Cells2014 3, 363385; doi:10.3390/cells3020363

cells

ISSN 20734409
www.mdpi.com/journal/cells

Article

Endosometo-Plasma Membrane Recyclingpf VEGFR2
Receptor Tyrosine KinaseRegulates EndothelialFunction and
Blood Vessel Formation

Helen M. Jopling*, Adam F. Odell*, Caroline PelletMany % Antony M. Latham *, Paul Frankel?,
Asipu Sivaprasadarac®, John H. Walker %, lan C. Zachary? and Sreenivasan Ponnambalan*

! Endothelial Cell Biology UnitSchool ofMolecular & Cellular Biology, University of Leeds, Leeds

LS2 9JT, UK
Centre for Cardiovascular Biology and Medicifibe Rayne Instituté)niversity College London, UK
3 School of Biomedical Sciencedniversity d Leeds Leeds LS2 9JT, UK

*  Author to whom correspondence should be address8thiEs.ponnambalam@Ieeds.ac.uk;
Tel.: +441133433007; Fax: +44113-343-7738.

Received2 December 2013; in revised form: 4 March 20®tcepted17 March 2014
Published: 29 April 2014

Abstract: Rab GTPases are implicated in endosdosplasma membrane recyclingut
how such membrane traffic regulators contra$cular endothelial growtlactor receptor 2
(VEGFR2/KDR)dynamics and function are not well understoddre, weevaluated two
differentrecycling Rab GTPasefab4a and Rablla regulatingendothelial VEGFR2
trafficking andsignallingwith implications forendothelialcell migration, proliferation and
angiogenesisin primary endothelial cellsyEGFR2 dsplays celocalisationwith Rab4a
but not Rablla GTPasen early endosomes. Expression afjuanosine diphosphate
(GDP)-bound Rab4a S22N mutatsusedncreased/EGFR2accumulation in endosomes.
TfR and VEGFR2 exhibited differences in endosamplasmamembrane recycling in the
presence of chloroquin®epletion of Rab4gbut not Rablldevelsstimulated VEGFA-
depenént intracellular signalling However,depletion of either Rab4a or Rablleaels
inhibited VEGFA-stimulatedendothelial cell migrationinterestingly, depletion of Rab4a
levels stimulate& EGFA-regulated endothelial cell proliferatioRab4a and Rablla were
also bothrequired for endothelial tubulogenedtsialuation of a transgenic zebrafish model
showed that both Rab4 and Rabl1la aretionally required for blood vessel formatiand
animal viability. Rakdependent rdosomeo-plasma membrane recyclingf VEGFR2 is
important forintracellularsignalling cell migration and proliferation during angiogenesis.
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1. Introduction

Membrane receptor recycling is an importdahction in regulating animaphysiology [1i 3].
Although the machinery controllingecycling from intracellular endosomdsas not been fully
characterisedendosomessociated Raelated (Rab) GTPasemre implicated in regulating such
pathways[4]. Two suchRab GTPasefRab4a and Rabllaegulatedifferent recycling routedrom
early endosomesackto the plasma membrafg]. In endothelial cks, Rab4a is functionally involved
in membrane mtein recycling from endosomes, exemplified \@scular endothelial growth factor
receptors (VEGFRs) andvb3 integrin[5]. A Rabindependentind c¢Src-dependent pathway has
been postulated to regulagxycling from endosoméo-plasma membraria endothelial cell$6].

The vascular endothelial growth factor (@E) family of cytokines playsessential rolg in
vasculogenesis, angiogenesis and animal physid@gyg. Vascular endothelial growth factor A
(VEGFA) is the most welcharacerized family member. ifferent splice variants exist with
VEGF-A 45 (termed VEGFA) being the most abundaahd weltstudied family memb€9]. Loss of a
single VEGFA allele impairs vascular development and causes emiaryethality, emphasizing the
functional importance of VEGHRA in animal physiology{10,11]. VEGFA can bind totwo receptor
tyrosine kinases (RTKs).e, either fms-like tyrosine kimse (VEGFR1 or HLi) or kinase insert
domain reeptor (VEGFR2 or KDR).VEGFA binding to RTKs canalso recruit membrane
coreceptors called neuropilins (NRP1, NRP2)VEGFA-stimulated VEGFR2 activation in
endothelial cells triggers multiplsignal transductiorsteps such asextracellular signategulated
kinase (ERK1/2),he serine/threonine protein kinase Akt (PKB) and endothelial nitric oxide synthase
(eNOS) inter alia [7]. Such pro-angiogenic signal transduction cascadesgulates endothelial
functions ranging from cell survival, proliferation, migration, tubulogenesisl angiogenesis
to vasculogenesis].

VEGFR2regulated signal transduction everitave been intensively studiedout how this is
coordinated with receptor trafiaag and vasculgphysiology is poorly understoowhilst endocytosis
of RTKs canattenuge signallingevents such outputs can diffedependentn the location within the
endocytic pathwayl12i 14]. Activated RTKs usually havetwo possible fates: recycling back to the
plasma membrane or degradation within the endodgsesome pathwayAt steady state, quiescent
VEGFR?2 islocalisedto both the plasma membrane and early endos@nt?,13; ligand-stimulated
actvation causes VEGFR&ansautophosphorylatiorybiquitination,endosome and lysosoriaked
proteolysis[14]. Both quiescent andctivatedVEGFR2 can be recycled6,15, but how this is
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balanced with lysosomal delivery for proteolysis is not understéteite we test a role for Rab
GTPases that regulate different endosdomplasma membraneoutes. These studies reveal that
VEGFR2 ehibits unique dependence on Rab4a and Rablla activity in contreltidgthelial
function, vascular development and physiology.

2. Experimental Section
2.1.Materials, Cell Culture MicroscopyandFlow Cytometry

Recombinant human VEGHKss was a gift from Genentech dn (San FranciscoCA, USA).
Isolation and cultureof primary human umbilical vein endothelial cells (HUVEGgas described
previously[16]. Purified gpat antVEGFR2 extracellular domain (R&D Systems, Abingdon, UK) and
mouse nonoclonal antRab4a antibodies (BD Biosciences, Oxford, UK) were used hatkeradiah
peroxidase KIRP)-conjugated secondary antibodies (ThermoFisher, Loughborough, UK) and
AlexaFluorconjugated secondary antibodies (Invitrogen, Amsterdam, Netherlanasendothelial
cell culture medium and supplements were from Invitrogen (Paisley, Wigreas endothelial cell
growth medium and supplements were from Promocell (Heidelberg, Germany). HUVECs were fixed
and processed for immunofluorescence microscapyescribed previousljl6,17. All other reagents
were purchased from Sigafddrich (Pode, UK), unless otherwise stated.

For flow cytonetry [17], HUVECs were treated as appropriad@d mediumwas removed from
cells and kept on ice. Cells were trypsinizedl resuspended in original media. Cells were rinsed in
ice-cold phosphatéuffered saline®BS and fixed in3% paraformaldehyde for 20 miAfter washes
in blocking buffer (1 mg/rh bovine serum albumifBSA) in PBS) cells were incubated with goat
ant-VEGFR2 (10 eg/mL) for 30 min, washed three times and then incubated with rabbigaati
AlexaFluor488conjugate(10 £g/mL) for 30 min. Cells were washed twiceore in binding buffer
followed bythe addition of 2 mg/rh of 4',6'-diamidino2-phenylindole(DAPI) prior to analysis using
a Fortessa flow cytometer (Beckton DickinsonKl). Cells labelledwith DAPI alone were used as
controls to set up appropriate gating parameters.

Cycloheximide (CHX) was routinely used to inhibit new proteintsgsis and dégte Golgi and
ER-associated/EGFR2 and monitoonly the plasma membrane aaddosomal pools of VEGFR2
CHX ( 50 Lo gds osed for 2 during theVEGFA stimulation periodefore fixation or cell lysis
for further analysis

2.2.GeneManipulationand RNAInterference

Cells were transfected with GRRgged human Rab4ar@ncisBarr, University ofOxford, UK),
human Rab5a (Ban Knoll, University of Texas, USA) or canine Rabllaig® Bunnett,Monash
University, Australia wild-type or mutant proteinsas previously describefll7]. HUVECs were
transfected with sSiRNA duplexes using Lipofectamine 2000 as specified (Invitrogen, Amsterdam,
Holland). Cells were assayed 48 h following transfection. siRNA duplexes targeting human Rab4a and
Rablla weralesigned synthesized and anneald®INA interference RNAI) targeting Rab4a had a
sense sequence of BUUCUUGGUUAUUGGAAAU 3. Nontargeting control siRNA duplex
(Silencer Negative Control #1; Ambion, WarringtonkKl) was also used.
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2.3.Intracellular SignallingAnalysis

HUVEC lysate peparation and immunoblottingere performed as described previoys,14,17.
Briefly, confluent HUVEC monolayers were lysed in 2% (w/v) SDS in PBS and the lysate subsequently
boiled for 5 min at 9. Proteins were separated ISDSPAGE on 10% gels and then transferred onto
nitrocellulose membranes. The following antibodies were usedVBIGFR2 extracellular domain
(R&D Systems, Minneapolis, USA), a#kt, antiphospheAkt (pS473), antERK1/2,
antiphospheERK1/2, antiphophoVEGFR2 (pY1175), amphosphep38 (Cell Signaling
Technology, Danvers, USA), afifab4a, antRablla and antittubulin (Santa Cruz Biotechnology,
Santa Cruz, USA). Immunoreactive bands were visualized using an enhanced chemiluminescence
detection kit(Geneflow, Nottingham, IX.). Antibodies toUtubulin were used asternal controls in
immunoblot experiments.

2.4.Cell Migration, Proliferation and Tubulogenesis Assays

Endothelial cell migration assaysere carried out as described previougly7i 19]. Control or
siRNA-treated confluent HUVEC monolayers wergpsinisedand seeded at % 10° cells/nL into a
24-well plate with 8um pore size Transwell inserts (BD Bioiences, Oxford, UK). Endothelial cell
migration was stimulated byEGFA (50 ng/nL) in the lower chamber. After 16 lthe Transwell
unitswere fixedin 3% paraformaldehydestained with hematoxylieosin anctircular insertexcised
for microscopyanalysis Digital microscopy images of the underside (containing migratory endothelial
cells) ofeach Transwell insert weanalysedrandom fields from each imagkatasetwere evaluated
for the percentage (Y9f migrated endotheliatells. In the cell proliferation assajl7], endothelial
cells weresubjected to control (scrambled), Rab4a or RalbdiRNA treatment for the specified
period, trypsinized and seeded aj0Q0 cells per well in 98vell plates and grown for 24 &and
processedising a Sbromo2-deoxyuridine (BrdU)ELISA (Roche Diagnostics, Lewes, UKAn in
vitro endothelial tubulogenesiassay involvedthe co-culture of endothelial cells o primary
fibroblast monolayerEndothelial cells were subjected to control (scrambled), Rab4a or Rablla
siRNA treatment for the specified periottypsinisedand seeded on a bed of human primary
fibroblasts in 24-well plates and culured for 7 days in growth medium containing VEGF
(50 ng/m). Cells werefixed using paraformaldehygdstained and imaged by phase contrast microscopy
as previously describedlq]. Tubule length was quantified using Image(NIH, BethesdaMD,
USA) software.

2.5.TransgeniZebrafish Manipulatiorand Analysis

This was carried out as previously descripgd]. Four nanolitres oimorpholino (Gene€lools,
Philomath, USA) in a 108M stock solution were injected into the yolk sac of transgEhicGFP
embryos at the -1to 4-cell stage. In each treatment, €16mbryos were injected and allowenl
develop for 48 h. The injected morpholino sequences wRabh4a 5 CAAGAAATCGTAT
GTCTCTGACAT 3'; Rablla:;5 GTATTCGTCGTCTCGTGTCCCCATC '3Pictures of the zebrafish
embryos were obtained under brightfield usindikonSMZ1500 optical microscope. Microscopy data
were acquired using a Leica TCS SP2 confocal microscope (excitation at 488 nm)0ex a
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magnification. To check for Rab knockdown, 100 dechorionated embryos were washed twice in cold
Ringerds solution (116 mM ,NamMIHepesdH 8.2) iolldwed I6y| 1
mechanical removal of the yolk sac through a thin pipette tip. Embryos were lysed, sonicated in
lysisuffer (30 mM TrisHCI pH 7.4, 150 mM NaCl, 1% (v/v) NBO, 0.5% (w/v) deoxycholate, 2 mM
ETDA) and SDS sample buffer added. SBAGE and immuablotting using primary and HRP
conjugated secondary antibodies were carried out as previously described.

2.6. StatisticalAnalysis

Datasets and error bars denote the mean + SEM (standard error of the mean). The statistical
significance of differences bet weteshwherept<®.85%t s
was considered significant.

3. Resultsand Discussion
3.1.VEGFR2Recycledo thePlasma Membraneia Rab4aContaining Endosomes

Previous work hashown that the VEGFR2 exhibits both plasma membrane and endosomal
localisation[6,12,15,2]. To test whether VEGFR2 undergoes a ligamdependent endosonte-
plasmamembrane recycling step in quiescent primary human endothellislmonensincan be used
as this agentnhibits cell surface receptor recyclin@2i 25]. Primary endothelial cells were first
subjected to a block inew protein synthsis using cyclohexirde: wedetected atableand distal pool
of VEGFR2 which showed prtial cedistribution with thetransferrin reeptor (TfR)present in early
endosomegFigure 1A, upper panels)Simultaneous treatment with monensin and cycloheximide for
30 minincreased/EGFR2co-distributionwith TfR in early endosome$igurelA, insets).Following
simultaneousVEGFA and cycloheximide treatment, VEGFR2 levetsrkedly decreased in the
absence of newrotein synthesisFigure 1B). Monensin furthepotentiated thi3/EGFA-stimulated
decrease in VEGFR2vels FigurelB). Inhibition of endosom#o-plasma membrane recycling would
be thus predicted to decreasell surface VEGFR2 level&low cytometry analysishoweda ~25%
decrease in cell surface VEGFR@vels after 30min exposure to moneims compared with
cycloheximidetreated cellswhich showed no significant change VEGFR2 levels Figure 1C).
Thus both quiescent and activated VEGFR2 undergoes endesspi@sma membranecycling

Figure 1. Inhibition of endosoméo-plasma membrane recycling restricts VEGFR2 to a
perinuclear compartmen{A) Human umbilical vein endothelial cells (HUVECs)ere

pret reated for 2 h with cycloheximide (CHX)
zerq 30 or 120 min. Cells werben fixed permeabiliseéndlabelledwith goat antVEGFR2

extracellular domain (green) and mouse-ai (red). Primary antibodies were visualized

using AlexaFluoiconjugated speciespecific secondary antibodijesnd the nucleus was

labelled with DAPI (blue). Bar 1 0 & m. I n stwotfodd magmitication eof the

indicated regions(B) Serumstarved HUVECs were pier eat ed with 20 &M
prior to VEGFA stimulation forzerg 30 or 120 min. Cell lysates were immunoblotted

with antibodies specificor VEGFR2 or actin. The data shown is representativirel

independent experiment€) FIl ow cytometry analysis of HUVI



Cells2014 3 368

monensin ofr 50 €9/ mL zerg 84, 60hoe ¥x2D min.dEeror haGH X )
denote tSEM (n =3 *, p< 0.05.

VEGFR2 TfR Merge

CHX
0 min
Mon/CHX
30 min
e Mon/CHX
120 min
B 0 30 120 VEGF-A (min)
- + - + - + Monensin
kDa
250—
oo [H R S S |: VEGFR2
50— . .
|-*- iB: Actin
1 2 3 4 5 6
*
C 120 — [0 CHX
o . 1 CHX + Mon
& = 100{ ™
D E
i 8 80
e
g-g 60
= §- 40
S5
°° 20
2
0 -
0 30 60 120
Time (min)

Rab GTPases, such as Rab4a or Rablla, regulate different endosiasena membrane
recycling routes [2632] and are functionally linked to VEGFRs in endothelial cells [6,21,33]. To
differentiate between these two endosdmked recyclirg pathways, we overexpressed GBgged
wild-type Rab4d4a or Rablla in endothelial cells and assessditibution with VEGFR2 using
guantitative microscopy (Figure 2). Endothelial cell transfection and expression eR&HR caused
the accumulation of ynctate structures with Rabéariched membranes and a central core of
6trappedd VEGFR2 within the internal | umen

f

(
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transfection and expression of GRRAblla showed newverlapping distribution of VEGFR2 and
Rablla to different vesicles (Figure 2A, lower panels and inset). Quantification of VEGFR2
co-distribution of either Rab4a or Rablla in such experiments revealed a significant difference
between these two GTPases (Figure 2B). To further assess the tivdebeearly endosomes and
VEGFR2 dynamics, we compared the-distribution of early endosomal antigen 1 (EEA1l),
GFRRab4a and VEGFR2 (Figure 2C). These experiments showed that a proportion ep&tiie
endosomes also contained Rab4a and VEGFR2 (Faftirarrows).

Figure 2. VEGFR2 trafficking in early endosomes is closely associated with the Rab4a
GTPase. A) HUVECs were transfected with either GRRAb4a or GFHRablla (green),
fixed and probed with goat antibodies to the VEGFR2 extracellular dofodlowed by
AlexaFluor-labeled secondary antibodies (red). The nucleus wasalisedwith DAPI
(blue). B) Quantification of VEGFR2 ctocalisationwith GFRRab4a or GFiRablla
(see Materials and Methods). Error bars denote SEM (n = 45% 0.05. C) VEGFR2 is
present in Rab4positive early endosomes. HUVECs were transiently transfected to
express GFHRab4a (green)and cells were fixedpermeabilisedand labelled with goat
antrVEGFR2 (red) and rabbit arEEAL (blue). Bound primary antibodies wetisualised

with AlexaFluorconjugated secondary antibodies. Insets shomogfold magnification of

the highlighted region. Ba. 0 € m.
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60

40

[
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3.2.VEGFR2Endosoméo-Plasma Membrane Recycling DepewnadsRab4a GTPas&ctivity

VEGFA-activated VEGFR2 undergoes ubiquitination and proteolysis within the
endosomdysosome system within 2 h, even when new protein synthesis is bldcled ¢ address
whether Rab4a influences VEGFR2 trafficking and degradationanedysedVEGFA-stimulated
VEGFR2 activation and internalisation in GRRb4aexpressing endothelial cell§igure 3Ai C).
VEGFR2positive/Rabé-positive endosomes weprominent even 2 h after ligand stimulationthe
presence of cyclohaxide to inhibit further protein syhesis(Figure 3C § insets). This delayed
VEGFR2 trafficking effect was linked to increased Rab4a expressimhthereforemay be regulated
by the Rab4aguanosine triphosphal&TP)/guanosine diphosphate (GDBYund stateTo test this
we overexpressed GDRbound dominanhegative Rab4a mutant (GHHRab4aS22N) in endothelia
cells and evaluated/EGFR2 trafficking and distributiorfollowing VEGFA stimulation using
microscopy(Figure3Di F). This GDRbound Rab4a mutant may be expected to pretnenecycling
of VEGFR2 andtherefore enhance the proportion of the receptor paiblatis subject to lysosomal
degradation GDP-bound Rab4#&22N localisedto a juxtaauclear membrane compartment clearly
distinct from VEGFR2 localization (Figure 3D). Endothelial cells expressing juxtanuclear
Rab4aS22N did notshow cedistribution with endosomal VEGFR2however, in these cells
endosomal VEGFR2 levels persisted(Figure 3DG F9. Interestingly, VEGFA-stimulation still
exhibited increased VEGFR2 retemti within endosomes and reduced VEGFR2 degradation
(Figure3F 6) i n compar tHransfectedcells.cont r ol non

Different membrane receptors recycle from the endosompéasma membrane via Rabd4ar
Rablladependent pathways [26,29]. To further tesRablla involvement in the regulation of VEGFR2
endosoméo-plasma membrane recycling, we overexpressed eithertypll or dominanhegative
(S25N) Rablla proteins in endothelial cells and stimulated with VE@Hgure 4). Expression of
GFRRablla in endbelial cells followed by VEGHA stimulation revealed two findings. Firstly, there
was little or no cedistribution betwee’WVEGFR2 and Rablla (Figure 4), Secondly, VEGFA-
stimulated VEGFR2 activation for 2 h caused noticeable VEGFR2 degradation (Figlice) in ¢
overexpressing Rablla (Figure 4C), thus resembling contretraiesfected endothelial cells (see
Figure 1A). We also overexpressed a Gifind dominanhegative Rablla mutant (GiRablla
S25N) and evaluated VEGFR?2 trafficking and distributiotransfected endothelial cells (Figurei 4b).
Interestingly, GDFbound Rabl11&25N alsolocalisedto a juxtanuclear membrane compartment in
transfected endothelial cells (Figure 4D), and this was distinct from VEGFR2 distribution (Figure
4D06) . rashnto previous experiments with Ralg822N, Rabl1&25N expression did not
significantly affect VEGFA-stimulated VEGFR2 activation and degradation via the endosome
|l ysosome system (Figure 4F06) .

Figure 3. Wild-type and mutant Rab4s22N blocks VEGFA-stimulated VEGFR2
degradation(Ai C) HUVECs were transfected with GHRab4a (green) and cells were
then stimulated with VEGH for (A) 0 min, 8) 30 min or C) 120 min in the presence of
CHX. Cells were subsegntly fixed, permeabilisecand labelledwith goat antiVEGFR2
followed by AlexaFluorconjugated secondary antibody (red). The nucleus is visualized
using DAPI (blue). Inset panels showtwo-fold magnification of boxed highlighted
regions. Bar 10 e Di.LF) HUVECs were transiently transfected to express
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dominantnegative GDFbound GFPRab4aS22N (green) and then stimulated with
VEGF-A for (D) 0 min, 30 min or £) 120 min in the presence of cycloheximide (CHX)
and processed for immunofluorescence mmopy. VEGFR2 was detected using goat
anttVEGFR2 followed by AlexaFlueconjugated secondary antibody (redhilst the
nuclear DNA wadabelledwith DAPI (blue). The mages shown are representative of three
independent experimentkset panels show fvo-fold magnification of boxed highlighted
regionsBar1 0 & m.

+ VEGF-A
(min)

30

120

+ VEGF-A
(min)

120

GFP-Rab4aS22N | VEGFR2

Figure 4. Rablla perturbation does not affect VEGKBtimulated VEGFR2 degradation.
(ATC) HUVECs were transiently transfected to express -BBBlla (green) and then
stimulated with VEGFA for (A) 0 min, 8) 30 min or C) 120 min in the presence of
cycloheximide (CHX) and processed for immunofluorescence microssf$FR2 was
detected using goat anWiEGFR2 antibody followed by AlexaFluaonjugated secondary
antibody (red)whilst the nucleaDNA waslabelledwith DAPI (blue).The mages shown
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are representative ofhree independent experimentsdnset panels show awo-fold
magnification of boxed highlighted regiordar. 1 0  £DiF) HUVECs were transiently
transfectedo express dominaitegative GDFbound GFPRab11aS25N (green) and then
stimulated with VEGFA for (D) 0 min, €) 30 min or £) 120 min in the presence of
cycloheximide (CHX) and processed for immunofluorescence microsMip$FR2 was
detected using goaint-rVEGFR2 followed by AlexaFlueconjugated secondary antibody
(red), whilst the nuclear DNA wasabelled with DAPI (blue). The mages shown are
representative ofthree independent experimentsinset panels show awo-fold
magnification of boxed highlighd regionsBar. 1 0 & m.
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3.3.TheVEGFR2and TfRRecycling PathwayAre Distinctand Modulate Signal Transduction

A number of previous studies have established that VEGFR2 undergoes entiogdasena
membrane recycling6,15,21]. We used the previously described antibbdged recycling assay to
monitor VEGFR2 and TfR recyclingl5. Chloroquine (CHQ) is an inhibitor of endosomal
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compartment acidification antherefore blocks endocytosis3fl]. Upon CHQ treatment of endothelial
cells, both recycling VEGFR2 and TfR accumulated in enlarged endosomal struétiga® §).
Intriguingly, whilst TfR showed a high level of docalisation with EEA1 Kigure 5A), VEGFR2
showed little ceocalisation with EEA1 under similar conditionBigure 5B). These data indicate
differences in VEGFR2 and TfR recycling. Neither VEGFR2 nor TfR showed atgcabsation with
cathepsin D in the presence of CHE)gure5C andD).

Figure 5. Chloroquine causes TfRut not VEGFR2accumulation in endosomes.direct
recycling assay was performed usthggoat aniVEGFR2 extracellular domain or mouse
antiTfR (red). Samples were fixeghermeabilisedand labelled with either rabbit anti
EEAL (green) or rabbit antiathepsirD (green). Primary antibodies werisualisedusing
either FITC antirabbit IgG or AlexaFluc#88conjugated antrabbit IgG, and the nucleus
was seen with DAPI (blueT.he imagesre 2D projections of a stacked series afal® & m
optical sections takensing a wide field deconvolution microscopy system. Insets show a
two-fold magnification of the indicated region. Ba&rO & m.

Does Rab4a GTPase activity and regulation of endogofplasma membrane recycling influence
VEGF-A-stimulated intracellularsignalling in endothelial cells? We have previously used RNA
interference (RNAI) to evaluate Rab5a and Rab7a GTPase regulation of VEGFR2 function linked to
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endosomdysosome trafficking and VEGR-stimulated intracellular signalling in primary endothelial
cells [17]. We used this approach to check whether Rab4a or Rablla depletion modulatedl-VEGF
stimulatedshortterm intracellular signalling, therefore altering longer term cellular responses, such as
endothelial cell migration, proliferation and endotaklube formationi.e., tubulogenesis.

Analysis of VEGFA-stimulated VEGFR2 activation revealed subtle differences in VEGFR2
activation and downstreasignal transductioifFigure 6A). Quantification showed a nearly tfadd
increase in VEGFRPY1175 levés upon Rablla depletion, whereas Rab4a depletion did not
significantly affect VEGFR2Y1175 levels (Figure 6B). Furthermore, VE®Fstimulated Akt
activation was prolonged upon Rab4a depletion compared to controls and fdapletad cells,
although pealphospheAkt levels were not significantly altered (Figure 6C). However, the effects on
p42/44 MAPK (ERK1/2) activation were less pronounced (Figure 6D). Rab4a or Rablla depletion did
not affect peak phosphm2/44 MAPK levels, but the duration of this sigscwas prolonged (Figure
6D). Similarly, although Rab4a and Rabl1la depletion did not affect peak levels ot AEs@Rulated
intracellular signalling and activation of endothelial nitric oxide synthase (eNOS), the duration of the
activated phospheNOS (BNOS) species was also prolonged; an affect more pronounced upon
Rablla depletion (Figure 6E). The activation of p38 MAPK was unaffected by the depletion of either
Rab4a or Rabl1la.

Figure 6. Effects of Rab silencing on VEGAK-stimulated intracellularsignalling in
endothelial cells.A) HUVECs were subjected to RNAI (see Materials and Methods) and
the control Rab4a or Rablladepleted HUVECs were then stimulated with VEGF
followed by quantitative immunoblotting foB] VEGFR2pY1175, C) phosphorylged

Akt (p-Akt S473), D) phosphorylated MAPK (p42/44 MAPK orpRK1/2 T202/Y204)

and E) phosphorylated eNOS 4NOS S1179)The datashown are derived fromthe
analysis of three or more independent experiments. Error bars denote witbMsterisks
indicating significanc€*, p < 0.05).
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3.4.Rab GTPas&egulationof Intracellular SignallingCell Migration, Proliferation
andTubulogenesis

To test if altered Radependent VEGFR2 recycling influences VEGHResponses, wanalysed
endothelial cell migration in Rab4a or Rabdepleted endothelial cell&igure7A). Endothelial cells
subjected to Rab4a knockdown showed ~20% reduction in cell migration in MESEpplemented
minimal medium compared to complete mediufiggre 7A). In cells subjected to Rablla knockdown,
cell migration was reduced ~20% in complete media and reduced ~40% in-AEGplemented
minimal media Figure7A). To assess such effects for another physiological respaundeas VEGF
A-stimulated cell proliferatio, endothelial cells subjected to Rab4a knockdown showed raetinige
fold increase in cell proliferation relative to controkigure 7B). In contrast, Rablldepleted
endothelial cells did not show altered cell proliferatiéing@re 7B). In the absencef VEGFA or
adequate medium for $@62 h, there is pronounced endothelial necrosis/apoptosis that is further
accentuated by siRNA treatments. To control for this aspect, we used comparisons with scrambled
siRNA controls (control siRNA) and other Rapecfic sSiRNAs as described here.
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Next, we used an organotypic endothelibioblast ceculture assay to recapitulate the endothelial
tube formation characteristic of VEGAstimulated angiogenesis. Wanalysed endothelial
tubulogenesis in Rab4a or Rabiddedeted endothelial cells subjected to sustained VEAGFeatment
for sevendays Figure7C). Endothelial cells showed ~50% reduction in the incidence of branch points
in tubular networks upon depletion of either Rab4a or Rablla GTHagere(7C and D).
Interestingly, VEGFA-stimulated endothelial tubule length was only reduced by ~10%
in Rab4adepletedcells; whilst there wasa ~30% decrease in tubule length in Rabiigpleted cells
(Figure 7E). These findings suggested key differences in the mechanidRalmfGTPase action on
VEGFR2 recycling linked to lorgerm cellular responses.

Figure 7. Rabmediated regulation of endothelial cell migration, proliferation iandtro
angiogenesis. HUVECs were subjected to RNAI (see Materials and Methodsheand
contrd; Rab4a or Rablladepleted HUVECs were theamalysedfor (A) cell migration
using a Transwell assay in complete media, VEEG&upplemented minimal media or in
minimal media alone(B) endothelial cell proliferation using Bxbromo2-deoxyuridine
(BrdU)-modified nucleotide DNANcorporation ELISA or €) endothelial tubule formation
(tubulogenesis) using an organotyer@othelialfibroblast ceculture assay. RNAactivated
HUVECSs were trypsinized and plated on a bed of confluent human fibroblasts ameldallo
to grow in the presence of excess VEGHor sevendays before endothelial tubules
became visible. Gaultures were fixed, stained with aECAM-1 (CD31) antibody and
HRP-conjugated secondary antibody followed by processing for light microscopy.
Endadhelial tubules were theanalysedfor (D) the number of branch points an#&)(the
total tubule length after tubulogenesis usintage Jsoftware. Error bars denote iSEM;
* p<0.05**,p<0.01
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Figure 7. Cont.
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To address whether Rab4a and Rabht#vity is important for blood vessel growth and
angiogenesisn vivo, morpholinemediated knockdown of these Rab GTPases carried out in
transgenid-lil-GFP zebrafish embrygsvhere GFP expression is restricted to vascular endothelium in
the developig embryo[20,35. Control scrambled, Rab4ar Rabllsspecific morpholino antisense
oligonucleotides were used to target Rab4a or Rablla gene exprasdioascudr developmentvas
analysedFigure8).

Figure 8. Rab4a regulates vascular development in transgenic zebrafish. Fluorescence
microscopy on representativéd\)( control, 8) Rab4adepleted or €) Rablladepleted
zebrafish transgenic lines (morphants) expressing Flil:EGFP. Arrows in panel B denote
defects inblood vessel formation in Rab4kepleted animals(D) Immunoblotting of
control, Rab4aor Rablleadepleted transgenic zebrafigktracts.



