallengingto isolate
from placentaltissues.However,primary cytotrophoblastcellscanbeinducedto syncytialize
andtakeon sTBcharacteristics�� �����, allowingstudyof thiscellpopulationin variousstages
of development[18].

Localizationstudiesof RCPwithin thevillousplacentademonstratedavarieddistribution
(Fig6).RCPwasstronglyexpressedwithin theouterSTBlayerwhereit co-localizedwith Rabs
11aand14.RCPco-localizationwaslessconsistentwith Rab25(Fig6). Interestingly,RCPwas
lessprominentamongtheinner cytotrophoblastpopulations.TheseresultssuggestthatRCP
might beinducedascytotrophoblastcellsdifferentiateto syncytiotrophoblasts. With themeth-
odscurrentlyavailable,theplacentacouldbeaninterestingprimary tissuemodelsystemin
whichthecomponentsthatgovernRCPexpression/inductioncouldbestudiedin cellsasthey
differentiate.

Fig 5. Localiz ation of the Rab11 subfam ily in human villous placenta . Placental tissue samples were collected from
n = 8 patients. Expression of Rab11, Rab14 and Rab25 was analyzed in each placenta via immunofluorescence microscopy.
Red label: Rab proteins, green label: E-cadherin, blue label: DAPI nuclear stain. Row A: representative low power views of
the villous placenta Row B: representative high power views of individual placental villi. Asterisks indicate cytotrophoblast
cells. Representative negative control staining images included for both high and low power views. Control samples are
placental tissues incubated with secondary antibody only. For all images scale bars of 25±100 microns are included.

https://doi.org/10.1371/journal.pone.0184864.g005
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Fig 6. Co-locali zation of Rab11 subfam ily with RCP in human placental villi. Double
immunofluorescence microscopy of placental sample cohort for co-labeling of RCP with (A) Rab11, (B)
Rab14, and (C) Rab25. Red label: Rabs, Green label: RCP, Blue label: DAPI nuclear stain). Representative
individual staining shown on left with merged image on right. Inset outlined by white box shows magnified area
of Rab/RCP co-localization as indicated by yellow color change. Twenty-five micron scale bars included on
lower right of each image.

https://doi.org/10.1371/journal.pone.0184864.g006
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Co-localizationof Rabs11a,14and25with their effectorRCPwithin thesyncytiotropho-
blastcelllayerisanimportant first steptowardfurther investigationof theseproteinsat the
maternal-fetalinterface.Within thevillousplacenta(Fig9A), thesTBlayeris theactiveinter-
facewith thematernalbloodspace(Fig9B).Syncytiotrophoblastcellscarryout severalfunc-
tionsincludinghormoneproduction,nutrient transportandmaternalimmunoglobulin
uptake[2]. Askeyregulatorsof vesiculardynamics,Rabproteinsareknownto aid in these
samefunctionsin othercelltypes[1,7,19].It couldbepossiblethatwithin theplacenta,Rab11
proteinsandtheir commoneffector,RCPwork within thesyncytiotrophblastlayerto help
carryout thesevariedplacentalfunctions.However,astheantibodiesutilizedin thisstudydo
not differentiatebetweenactiveandinactivestatesof theseRabGTPases,further analysisis
requiredto moreclearlycharacterizetheir stateof activitywithin this tissueinterface.

Finally,weidentifiedRabs11aand25in theendotheliumof fetalbloodvesselsthroughout
placentaltissues(Fig7),whichco-localizedwith endothelialRCPexpressionin thesevessels
(Fig8). Interestingly,Rab14wasnot found in fetalbloodvesselendothelia,its expressionwas
restrictedto thetrophoblastcellpopulationsof thevillousplacenta.Thefunctionalsignificance
of this finding is,atpresent,unclear.

Prior studieshaveexaminedRab11function in humanendothelialcellsboth from the
umbilicalcordandlung.In thesemodels,Rab11appearsto mediatesecretionof solublevascu-
lar endothelialgrowthfactorreceptor1(sFlt-1)[20] andhelpwith junctionalre-annealing
aftervascularinflammation[21]. Our work complimentsthese�� ����� studiesby localizing
Rab11aswellasRab25�� ���� within thefetalvascularnetworkof thehumanplacenta.While
Rab25hasbeenprimarily characterizedin epithelialcells,placentaltissuecouldbeanovel
interfacewherethisproteincouldbestudiedwithin anendothelialcellpopulation.Several
protocolshavebeendevelopedfor theisolationof primary humanveinendothelialcells.Inter-
estingly,two recentstudiesutilizedprimary humanveinendothelialcellsto studythefunction

Fig 7. Expression of Rab11 subfam ily in human placenta l blood vessels . Immunofluorescence microscopy analysis of Rab11,
Rab14, and Rab25 expression in the fetal blood vessels within human placental samples. Red label: Rab proteins, blue label: DAPI
nuclear stain. Two representative images of blood vessels for each Rab are displayed along with control images. Twenty-five micron
scale bars included on lower right of each image. BV: Blood Vessel; STB: Syncytiotrophoblast.

https://doi.org/10.1371/journal.pone.0184864.g007
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of Rabproteins;Rab11asmentionedabove[20] andRab3B,whichmayparticipatein IgG
antibodyuptake[19]. Thiswork, in conjunctionwith our �� ���� findings,presentsanaddi-
tional placenta-basedmodelsystemthatcanbeutilizedfor thefurther studyof Rabtrafficking
molecules.

Giventhesepreliminaryfindings,weproposethatadditionalstudyof Rabproteinsand
their downstreameffectorsat thematernal-fetalinterfaceiswarranted.With Rabexpressionin
multiple areas,thehumanplacentaisaninformativetissueto studytheseproteinsin diverse
celltypesin thesameorgan/physiologicenvironment.Severalmodelsutilizing primary

Fig 8. Co-locali zation of Rab11 and Rab25 with RCP in human placenta l blood vessels . Double
immunofluorescence of placental sample cohort. Red label: Rab proteins, green label: RCP, blue label: DAPI
nuclear stain. Individual staining shown on left with merged image on right. Inset outlined by white box shows
magnified area of Rab/RCP co-localization as indicated by yellow color change. Micron scale bars included on
lower right of each image.

https://doi.org/10.1371/journal.pone.0184864.g008
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placentaltissuesarealreadyestablishedfor functionalstudiesincluding isolationandmanipu-
lation of primary cytotrophoblastcellsandhumanumbilicalveinendothelialcellsasdiscussed
above.Additionally,placentalvillousexplantsareatool to studyactivetrophoblastfunction in
culture,particularlywith studiesof placenta-derivedmicroparticles[22], on whichsomeRab
proteinshavebeenpreviouslyidentified[5]. Furthermore,cellinvasionassaysutilizing pri-
marytrophoblastcellsarealsoawell-developedmodelsystemto study.Thesemaybeparticu-
larly usefulfor thestudyof Rab25,whichdirectsintegrin recyclingvesiclelocalizationto
promotecellmigrationandRCP,whichmediatesendosomalrecyclingof N-cadherinto influ-
encecellmotility [8, 9].

Overall,theseresultsidentify Rabproteinexpressionwithin aphysiologicallyimportant
humantissueinterface.Further,thestudyof Rabproteinswithin theplacentamayalsohave
broaderapplications.Theplacentaisanorganinvolvedin dynamicprocessesandit hasmulti-
plerolesthroughoutpregnancy.Eachof thesediverseprocessesisaccomplishedbyunderlying
intracellularfunctions,in whichRabproteinsmayhaveanactiverole.An essentialadvantage
of thissystemis theability to work with aprimary tissuewith manyfunctionsthatcanbe
potentiallyappliedto abroadrangeof humanphysiology.

Supporting information
S1Table.Primary antibody information. Primaryantibodiesusedin westernblot analysis
andimmunofluorescencemicroscopyof culturedcellsor placentaltissue.Dilutions for various
experimentsindicatedby thefollowingsuperscripts:WB:Westernblot,C: immunofluores-
cencemicroscopyof culturedcells;T: immunofluorescencemicroscopyof humanplacental
tissues.
(TIF)

S1Fig.Westernblot analysisof Rab11a,b, Rab25andRab14expressionin humancell
lines.A varietyof humancelllineswerelysedandtheexpressionlevelsof Rabproteins;
(A) Rab11a,(B) Rab11b,(C) Rab25(Rab11c)and(D) Rab14wereanalysedbyWesternblotting.
Representativeblotsareshownfor eachRabproteinalongwith the��-tubulin loadingcontrols.
(TIF)

Fig 9. Summary of Rab11 family protein expressio n in human placenta . A. Diagram of human fetal placenta at the interface of the maternal
uterine blood space (MBS) and the fetal amniotic fluid cavity (AF). B. Enlarged view of placental cell layers within villous tissue highlighting the outer
syncytiotrophoblast layer (sTB), the inner cytotrophoblast layer (cTB) juxtaposed with fetal blood vessels (FBV) lined by endothelial cells (EC). C.
Table summarizing localizatoin of Rabs 11a, 14, 25 and RCP within sTB, cTB and EC; (+) or (-) indicating the observed degree of expression within
these cell types.

https://doi.org/10.1371/journal.pone.0184864.g009

Rab11 protein localization within the human placenta

PLOS ONE | https://doi.org/10.1371/journal.pone.0184864 September 18, 2017 13 / 15



Acknowledgmen ts
Theauthorswould like to thankDr. GavinMcManusfor confocalmicroscopyimaginganaly-
sisatTrinity CollegeDublin. Thiswork wasfundedby thefollowinggrants/fellowships:Irish
ResearchCouncil,IRCSETPost-DoctoralfellowshipGOIPD/2014/42to ESTaglauer,Science
FoundationIrelandPrincipalInvestigatorAward(09/IN.1/B2629)to MW McCaffreyanda
ScienceFoundationIrelandPrincipalInvestigatorAward(12/IA/1239)to AR Khan.

Author Contributions
Conceptualization:ElizabethS.Taglauer,AndrewJ.Lindsay,FionnualaM. Breathnach,Eliza-

bethC.Tully, Amir R.Khan,Mary W. McCaffrey.

Data curation: SaraR.Hanscom,DanielleWuebbolt,FionnualaM. Breathnach.

Formal analysis:ElizabethS.Taglauer,Mary W. McCaffrey.

Funding acquisition:ElizabethS.Taglauer,Amir R.Khan,Mary W. McCaffrey.

Investigation:ElizabethS.Taglauer,SaraR.Hanscom,AndrewJ.Lindsay,DanielleWuebbolt,
FionnualaM. Breathnach,Mary W. McCaffrey.

Methodology:ElizabethS.Taglauer,PatrycjaA. Artemiuk, SaraR.Hanscom,AndrewJ.Lind-
say,Mary W. McCaffrey.

Projectadministration: ElizabethC.Tully.

Resources:FionnualaM. Breathnach,ElizabethC.Tully, Amir R.Khan,Mary W. McCaffrey.

Software:AndrewJ.Lindsay.

Supervision:Amir R.Khan,Mary W. McCaffrey.

Validation: ElizabethS.Taglauer,ElizabethC.Tully.

Visualization: ElizabethS.Taglauer,PatrycjaA. Artemiuk, Amir R.Khan,Mary W.
McCaffrey.

Writing ± original draft: ElizabethS.Taglauer,PatrycjaA. Artemiuk, AndrewJ.Lindsay,
Amir R.Khan,Mary W. McCaffrey.

Writing ± review& editing: ElizabethS.Taglauer,AndrewJ.Lindsay,Amir R.Khan,Mary
W. McCaffrey.

References
1. Kelly EE, Horgan CP, McCaffrey MW. Rab11 proteins in health and disease. Biochem Soc Trans. 2012;

40(6):1360±7. https://doi.org/10.1042/BST20120157 PMID: 23176481

2. Gude NM, Roberts CT, Kalionis B, King RG. Growth and function of the normal human placenta.
Thromb Res. 2004; 114(5±6):397±407. https://doi.org/10.1016/j.thromres.2004.06.038 PMID:
15507270

3. Vidricaire G, Tremblay MJ. Rab5 and Rab7, but not ARF6, govern the early events of HIV-1 infection in
polarized human placental cells. J Immunol. 2005; 175(10):6517±30 PMID: 16272306

4. Nguyen T, Robinson N, Allison SE, Coombes BK, Sad S, Krishnan L. IL-10 produced by trophoblast
cells inhibits phagosome maturation leading to profound intracellular proliferation of Salmonella enterica
Typhimurium. Placenta. 2013; 34(9):765±74. https://doi.org/10.1016/j.placenta.2013.06.003 PMID:
23834952

5. Atay S, Gercel-Taylor C, Kesimer M, Taylor DD. Morphologic and proteomic characterization of exo-
somes released by cultured extravillous trophoblast cells. Exp Cell Res. 2011; 317(8):1192±202.
https://doi.org/10.1016/j.yexcr.2011.01.014 PMID: 21276792

Rab11 protein localization within the human placenta

PLOS ONE | https://doi.org/10.1371/journal.pone.0184864 September 18, 2017 14 / 15



6. Gonzalez IM, Ackerman WE, Vandre DD, Robinson JM. Exocyst complex protein expression in the
human placenta. Placenta. 2014; 35(7):442±9. https://doi.org/10.1016/j.placenta.2014.04.015 PMID:
24856041

7. Kelly EE, Horgan CP, Goud B, McCaffrey MW. The Rab family of proteins: 25 years on. Biochem Soc
Trans. 2012; 40(6):1337±47. https://doi.org/10.1042/BST20120203 PMID: 23176478

8. Caswell PT, Spence HJ, Parsons M, White DP, Clark K, Cheng KW, et al. Rab25 associates with
alpha5beta1 integrin to promote invasive migration in 3D microenvironments. Dev Cell. 2007; 13
(4):496±510. https://doi.org/10.1016/j.devcel.2007.08.012 PMID: 17925226

9. Lindsay AJ, McCaffrey MW. Rab coupling protein mediated endosomal recycling of N-cadherin influ-
ences cell motility. Oncotarget. 2016. https://doi.org/10.18632/oncotarget.10513

10. Qi M, Williams JA, Chu H, Chen X, Wang JJ, Ding L, Akhirome E, Wen X, Lapierre LA, Goldenring JR,
Spearman P. Rab11-FIP1C and Rab14 direct plasma membrane sorting and particle incorporation of
the HIV-1 envelope glycoprotein complex. PLoS Pathog. 2013; 9(4):e1003278. https://doi.org/10.1371/
journal.ppat.1003278 PMID: 23592992

11. Haughsten EM, Brech A, Liestol K, Norman JC, Wesche J. Photoactivation approaches reveal a role for
Rab11 in FGFR4 recycling and signalling. Traffic. 2014; 15(6):665±83. https://doi.org/10.1111/tra.
12168 PMID: 24589086

12. Bode CJ, Jin H, Rytting E, Silverstein PS, Young AM, Audus KL. In vitro models for studying trophoblast
transcellular transport. Methods Mol Med. 2006; 122:225±39 PMID: 16511984

13. Orendi K, Kivity V, Sammar M, Grimpel Y, Gonen R, Meiri H, et al. Placental and trophoblastic in vitro
models to study preventive and therapeutic agents for preeclampsia. Placenta. 2011; 32 Suppl:S49±54.
https://doi.org/10.1016/j.placenta.2010.11.023 PMID: 21257083

14. Heaton SJ, Eady JJ, Parker ML, Gotts KL, Dainty JR, Fairweather-Tait SJ, et al. The use of BeWo cells
as an in vitro model for placental iron transport. Am J Physiol Cell Physiol. 2008; 295(5):C1445±53.
https://doi.org/10.1152/ajpcell.00286.2008 PMID: 18815225

15. Pal A, Hall BS, Jeffries TR, Field MC. Rab5 and Rab11 mediate transferrin and anti-variant surface gly-
coprotein antibody recycling in Trypanosoma brucei. Biochem J. 2003; 374(Pt 2):443±51. https://doi.
org/10.1042/BJ20030469 PMID: 12744719

16. Petroff MG, Phillips TA, Ka H, Pace JL, Hunt JS. Isolation and culture of term human trophoblast cells.
Methods Mol Med. 2006; 121:203±17 PMID: 16251745

17. Li L, Schust DJ. Isolation, purification and in vitro differentiation of cytotrophoblast cells from human
term placenta. Reprod Biol Endocrinol. 2015; 13:71. https://doi.org/10.1186/s12958-015-0070-8 PMID:
26156160

18. Orendi K, Gauster M, Moser G, Meiri H, Huppertz B. The choriocarcinoma cell line BeWo: syncytial
fusion and expression of syncytium-specific proteins. Reproduction. 2010; 140(5):759±66. https://doi.
org/10.1530/REP-10-0221 PMID: 20696850

19. Ishikawa T, Takizawa T, Iwaki J, Mishima T, Ui-Tei K, Takeshita T, et al. Fc gamma receptor IIb partici-
pates in maternal IgG trafficking of human placental endothelial cells. Int J Mol Med. 2015; 35(5):1273±
89. https://doi.org/10.3892/ijmm.2015.2141 PMID: 25778799

20. Jung JJ, Tiwari A, Inamdar SM, Thomas CP, Goel A, Choudhury A. Secretion of soluble vascular endo-
thelial growth factor receptor 1 (sVEGFR1/sFlt1) requires Arf1, Arf6, and Rab11 GTPases. PLoS One.
2012; 7(9):e44572. https://doi.org/10.1371/journal.pone.0044572 PMID: 22962618

21. Yan Z, Wang ZG, Segev N, Hu S, Minshall RD, Dull RO, et al. Rab11a Mediates Vascular Endothelial-
Cadherin Recycling and Controls Endothelial Barrier Function. Arterioscler Thromb Vasc Biol. 2016; 36
(2):339±49. https://doi.org/10.1161/ATVBAHA.115.306549 PMID: 26663395

22. Gupta AK, Holzgreve W, Huppertz B, Malek A, Schneider H, Hahn S. Detection of fetal DNA and RNA
in placenta-derived syncytiotrophoblast microparticles generated in vitro. Clin Chem. 2004; 50
(11):2187±90. https://doi.org/10.1373/clinchem.2004.040196 PMID: 15502097

Rab11 protein localization within the human placenta

PLOS ONE | https://doi.org/10.1371/journal.pone.0184864 September 18, 2017 15 / 15


