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cell migration are identified. This must be a complete senteacel

[Onesentence summafiFhe signaling proteins and pathways involved in lymphatic endothelial comment [WW1]: WW to authors:
camotbea phrase.

Editor's summary:

Moving lymphatic endothelial cells about

Lymphatic vessels return fluid and immune célsn peripheratissues back to the circulation.
The growth of new lymphatic vessels and their remodeling areatrftr clearing infection and
for metastasis of many cancer subtypes. Willitra. comparedhe results of their functional
siRNA screens withpreviousy published mRNA datasets to identify genes that regulated
lymphatic endothelial cell migration, a process critical for lyatjh vessel growth and
remodeling, and genes that functioned in both lymphatic and blood elmlotiedi migration.
One of the torandidates to emerge from these analyses, the ghindimg protein Galectid,
not only promoted lymphatic vessel growth, but was also important &amtaming lymphatic
endothelial cellidentity. Further analyses of the authors’ results may revegbhwtic vessel
associategbroteins that could be targeted to prevent edema, improve infection @sicomimit
metastasis.

Genomewide functional analysis reveals centrakignaling regulators of
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StevenP. Williams™*®% Adam F. Odel™** Tara Karnezis>", Rae H. Farnsworth
Cathryn M. Gould, JasonLi*®, Sophie Paquegifield™*", Nicole C. Harri$®®", Anne
Walter'®, Julia L. Gregorf, Sara F. Lamont?!, Ruofei Liu"®>, Elena A. Takand
Cameron J. Nowetl?, Neil I. Bower®, Daniel Resnick’, Gordon K. Smyth®, Leigh
Coultas™® Benjamin M.Hogart®, Stephen B. FdX, ScottN. Mueller'®, Kaylene J.

SimpsoR®, Marc G. Achel® and Steven A. StacKer®

TEqual first authors

Tumour Angiogenesiand Microenvironmen®rogram,
%Victorian Centre for Functional Genomics,
*Department of Pathology,

“Bioinformatics Core



Peter MacCallum Cancer CentMelbourne, Victoria 3000, Australia

*Sir Peter MacCallum Department of Oncology,

®Departmenbf Surgery, Royal Melbourne Hospital,

"Departmenbf Medical Biology,

8Department of Mathematics and Statistics

University of Melbourne, Parkville, Victoria 3010, Australia.

°Ludwig Institute for Cancer Research, Royal Melbourne Hospital, fetkvictoria
3050, Australia.

%Department of Microbiology and Immunology, The University of Melbourhéhea
Peter Doherty Institute for Infection and Immunity, Melbourne 3000, Australia
Ypepartmenbf Biochemistry andenetics, La Trobe Institute fdfolecular Sciences,
La Trobe University, Bundoora, Victoria 3086, Australia.

2Centre for Dynamic Imaging, Systems Biology and Personalised Medituision,
3Bioinformatics Division,

“Development and Cancer Division,

TheWalter and Eliza Hallnstitute of Medical Research, Parkville, Victoria 3052,
Australia.

*Division of Genomics of Development and Disease, Institute for Molecular iBiuss;

The University of Queensland, Brisbane, Queensland 4072, Australia

“Current address: Candeunctioral GenomicsWellcome Trust Sanger Institute,
Wellcome Trust Genome Campus, Hinxton, CB10 18K,

*Current address: Faculty of Medicine and Health, University of Léegsls, LS9 7TF,



UK.

"Current address: O'Brian Institute of Microsurgery, DepartmeBt &fincent’s Institute
of Medical Research, Fitzroy, Victoria 3065, Australia.

*Current address: Department of Pathology, University of Melbourne, Rarkictoria
3010, Australia.

§Correspondence should be addressed to: Steven A. Stacker;

email: steven.stacker@petermac.opfpone: +61-38559710€eter MacCallum Cancer

Centre, 305 Grattan Street, Melbourne Victoria 3000, Australia

Abstract

Lymphatic vesselsonstitute apecialzed vasculature thé involved in development,
cancer, obesity and immune regulation. The migration of lymphatic endottedigal
(LECs)is critical for vessel growthymphangiogenesis) and vessel remodelling,
processes that modify the lymphatic network in response to develtgroen
pathological demandslsing thepublicly accessibleesults of ougenomewide siRNA
screenwe characterizethe migratomeof primaryhuman LEG and identifiedndividual
genes and signaling pathways tregulatel EC migration.We compareaur dataset

with mRNA differentialexpression data from endothelial and stromal cells derived from
two in vivo modek of lymphatic vessel remodelingral infection and contact
hypersensitivity-inducedhflammation which identified genes selectively involved in
regulatingLEC migration and remodeling/Ve also characterized the top candidates in
the LEC migratomén primary blood vascular endothelial cettsidentify genes with

functions common to lymphatic and blood vascular endotheBased on these
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analysesweshowed that GALSL, which encodeshe glycanbinding proteinGalectin-1,
promotedymphatic vasculagrowthin vitro and in vivo and contributed toaintenance
of thelymphatic endothelighhenotype. Our results provide insight itiie signaling

networks that control lymphangiogenesis and lymphatic remagatidpotentially

identify therapeutidargets and biomarkers in disease specific to lymphatic or blood Comment [WW2]: WW to authors: Hau
to remove “resource” for administrative
purposes.

vessels.

Introduction

The lymphatic vasculature is a unidirectional system of vesstiseggential roles in
normal and pathological physiology. The endothelial ¢&Gs)lining lymphaticvessels
regulate many of these functions, including fluid resorption, secretion @imsaonto
lymph fluid (1), and interaction with immune cel{8). Sprouting growth
(lymphangiogenesis) anmémodellingof lymphatic vessels are essendatingboth
embryonic developmenf the differentiated lymphatic vasculature ancdult
pathological contexts such as wound healing, inflammation, immune resomtse
cancer(3, 4). During immune responses, growth aacthodellingof lymphatics at the
primary site and its drainingmph nodg(LN) enhance trafficking of dendritic cells, with
implications for generating effective antigepecific immune responsé€3 3). In cancer,
however, increased lymphatic vessel densitiuimoursis correlated with disease
progression and decreased surviv/ indicating that expansion of thgmphatic
vasculature enables metastatic spread of tumour cells to the giaisrand potentially
to distant organél, 5, 6). The sprouting growtlremodelling and early developmental

separation and differentiation of lymphatics, all require coordinatedatiagrof



lymphatic endothelial cells (LEC$7, 8).

Cell migration requires the complex coordination of multiple individuate@sss within
and between cell®(10), including extension and depolymerisation of actin- and tubulin-
compriseccytoskeléal structures, formation and vesicular recycling of adhesion
complexes, and regulatory signal transduction in resporgédmgstimuli. Tobetter
understand the complesignallingnetworks regulating cell migration, anddiscover
previously unidentied components, several groups have conducted RNA interference
screens in various cell types using the scratobndassay of collective cell migration
(11-15). Whilst these studies have successfully identified genesigndllingnetworks
that regulate cell migratiom vitro, the findingsare not often validateid diverse
experimental systemandtherelevancef thesefindingsto human diseads rarely
directly explored. Although variousignallingpathways have been identified as key
drivers ofLEC migration through various experimental systeimsluding thevascular
endothelial growth factaiVEGF) pathway involvingVEGFC, VEGFD, VEGFR3 and
Neuropilin2 (NRP2 (8, 16-19), the broader lymphatic endothelial “migratome” remains
unmappedand represents an untapped pool oéptidl therapeutic targets for controlling
lymphangiogenesis.

Here we describe an unbiased siRNA functional screening approach aimed at
understandinghe LEC migratome. As well as successfully identifying genaishtave
already been linked to cell migrati or vasculadevelopment, the screen also identified
genes not previously associated with cell migration or lymphatic biokmgyckdown of
the validated gene set in blood vascular endothelial cells (BH&gjfied subsets of

genes that had either common or distinct roles in E&type. Comparison with



microarray datalerived fromtwo in vivo modek of lymphatic growth and remodelling
confirmed the biological relevance of several of these gameshe screen globally
Futhermore a particular candidalt&ALSL (encodingGalectin-1; Gatl), playeda role in
regulating lymphangiogenesis and LEC phenatyiiiés studyprovides insight intdhe
signallingnetworks that control the migration of both lymphatic and blood vasgalgr

and has identified a poof potential new therapeutic targets

Results

A genomewide siRNA screen identifies high confidence genes requiredfi6€
migration.

To identify genes anslignallingpathways that regulate migrationldECswe have
conductedh genomewide siRNA functimal screerinvolving 18,120 SMARTpools
targeting proteircoding genesising primary human dermal microvascular neonatal
lymphatic endothelial cells (HDLES} fig. S1, A to C; Data FileS1).We have published
a technical description of this screen and depofiitedatasets in publicly accessible
databaseg0). Using highthroughputcell culturerobotics,microscopy and image
analysisthis screemmeasureshe migration of siRNAransfected HDLECS into a scratch
wound created in the cell monolayéb) (Fig. 1A; fig. S1,D to G;S2,A to F; S3).
Genes that impaicell proliferation and viability rather than migratiare identified using
nuclear countingand 438 genedassified asLow Cell Count arethus excluded from
further analysisn themigrationscrees (Fig. 1B). This list include FLT4, encoding
VEGFRS3, which is central for LEC growth and survivad,well as several genes

encodingother growth factor receptors and key downstream signalling kisasbsas
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PI3K.

Quantification of the wound area covered by migrating cells after 24 lffurS2, E and
F) relative to mockransfected controlgrovidesan index of cell migration capig,
which isthen normalized to generate z scdi@ly. A threshold of |[robustgcorg>2 (a
robust z score >2 or <—2, representing the top and bottom 2.3% of scores) is used to
identify biologically and statistically relevant candidate gefoe further rounds of
screening(20). Consequently a total of 650 genes have lotgssifed with regard to
siRNA-mediated migration outcome ‘dmpaired” (robust zscore<-2), and 385 as
“Accelerated”(robustz score>2; Fig.1B).

To technically validate the results of themaryscreen 500 candidate geresre been
analygdin a secondary screémwhichthe four component siRNAs of the SMARTpools
areassayed individuallg20). The list comprisge 401 ‘Impaired and 99“Accelerated”
candidates, curated accordinghighestrobustz scoresgreaterexpression in lymphatic
than inblood endothelium, and protepretein interactions witthe products obther
candidate gene3he greater representation“thpaired” compared tdAccelerated”
candidateseflectedthe higherrepresentation dhe“Impaired” phenotype in the primary
screen, and our focus on identifying positive regulators of HDLEC migration
(knockdown of which would generate ‘dmpaired” phenotype).The secondary screen
has validated 54 genes withmediumto highconfidencgwith 2-4 duplexes reproducing
the primary seen phenotypeData FileS2). All of these candidatespair cell
migration when knocked dowFRor afurther 5*Accelerated”and 117 Impaired’
candidates from the primary screen, the original phenotype was reproduced

unambiguously bynly 1 of the 4 individual siRNAs(ata File S2); thse genes were



considered to be validated with low confidence. The higher rate of vahidati
“Impaired” than“Accelerated”phenotypesighlightedthe selectivity of our assaystem
for identifying positive regulats of HDLEC migration, buthay also indicate that
relatively more genes expressed in HDLECSs function to promotedhrasttict

migration.

To determine the biologica¢levanceof the genes identified in the first two stages of the
SiRNA screen, we subsequently assessed the data at multiple deidelstify important
genes angignallingnetworks(Fig. 1C) At the most stringent level, the 154 genes
validated in the secondary screethe“highly-validated migration candidates were
carried forward int@ tertiary screen to assess their effects on cell morphology and in
blood vascular ECs, as well as more detdiledtional cell biological analyses. The
1035 genes with [robtuz scorg>2 in the primary screenthe “migration candidatés-
provided a broader analysisgi§nallingpathway and gene ontology (GO) enrichment.
Finally, the"expanded migration candidatgéne set, including all genes from the
primary screen withr¢bust zscorg>1.6449 (epresenting the top 5% andttoon 5% of

robust z scorgswas used for comparison to independentivo-derived datasets.

Candidate migration genes in lymphatic endothelitame associated witkEC biology,
migration and keysignalling networks.

Signallingpathway enrichment analysis of thmigration candida®’ (Jrobust zscorég
>2) showed that these were significantly exegrresenteth pathways related to
cytoskeleton remodelling and developméddai@a FileS3). Analysis bgene ontology

(GO) processes also revealed eragresentation ajenes assigned to terms such as



“regulation of endothelial cell migration” and “regulation of positive chemotaxs”
well as terms broadly associated with phosphorylatiorsahlling(Data FileS4). The
range of impaired migration phenotypes indeed suggested that multipterdicell
processes had been perturbig. S1G.

We groupedhe*“highly-validated migration candidate gendsto functional categories
based on GO terms and previous studies describing their known or proposedirele
cell usingthe MetacoredatabaséFig. 2). Mapping to GO processes showed thahyof
thesel54 candidates were linked to specifically reletgermssuch aslocomotion”
(~23%of the candidatgs“response to wounding” (~28), “cell migration” (~17%) and
“vasculature developmen{~15%) (Data FileS5. Enrichment analysis algevealed
statisticaly significantoverrepreserdtionin pathways linked to cytoskeleton
remodelling cell adhesion andEGF-drivensignallingcascadesig. S4,Data FileS6).
Ten“highly-validated HDLEC migration genes had been previously associated with
canonical aspects of cytoskelatainodelling or migration pathwayaKT3, GNAS

IL1B, JUN, LIMK1, PDGFRB, PLCG1, MYL7, CALM2 andCDC42; Data FileS6).
Developmental signallingathwayswere also overepresentedncludingsignalling
cascades downstream of FGF and PDGF receptargrowth hormone and
erythropoietin EPO)signallingpathways, which have been previously reported to be
important for lymphatic vessel grow(#2, 23). The receptor tyrosine kinase PDGFR
and the growth factor ANGPT2 have also been defined as regulators of
lymphangiogenesi@4, 25), thus further emphasizing the ability of the screen to identify
biologically relevangenes.

Other signallingpathways overepresenteth the“highly-validated gene set included



those connected to directed migration of neuronal sprouts (axon guidamd¢he
immune response, reflecting the interconnectedness of lymphatic rdingpeat
immunity (Data FileS6). Components of inositol phosphate and glycerophospholipid
metabolism pathways weedsoenriched (Fig2 and fg. S4), supporting the importance

of these molecules isignallingpathways leading to cell migrati¢g6).

Morphology analysis gives insight into function dfighly-validatedgenes in cell
migration.

The process of cell migration affects cell morphology due to dynamiodeliimg of the
cytoskeleton and regulation of csllibstrate adhesida0, 14). To gain further insight
into thespecific subcellular functions of the 154ighly-validated migration candidate
genes, images othe respective siRNAransfectectellshave beemnalysedn a tertiary
screernto assessariouscellular and cytoskeletal parametdrgludingareaand other
dimensional measuremerindicative of cellsubstrate adhesion and spreading),
shape (reflecting spreadinglateral polarisation)average actin intensitydflecting
overall abundance of filamentous actin) and actin texture (variaipilintensity,
reflecting discrete actin structurgglg. 3, A andB) (20). Distinct morphological
changes isiRNA-transfectedHDLECswere visibly evident inmages of the cell
monolayers 24 h post-woundinig. 3C, fig. S5A).Hierarchical clustering of the
normalizedmorphology parametetataset hasidentified six clusters ojenespecific
siRNA SMARTpools that induce similar morphological phenotypes (Fig. 3, B anig)D; f
S5AandB; Data FileS2).

Silencing of genes in cluster 1 did not significantly alter HDLR@phology compared
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to mock transfected cells, suggesting that proteins such as PIK4Al#E Mig. 3D;
Data File S2regulate HDLEC migration in ways that do not influence morpholagy. |
contrast, knockdown of genes suchlagB, MICAL2, GPR84 andLGALSL in cluster 2
led to cells that were more elongated, and had increased and uniforrstaicting (Fig.
2, B to D Data File S Galectin1 (encoded by GALSL) disturks the integrity of the
cortical cytoskeletonirfvolving a decrease ME-cadherinmediateccell-cell junctions)
and promotestresdibre formation in HUVECdy bindingto NRP1at the cell
membranandactivatingdownstreanRho kinasesignalling(27). A similar mechanism
in HDLECs may explain the diffuse actin staining pattern typickhotkdown of genes
in this cluster. Cluster 2 also includBidDXC5, which encodes @anscription factor,
PLCG1 andBTK (Fig. 3B to D; Fig. S5A,Data FileS2) BTK and PLCy2 regulate
chemokinecontrolled, integrinmediated migration in Bymphocytes 28, 29), which
likely involvesthe ability of BTK to promote actin nucleation and polymerizat®f). (
The inhibition of this pathway in our HDLEC screen may thus be resporiaititee
observed migration and morphology phenotypes. Notably, knockdown of gerestén ¢
2 also resulted in significantly more impaired migration comparé&ddokdown of thos
in cluster 1 which did not altemorphology, thus highlighting the connection between
cell morphology and migratiorfig. S5Q.

Targeting of genes in cluster 6 led to cells that were more etmhdaut also larger in
area than control cells. This phenotype was characteristic of SEARTpools
targetingCDC42 and thegene encoding th@ownstream kinaselMK1 (Fig. 3, B andD;
fig. S5A). Similarly, silencing of genes in cluster 3 sucd&PT2 andEPOR led to

larger cells with low average acstaining (Fig 3, B andD; fig. S54). ANGPT2
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regulateslevelopmental lymphatic migration aremodelling(25, 31), andtriggers
stresdibre formation at the expense of cell junction integrity in BEC®y activating
integrinp1 (32). EPOR(EPOreceptor)aninducelymphangiogenesis when activated by
EPO(23) or potentially through transactivation by VEGFR&tivated VEGFR2sis

shown in blood vascular endotheliyB8). Other genes that clustered with this
phenotype included carbohydrate sulfotransferaSEST(5, CHSTS8), cytoskeleton
interacting proteinsHLCN, MYL7, andTUBA1B), and several uncharacterized genes not
previously known to regulate cell morpholog@326rf28, C7orf55, C170rf59, C11orf63).
Knockdown of genes in cluster Wiich includedSETD2 andKANSL1), increased cell
areabut did not affect actin intensity or distributi¢ffig. 3B andD; fig. S5A). SETD2 is

a histone H3 lysine 36 methyltransferase that has been implicaedadellingof the
embryonic vasculaturg4). KANSL1 is also a component of a histone acetyl transferase
complex(35), suggesting that these factors may control the expression of &ujfeses
involved in regulatind=C size and migration. Lastlknockdown of genes in cluster 4
such asIPST2, RTKN andJUN led to elongated cells, with lower intensity actin staining
but higher textureéifference of actin stainingpotentially indicating stress fibre formation
(Fig. 3BandD; fig, S5A). TPST2 encodes a tyrosylprotein sulfotransferase that is
activated inECsunder shear stress conditioB8)( while RTKN regulates actin
remodellingpathwaysy inhibiting theGTPase activity oRho family proteins37). JUN
encodes thAP-1 transcription factor subunitdin, which is annotated to multiple
signaling mthway and processes related to cell migration (Data Files S3 arfebE6)
examplejt promotes sheet migration of epithelial céisoughinducing transcription of

pro-migratory factors such as EGB8].

-12 -



Screening ofBEC migration reveals common regulators of EC migration and
identifies distinctmigration machineryin LECs.

To understand the conservation of functional pathways between diffeCappes the
“highly-validated migration candidatefiave been reassessed tertiarysiRNA screen
for migration effects in both human microvascular blood endothelisl ¢géMBECs) and
HDLECs(Fig. 4A) (20). To minimisedifferences due to vesselibreor anatomical
location, HMBECSs isolated from neonate deranis usedo match the source die
HDLECs. HMBECslackedthe LEC molecular markePROX1,Podoplanirand LYVE1
but producednorevon Willebrand factor {§. S6A compardo fig. S1, Band G (39).
The migration of primary HMBEC# the scratch wound asseaas faster than HDLECs,
such that the wound was 50% closed after 1égh $6B).

The smilarity of thesiRNA targetspecific phenotypelsetween the two cell types was
high, despite the difference in wound closure dynamics. Using a cut<c658b of
mocktransfected cell migration, 111 of the 154 siRNA pools hasaltedn impaired
migration in at least one cell tygEig. 4A). The comparison demanated that while a
substantiaportion (61.3%)of the gene candidates derived from the genwmke-
HDLEC migration screen also affected HMBEC migration, a sutmgtelitype
specific effects (Fig4, AandB; Fig. S7 A to C). Analysis of the HMBEC migration
screen resultallowed grouping of candidate genes into"6®mmonEC’ migration
genes important for the migration of b&R types 23 “BEC dominantheneswith a
greater effect othe migration oHMBECSs, and 20 EEC daminant geneswith a greater

effect onHDLECs (Fig. 4, A and CData FileS2.
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The morphologcal attributes of theiRNA-transfected HMBECS largely resemblbdse
of theHDLECSs (Fig 4D, compare to Fig3B). Thisresultnot only confirmed the
robustness of the morphological changes observed, but further emphasizedtioadl
importance of these genes for both cell types. The clustering of gethesimilar
morphological phenotypes suggested possible suenectedignalling pathways
controlling specific aspects of cytoskeletmodellingand cell migration. However,
there were also some differences between the morphologies causee Isyieyezing in
HMBECs and HDLEG (Fig. 4, Cto E fig. S7, A to C). Br examplesilencing ofSGK3
in HMBECs caused an increase in cell size and elongation that was not seen in IDLEC
(fig. S7, A and Cand inhibitedmigration more strongly than in HDLE@Sig. 40).
Silencing of CDC42 in HMBECs did not result in a decreased shape fagtamely
elongationfig. S7, Bto C). Thisfinding supporédthe increased impairment of
migration byCDC42 silencing in HDLECsompared t(HMBECs Fig. 4, B andC; Data
File S2), emphasizing the differential function of this protein in the differghtypes.
Assessment of lymphatic (CEACAY, identified by microarray analysis as HDLEC
enriched) and blood (CD14E&C markerabundance after depletion@DC42 or LIMK1
confirms the linkagef these differential effects to each distinct cell linedge §7D.
LPL siRNA alsoled to impaired migration and elongated morpholfrgduced shape
factor)in HDLECsbut not inHMBECs (Fig 4, Cto E). Lipoprotein lipase (LPL) is
important for thenydrolysisof lipoproteins(for example lowdensity lipoproteinjo fatty
acids, andheir uptakeinto cells(40). This celttype specific effect may reflect the
important role that the lymphatics playahsorption ofatty acids from the gutand a

role for LPL in LEC migration couldelate to the assi@tion between lymphatic function
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andfat deposition1). Knockdown ofLPL inhibits migration of glioma cell§41), an

effect that may relate to its interaction with heparan sulfateqgbicans that are closely
linked with components of the actin cytoskeletd?) ( Furthermore exogenol$L
regulates inflammatory rpenses in aortic ECs, suppressing tiNikduced gene

expression by activation ®£Bo whilst enhancing IFN-induced gene expressiofs].

Identification of genes involved in LEC migration enables constrioct of a migration
signalling network

To better understand the molecular mechanisms required for EQionigvee utilized a
proteinprotein interaction database (Metacore) to masigpeallingpathways of the
genes identified in our screen. Construction sigaallingnetwork using bothCommon
EC’ migration genes ah“LEC dominant’genesdemonstrated that mamy these
proteinswereclosely connected (Fig)Sndeed, some of these molecules werg
nodes of the EC migratome netwoskich as?LCG1, JUNandPDGFRB).The network
also revealed connections with variqusteins associated with predominamigration
phenotypes in HDLECsThese include€DC42, PPP1CA and BT,Kvhichwere
identified as LEC nodaignallingpoints,suggeshg that they may play central roles in
coordinating migratiosignallingin LECs. The network also provided insight intoiant
migratorysignallingpathways. While much of the positisgnalling(Fig. 5, green lines)
converged on PLCG1, CDC42 and PPP1CA, inhibitory signals (Figd3ines) passed
through GSKS3B. Indeed, this is consistent with the role of GSK3B ashéoitor of key

cellular functions such as protein translation and moiii4y.
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Candidate genes identified by siRNA screening overlap significantly wihes
differentially expressed during lymphati@modellingin vivo.

We next sought to validate that our functional in vitro siRNA screendeadiiied genes
that were also relevant in pathological lymphangiogenesis in vivo. TertHigve
compared the primary siRNA screessultsto a list of geneshat aredifferentially
expressed in remodelling lymphatic endothelium fronmarivo model of viral infection
(45). Sprouting growth and remodelling of both lymphatic and blood vasculaoretw
in LNs downstream of an infection site is integral to supporting tefeeonmune
regponsesyd, 45). LECs, BECs and fibroblastic reticular cells (FR@sfreshly isolated
from LNs six days after cutaneous infection with Herpes Simplex Virus (HSWd1 a
their expression profiless determined by microarray analysis comp#oddose of
equivalent cell populations from uninfected (day 0) cont48$. (e further applied a
fold-changehreshold(day 6compared talay 0) of > |1.8| to enrich for genes whose
MRNA abundance had changed to a degree that veaigigest functional biological
consequencd he“expanded migration candidatest from the siRNA screen (Jrobust z
score|> 1.6449 was selected for comparistmthe microarray resultsRNA targets
with arobustz score 0fL.6449 in the primary screen had migration scores approximating
145% of the mediarf* Accelerated”) whilst arobustz score of1.6449corresponded to
migration scores of ~5% of the mediarnf“Impaired). Genes clasBed as“Low Cell
Count” were excluded as previously to focus the analysis on genesddvnlmigration.
This expanded list was generategbotentially enable retrieval of candidates for which
the conditions of the in vitro assay did not capture maximal functionaiiment, and to

accommodatdifferences in species, timeframe, stimulation factor and output
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measurement between the two experimental systems.

Five days after infection, all cedubpopulations in theN hadexpandedand lymphatic
growth andemodellingwereevident (Fig 6A) (45). Thelist of genes differenti}-
expressed ihN LECs at day 6 (both increased and decreased in day 6 compared to day 0
LNs) wastested for size and significance of overlap wviita“expanded migration
candidaté list from our migration screemsing simulated null distributions (Fi§B) and
hypergeometric distributions. Ehanalysigevealeda statistically significant overlap of
133genecommon tahe siRNA screen andN microarrayresults(Fig. 6, Band C;D,

row labelled LEC total'; Data FileS7). These includedeveal genesalidatedin the
secondary and tertiary siRNA screens, includi®pLSL, COPB2, andANGPT2. The
statistical significance of this overlap was supported by the gmmservative estimates
given by hypergeometric analygisig. 6D). A similar analysis of gersecommonly
differentially regulated in bothN LECs and BECs showeds@nificantoverlap of 20
genegqFig. 6D, “EC-common totdl; Data File SY.

To better determine thability of the siRNA screeto identify geneselectivelyinvolved

in LEC migration, the microarray data was filtered to create ¢ifgenes selectively
differentially-expressed ihECs, BECs and FRCsGenes were designated as “selective”
for a given cell typer types (with reference to the day 6 timepoint ahe three cell

types analysedj they were significantly differentialhlexpressedver the 1.&old
threshold only in that cell typar types whilst being unchanged differentially-
expressedh the opposite directiom the other cell typed.ists of EC-slective
differentially-expressed genethfsedifferentially-expressed in both BECs and LECs but

not FRCs); and genes differentially expressed in all cell types (F)jgvéi2 derived
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according to the same criteriBhe LEGselectivedifferentially-expressed gene list
overlapped significantly with thteexpanded migration candidatbst, revealingd0 genes
that were identified above the respective thresholds in both exmesiftég. 6D andE;
Data FileS7). This included‘highly-validated genes such &POR, SMURF2 and
USP25, mapped within the LE@igration signalling networkFig. 5), andMICAL2, a
lessextensivelycharacterised gen€omparison of the siRNA screen results to EC-
selectivedifferentially-expressed genes also revealesthdistically significanbverlap
(Fig. 6D and E). In contrast, overlap with BEglectivegene lists and genes commonly
regulated in all cell types was not statistically signifiqéing. 6D).

As additional validation, we used the same method to compaexpla@ded migration
candidate list to an independent publielyailable microarray dataset derived from
mouseeardermal LECs in a model of contact hypersensitif@iiS; 46). In this model,
mice arefirst sensitised to oxazolone, then a Cfd8layedtype hypersensitivity)
reactionis induced by topical application of oxazolone to the e@lss treatmentesults
in expansion and remodelling of the lymphatic network at the site of thadec
oxazolonechallengebeginning within24 hours(47). The list ofgenes that were
differentially-expressed i€HS-activatedcompared tanstimulated.ECs 24 hours post-
challenge also overlapg significantly with our expanded migration candidate Fgj (
6F; Data FileS8). 111b mRNA was highly increased in expression in CHi&ived LECs,
and its human ortholog was an EC common migratardidatgFig. 5; Data File S8
IL1B is an inflammatory cytokingvhich inducesell-surface presentation of leukocyte
adhesion molecules and impaired barrier fundmobECs (48, 49). Furthermore IL1B

may indirectly promote lymphangiogenesisibgreasingautocrine or paracrine
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production ofVEGFCor VEGFA, and VEGFR2 in endotheliuns@, 51). Overall, trese
analyss furthervalidate the biological relevance of the siRNA scriegiillustratingits
selective ability to identify genes with enriched importance in L EBad confirmingthat
these genes are implicatley other methodm pathologicalymphaticremodellingin

vivo, both in dermal settings afma other relevant tissues.

In vitro andin vivo assays of lymphangiogenesis and lymphatic remodelidentify
Galectin-1 as aregulator of LEC function and phenotype

We nextsoughtto confirm the role of ourHighly-validated migration candidates in
LEC migration remodellingand lymphangiogenesisGALSL andMICAL2 (microtubule
associated monoxygenase, calponin and LIM domain containingr)also identified
in the LN remodelling microarray analysis, and exhibited the hidgbkksthange in
expression in LECs (with the exception of the vaflaracterisedNGPT2). MICAL?2
served as a representative candidate thatsetectively differentialhexpressed in LECs
in the LN microarray analysis, wherdaSALSL was the onlyhighly-validated gene
differentially-expressed in bothN EC types(Data File S7)

Galectins are a family of widelgistributed secretedjlycanbinding proteins with roles
in regulating celcell adhesion and signallirig diverse biological processes, including
angiogenesis and immune cell traffickirk®), Western blot analysis showed abundant
Gal1 proteinin HDLECs,comparable tits abundancen HMBECs (Fig. 7A). Silencing
of LGALSL efficiently reducedsal1 protein in HOLECs (Fig. 7, B and C), and
significanty impaired HDLEC migration in the scratch wound asstg.(S8A),

recapitulatinghe migration phenotype observed in the sceearther, silencing of
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LGALSL in acollagenoverlay tube formation assay demonstrated @l wasalso
required for proper HDLEC tubutemodelling(Fig. 7D, fig. S8B). LGALSL knockdown
led to significantly reduced tubule area and thickness, and qualitaitive to establish a
network. In an alternative tubule formation as$aat1 knockdown also reduced average
tubule length, size, total junctions and total tubule lep§tHDLECs cocultured with
fibroblasts(Fig. 7 Eto G and fg. S8C). Similarly knockdown of MICAL2, but not the
relatedMICAL1 (fig. SIC), impaired LECscratch wound healindig. S9, A, B andF)
andtubule formation (fig. S9 o E and G to H)without affecting monolayer integrity
or panendothelial identityas determined by ViEadherin at intercellular junctiorfgg.
S9F) These findings areonsistent witttheroles of MICAL family proteins in migration
and morphogenesis through depolymerisation of a8 Together, these results
provide further evidencthatboth MICAL2 andGat1 promoteLEC migration and
vessel assembly.

An importantaim of this study was to identify potential targets for therapeatitral of
pathological lymphangiogenesis and lymphatic remodel@at.l mediats resistance to
VEGFA-targeted antangiogenic cancer therapies, related tpitsnotionof BEC
migrationby potentiating EGFA signaling througtNRP1andVEGFR2(54, 55). It also
regulates celtell and celimatrix interactions more broadly, and hence is furthermore
implicated incancer mtastasisand immunecell trafficking (52, 56). Indeed, targeting of
Gal1 using inhibitory antibodies or the Gakirectedinhibitory peptide Anginex can
reduceVEGFA-dependenangiogenesis and tumour growés well as altering
recruitment of certain leukocyte subs@&s, 57, 58). Thus targetingGal1 in cancer

could potentially restrict multiple aspects of tumour progresgatuding
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lymphangiogenesis whidl associated witinetastasisand angiogenesis that promotes
tumour growth As further evidence for its role in pathological lymphangiogenesis,
Lgalsl mRNA is increasedip to 5fold (unlike Mical2 mRNA, which was decreasei)
LECs from inflamedcomparedo normal ears in the indepesist CHS microarray dataset
(unadjuste@ value = 0.023) (46).

To validate whetheGal1 also regulated lymphatic vessemodellingin vivo, we
injected mouse ear skin wial-1 protein. Ears injected witBall exhibited both a
significantly increased lymphatic vessel density and a 30% increasssel width
compared to control (FigZH). This increase was abrogatedtbgaddition of theGal-1-
inhibitory peptide Anginex (Fig7H). In confirmation, am vitro assay of
lymphangiogenic sprouting froexplants othoracic duc{the major lymphatic trunk)
revealed enhancement of lymphangiogenic sprouting by exog&addgroteinand
inhibition of VEGFA-induced lymphangiogenesis by Anginéig(S8, D and [ Gall
alsopromoted an increase €D146positiveblood vessel densitin our mousesar skin
model(fig. S10A; Fig. 7H). In anaortic ring explant assajnginexinhibited VEGFA-
induced angiogeni(BEC) sprouting, although promotion eproutingby Gat1 did not
reachstatistical significanc€fig. S10, BandC). Overall, aur datasuggesthat targeting
Gal1l may also be effective at inhibitingmourassociated lymphangiogenesis or
lymphaticremodelling

In humanLN tissue immunohistochemistrghowed thaGal1 was localized to the
endothelium of lymphatic vessels as defined bgtiring withPodoplanin(Fig. 71).
This distributionpattern also validatkthe detection olLgalsl mMRNA by microarrayin

the PodoplaniiCD31" LECs isolatedrom mouse_Ns, as well as ipurified LN BECs
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and FRCqData FileS7). Furthermore, bioinformatic dateining of the Oncomine™
database revealedsignificant increase IbGALSL mRNA expressiorn tumourstroma
from patients with invasive breast canceag(FJ). Collectively our data point to a role
for Gall in promoting lymgangiogenesis and lymphatiemodelling with potential
clinical implications.

Based orthe potentiatiorof VEGFR2 signallingby Gal1 in BECs(55, 59), we next
examined whethdgBal1 depletion influenced HDLEC responsed/t6GFA. Compared
to controttransfected LEC4IDLECSs transfected withGALSL siRNA exhibited
enhanced VEGFR2 phosphorylatiatiryr''’® (required for downstream MAPK
signalling(60)) when stimulated witWEGFA, along withsignificant inceases in
phosphorylated ERKandAKT (Fig. 8, A and B. Phosphorylation of 18 family kinases
after VEGFA stimulationwas slightly but not significantly increasedGal1-depleted
HDLECs(Fig. 8A; fig. S11, A and B)Gal1 abundance ihGALSI-depleted and Control
HDLECs remained relatively constant over the timecodige$11C).Whilst VEGFC,
butnot VEGFA, induced phosphorylation of VEGFR3 as expected §L1D), total
VEGFR3abundance was decreasedial1-depletedHDLECS, irrespective 0/EGFA
stimulation(Fig. 8C). Becaus&/EGFR3abundancés decreaseth BECs postnatally, but
maintained at highmountsn LECs(61) (fig. S11B, this result suggested a switch
toward aBEC phenotype.

To explore thisotion further, we nexdssessedGALS1 siRNA-targeted HDLEC$or
MRNA and proteirof typical LEG and BEGC selective markersg. 8, Dto G; fig.
S11H. Knockdown ofLGALSL was associated witteduced CEACAM1

immunofluorescence ardss of cellswvith high LYVEL immunofluorescencéhese
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beingLEC markers), whereahe immunofluorescent signal for thGFR2 coreceptor
CD146 which is more abundant in BECs than LECs (fig. SI62)63) was increased
(Fig. 8D, fig. S12A. gRTPCR analysis confirmed significantly reduced expression of
LYVEL and increased expression@D146 mRNA in LGALS1-depleted compacdeto
controltransfected HDLEC§fig. S11F) This analysiglso revealed a genetatnd
towardsdecreased exprdéea of MRNA encoding.EC markes (such aPROX1 and
ITGA9) and increased expression of genes typically more abup@xpressed BECs
than LECs guch asTEK, which encode3IE2, andCD146). This pattern was confirmed
by Western blot analyses, which showed that compared to ctnatnsfected HDLECS,
LGALSI-depleted HDLECs exhibitesignificantlydecreased abundance of LEC-
characteristic proteins VEGFR3, CEACAM1, Podoplanin and the cérifalidentity
regulator Prox{Fig. 8 E to G) In contrast, CD146 and VEGFR®hich aretypically
more abundant in BECs than LECs (Fi@18),wereincreasedFig. 8, E to G). Notably,
LGALSL siRNA induceda greater increase {DD146 proteirthan did siRNAs targeting
S0OX18 and CEACAM-1, botbf which caninduceLEC identityin ECs(Fig. 8, Eto G;
fig. S12, B and C)d&4, 65). Given that lower abundance of Prox1, LYVE1, ITGA9 and
VEGFR3compared to initiaimicrovascular) lymphatids alsocharacteristic ofarge
collecting lymphatic vesse($6), LGALSL knockdown could possiblyave induced
HDLEC differentiation towards a collecting LEC phenotypihough high CD146
abundance has not apparently been repamtedllecting lymphatic endothelium.
Interrogation of our microarray analysis of collecting vessel4 BZ) suggested that
Cd146 was expressed aerylow abundancén these cells (fig. S13). Furthermore,

LGALSI depletion in HDLECs reduced the abundance of Podop{antoded by’DPN
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in humans anédpn in mice), a LEC marker expressed robustly in collecting lymphatic
endotheliun(fig. S11Q (67). Our data therefore suggest that loss of endogenous
LGALSIL expression indees differentiation of HDLECs towards a blood vascular
phenotypeLGALSL siRNA-treatedHDLECsalso maintained CDH5 (\deadherin) cell
cell contacts at the wound bordbatweretypically diminished during migratioim
control-treated HDLECs (Fig. S13A)hiE corroborated the inhibitory effeat Gall on
migrationand confirmegdalongside CD31 stainint)at endothelial cell identityas
maintained fig. S13, A to B. Togetherpour results indicate th&al1 not only promotes
HDLEC migration andemodelling andmodifiesVEGFR2 signalling,but also

contributes to the maintenancetioé lymphatic endothelial phenotype.

Discussion

EC migration is a critical component of sprouting vessel growth and vessebelling
during development and disea$&e scratchvoundassayprovidesa tractable and
relevantin vitro model of angiogenesis, as it can replicate both “pioneer” and “follower”
modes of migration1@), with potential analogy to “tip” cells and “stalk cells” in three
dimensional angiogenesi8)( Previous siRNA and shRNA screens for regulators of
migration in epithelial and endothelial catisveronly a subset of the genonfe {13),

while onescreen in a fibroblast cell line hederrogate the full genom&68). Our
whole-genomeapproach has revealelltiple signallingpathwaysand individual genes
that control collective migration in a specialized primary hutgeiphaticEC, the

HDLEC.

Of the 154highly-validated candidate migration genes a propottiare well-
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characterised roles in migration across various cell lineageh as the small GTPase
encodingCDCA42 (69). Further confirmation of the effectiveness of the screasthe

high confidence validation of genedth known rolesn LEC biology,such asANGPT2,
which encodes adand for the TIE2TEK) receptor. In mice lackingngpt2, lymphatic
filopodial sprouting is impaired, and the primary lymphatic plexus failemodel into
the mature lymphatic hierarct{®5, 31). Furthermore, ANGPT2 promotes tumour
lymphangiogenesi§/0, 71). Angpt2 expressionwas &lectivelyincreasedn LN LECs
during viratinducedremodelling(Data FileS7) indicating that it mapromote
lymphangiogenesis in multiple adult pathological settings.

The biological validity of our siRNA screen was also confirmedudystantiaglobal
overlap of our candidate genes with those identifieditfgrential expression in
microarrayanalysis olviral-inducedor CHS-associatedymphaticremodelling(Fig. 6).
The identiication of overlappinggenes across differences in species, biologicdl
experimentatontext, measurement methodology and timefrgiwes confidence to their
biological relevance in LEC&enes that were highly validated in the siRNA screems b
not detected as differentially expressed in the in vivo madaisrepresent those that are
functionally important buare expresseith constant amounguring LEC migration and
remodelling Furthermore, our in vitro migration screen proviéedlence bspecific
gene function that the in vivo microarray analysis alone couldNuttwithstanding that
many genes are multifunctional, aareerenabled distinction of SiRNA targetsat
primarily influene proliferation or survival from thosshiefly regulding migration.

Other siRNA screens using the scratch wound migration assay cordireeth

proliferation does not contribugribstantively to wound closu(#2, 13). Together, these
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analysesuggesthat our screening approach ideietifgeneshtat are relevarto

pathological lymphangiogenegtsat can be further investigated

Our siRNA screen uncovered both common and distinct gene functions in LECs and
BECs includingsome genes thareconsidered important central regulators of cell
migration. Targeting ofCDC42 andLIMK1 impaired HDLEC migration, but onlyildly
inhibited HMBEC migration. Similarly, silencing a€DC42 caused morphological
changes in HDLECs that were not seen in HMBECs. This suggestsihdamily
GTPases (and tiredownsteam effectors) are differentially regulated in these two related
cell types, possibly by the adaptor molecule Afg@R). Knockdown of certain key
migration genes such 8¢ASF2 andPTK2 in HDLECS resulted in lowered calbunt,
obscuring an obserise migration effectThatRHOA andRAC1 were not identified in

this screen may reflect insufficient gene silenandunctional depletiorhowever, it is

also possibl¢hat these genes may be redundant and therefore not functionally required
for migration in HDLECs For exampleRHOC expressiowas selectivelyncreasedn
remodelling LN LECqData File S7and its knockdown generated moderate inhibition of
migration in the primary screeNotably, a considerable subset of the candidate genes
identified have not previously been associated with cell migrations representing an
untapped resource for future studies to idemtéwgene functions.

SiRNA targeting of several gendsANS_1, USP25, UGT1A7 andC7orf55) reducel the

cell density of HMBECs but not HDLECs. These differences may kieatrim

optimizing thetherapeutidargeting of either, or botfgC types. Indeedyene<classfied

in our screenas ‘Low Cell Count may represent important regulators of survival,

proliferation and adhesion. Understandgignallingpathways thatrigger EC deathmay

- 26 -



be important for chemotherapy or radiation therapy in the contexhoégaand as such
warrants further investigation.

A goalof this siRNA screen was to identify nelerapeutic targets for controlling
pathological lymphangiogenesis. To this end, we demonstrateldGA&atSL and
MICAL2 arerequired for HDLEC migration and tube formation. We further confirmed
the importance o6all in supportind_EC migration, remodelling anith vivo
lymphangiogenesigsal1 also has aimmunological function in the lymphatics in
preferentially inhibitingthe transmigration of immunogenic rather than tolerogenic
dendritic cells into lymphatic vess€B6). A related molecud, Galectin8, promotes
VEGFGinduced lymphatic sprouting and pathological corneal lymphangisge(s,
74). This effectis independent of VEGFR3 amsimediated instead byodoplanin and
alP1 and a5B1 integrins, in spite of direct interaction of Galeeiwith VEGFR3 In
contrastGal1 doesnot potentite VEGFG-induced sprouting7@). In our studyGal1
promotedVEGFA-induced lymphangiogese and lymphatic remodellintgrough
VEGFR2 In BECs,Gal1 promotes VEGFR2mediated preangiogenic signallingyo
binding to specifikoranched Nglycanson VEGFR2andbr its coreceptors NRR(B4)
and CD146 %9, 75-77). Dimeric Gal1 can effectivelycrosslink the receptocomplex
therebyinducingVEGF-independent signalling aradso increasing retention céceptors
on the cell surface, thus prolongiM§GFA-induced signalinggs). Accordingly, we
showed thainhibition of Gal1 activity by SiRNA or Anginex impaired
lymphangiogenesié-ig. 7; fig. S8). Possible mechanisoighis effectinclude
interfering withGal1-mediated potentiatioand prolongation 0¥EGFR2 signaling

andbr blockingGal1-mediated interactions with the extracellular mafbig). Anginex
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also bing toGalectins-2, -7, -8N and9N (78). The role of Gal-1 in promoting
lymphangiogenesigias evident in models @al1-mediatedympangiogenic sprouting
(thoracic duct explants) and in circumferential expansion of lymphesisels (mouse ear
model) both ofwhich may involve someEC proliferation as well as migratiogiven

the importance of VEGFR2 signalling in both these preeg(d8, 79). Whilst CD146

and NRP1 have been implicated3al1's pro-angiogenic activity in BECs, these
receptors are typicalljnuch less abundairt LECs(62), which suggestthatGal1's
activity on LECs may bpredominatelymediated through its interaction with VEGFR2,
andbr through an alternate receptor yet to be defined. Candideg¢eeptorin LECs
might include NRP2, or integrins such as a1p1 which are required for VEGFA-induced
LEC migration(79).

While exploring the role oGall in LEC responses MEGFA signalling weobserved
thatLGALSL-depletedHDLECs hadncreasegroteinabundance o¥EGFR2 and its co
receptor CD146The HDLECsapparently wereoncomigntly sensitisedo VEGFA
signallingthrough VEGFR2, showing enhanced phosphorylation of the receptor and its
downstream signalling effectors ERK2 and AKT at 10 minutes aftetiadif VEGFA
(Fig. 8, Ato B). Thisenhanced/EGFR2 signaling in. GALS1-depleted HDLECs may be
a consequence of increased VEGFRA CD146&rotein abundancéiowever the
absence o6Gall’s crosslinking effect could also accelerate VEGFR2 internalisatid
subsequent degradation upon VEGFA stimulation, leading to an amplified bershort
lived burst of VEGFR2-initiated signaling from endosonts 60). Depletion or
blockade ofGal1 sensitigsresistant tumour®d VEGFA-blockingantiangiogenic

therapy(55), likely by preventng the VEGFA-independent VEGFR2 signalimgduced
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by Gal1-mediatedreceptor crosslinkinghus restoriny EGFA dependencin tumour
ECs Our data therefore indicate thaal1 could similarly influence the sensitivity of
tumour lymphatics t& EGFA.

Increased/EGFR2abundance followingg GALSL knockdownin our HDLECs also
appeared to be part of a broader alteration in LEC phen(fygped). LGALSL depletion
decreasegrotein abundand@lbeit modestlypf the master LEC identity regulator
PROX1, of which a certain threshold amousitrequired to maintain LEC identi{§0,
81). Future studies will determine wheth@al1 contributes to LEGpecificationduring
dewelopmentor in the phenotypic plasticity observed in some patholo§&$88).
Given the association @al1 with VEGFR2, i is possible thaGal1 sustaind EC
phenotypéby regulating the balance betwesmdogenous VEGFR2 and VEGFR3-
mediatedsignalling VEGFCsignaling through/EGFR3 engages in a positive feedback
loop with PROX1 expression during mouse development and in cultured HDLEJS (
implicatingthis axisin LEC migraton, proliferation and identityGal1 stimulationcan
induceVEGFRS3 phosphorylation in trophobla$85), but apparently not iRlUVECSs
(54), whichmay be due to differences in receptor glycosylatsi). A tentativelink
betweenGall and LEC identityis also suggested liie reprogramming of BECs
towards a lymphatic phenotype by Kaposi’'s Sarcoma Herpesvirus (KSife¢}ion 86,
87), and the high abundance®é&l1 in KS-infectedcells (58). Alternatively,
intracellular, glycasindependent functions @al1 in Ras localiation or premRNA
processing could also be involved in this phenotypic cha8&)eifivoking pathways
potentially independent of the VEGFC/VEGFR3/Prox1 a2I3146 could also be

involved in the LEC phenotypic change; depletiotsal1 may remove an inhibitory
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autocrine feedback loop resulting in increased CD146 abunddoeever several of
theGal1 receptorppresenpon BECs- CD146, NRP1, integrin a1pB5 and VEGFR2—-are
less abundardgr absent on LECs, with some suppressed by PRXBQ). Therefore
while Gat1l may have common functions in LECs and BECs with regard to endothelial
migration and vessel formation, our dataygesthat it may signain LECsthroughother
pathways that remain to be elucidated

Ourfindings, including the identificationf several genes not previously implicated in
migration and otell typespecific effects of genkenockdown, elucidatéuture avenues
for research into the biology of lymphatic endothelial siglhallingand anti
lymphangiogenic therapeutic targetivge also characteriséglal-1 as a positive
regulator ofLEC migration and lymphangiogenesis. Together v@tl1's roles in
promoting tumour angiogenesis atglimplication in promoting a tolerogenic immune
environment$2, 56), our data therefore present a rationale for targ&ilgl to inhibit
both angiogenesis and lymphangiogengsisancer and to enhance atumour

immunity.

Materials and Methods

Cell culture

HDLECs (#CC2812, Lonza) and HMBEQ#CC2813|.onzg were cultured in

endothelial basal mediunEBM)-2 media supplemented with endothelial growth medium
(EGM)-2-MV Singlequots (Lonza) and 10 mM(2-Hydroxyethyl)piperazind -
ethanesubinic acid HEPES Life Technologies)These cells were from a single donor

and guaranteed free of pathogens esmtaminants by the manufacturer. Tissue culture
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treated plates were coated before use with 5 pg/ml human fibronectin solution (BD
Bioscience)Cells were used at passage numbétrbnary human dermal fibroblasts
isolated from foreskins, kindly provided by Dr. Pritinder Kaur (Peter Mie@aCancer
Centre), were grown in DMEM supplemented with 10% fetal calfrs€RCS;v/v), non-

essential aminacids, 10 mM HEPES and penicillgtreptomycin (Life Technologies).

siRNA screen and scratch wound assay.

DetailedMinimum Information About an RNAI Experimenti{ARE)-compliant
screening procedures are outlinedita FileS1, and complete protocolsatescribed
elsewherdg20). The genomevide siRNA screetis performed in 96 well platea
technical duplicatéCorning Costgr HDLECs (15000/welljarereverse transfectagsing
DharmaFECT transfection reagent #1 (0.2 ul/well) with 40 nM siRNA (Human
SIGENOME SMARTpool library2009 ed.] Dharmacon RNAi TechnologiesiRNA
pools targetingCDC42 andCDH5 were included as positive controls (fig. S1, D toAf).
48 h postiransfectiorcellsareloaded with Celltracker Grednchloromethylfluorescein
diacetat§ CMFDA) live cell stan (5 uM; Life Technologieybeforea 96pin wounding
device with ‘FP’ pins (V&P Scientific) controlled using a worksta robot (Sciclone
ALH 3000, Caliper Life Science® used to create uniform scratches (approxiime8e3
mm long x 0.38 mm wide) in éhcell monolaye(fig. S2, A to F). Cellsarewashed, and
medium replaced. An image of the initial scratch areiéthen obtained as described
in High content high throughput imaging, before incubating at 37°C for a further 24 h.
This timepointrepreserg ~50% closure of the original wound area (84.E fig. S3,

andis selected to enable detection of both accelerteldnhibied wound closureAt
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the assay endpoint, celisefixed with 4%paraformaldehydelA), thenpermeabilised
and blocked in 0.2% Triton X-100/2% bovine serum albunB&A) in phosphate-
buffered saline®BS andstained with phalloidin CF488 (20 nM, Biotium) and Hoechst
33342 (2 pg/ml, Life Technologies)ndAmage of the remaining scratch areasAs
obtained.The area migrated over by the catiach well ighen calculated a&, = Ag —
Az4(fig. S2 Eto F). These values ar@rmalised to thenedian ofmocktransfected wells
per plateandaveraged across technical replicaiRsbust z scoremrethengenerated
across all plategutilizing the median and median absolute deviation; MADE “Low
Cell Count"threshold isset at< 60% of the median density per field.

A curated list of 500 candidates identified in the primary scietiien assayed in a
secondary deconvolution screen, with SMARTpool siRNA duplexes assayed
individually. The gene list compris&50 Impaired (robust zscore<—2.3) and 50
“Acceleratetl candidatesrpbust zscore>2.67). In addition, 65 candidate genes (|robust
z scorep>2) areselected based on known protginstein interactions with other
candidate genes, as thesmildassist in generating and understanding signalling
networks. A further 12 candidates (Jrobust z scegpreselected based on microarray
data indicating higher differential expression in HDLECs comparétMBECs(see
Microarray comparison of HDLECs and HMBEGs) these may represent lymphatic
specific migration genes. The listthen rounded to 500 candidates (40tpaired and
99 “Acceleratet) by including the candidates with the next highest robust z scores.
Transfection follows the protocol of the primary screen, with fifRIN& concentration
of 25 nM. Thresholds based on mean * 3ddhocktransfectedvells areset at 60%

and 130% of mock-transfected cell migration fompaired and “Acceleratetibinning
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respectively. A gene candiddssdeemed validatethere ‘highly-validated”)if two or
more of the four siRNA duplexes reproduced the original phenotype seen in theyprim
screen.

In the tertiary screen, siRNA SMARTpools targeting the Tighly-validated genes
identified from the secondary scremmetransfectednto HDLECs ad HMBECs in
paralle] following the protocol of the primary screen. The endpoint of the migration
assay for HMBECs, at which control scratch wounds were ~50% cloasd,
experimentally defined as 16 h post-scratch (fig. SBB. screelis performed in
biological duplicatdor each cell type, with technical duplicate plates. At the endpoint,
cellsareadditionally stained with Phalloidin CF555i¢8um).

Official Entrez Gene IDs and gene symbolsfasen the Human Genome Organisation

(HUGO) Gene Nomenclate Committee websiteMyw.genenames.oygCustom python

or R scriptsareused taquality contro] analyse and decipher thiRNA datasets.

High content high throughputimaging

Imagingand image processingperformed as describgaeviously 20). Imagefields

are capturedsing a higkthroughput imaging system (Pathway 435, BD Bioscience),
stitched together on capture using acquisition software (Attovision v1.€cioiB
Dickinson) thensmoothed and flattened usiimgage analysis stfare (MetaMorph
v7.7.5.0 (64bit), Molecular Devices)A fluorescence intensity threshold based on the
CellTrackerGreenand phalloidin CF488 signa then usedo create a binary mask
which enable measurement of the wound area devoid of cells (Fig. S2 E to F).

For counting of cell nucleiahigh-content imaging platform (Cellomics VTI Arrayscan,
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Thermo Fisher Scientific) igssed to acquire 30 adjacent fields per wéltells stained
with Hoechst 33342. Thresholding of images is used to identify and count the number of
cell nuclei per field.

For cell morphology analysis, celiseadditionally stained witfPhalloidin CF55t0
discriminate filamentous actitmagesaresegmented into nuclei and cell body areas
usingMetaMorph.Segmented arease then subjected to measurement of various
parameters describing cell size and shapeaatidstaining intensityas enabled by the
Integrated Morphometric Analysis module in MetaMofpleparameters listed iRig.
3B). Data for each parameter arermdized into zscores, anche combined dastof
morphological parameterstisen used to determine “clusters” of siRNA targetnes
whose knockdown generated similar morphologasdescribe@0). Briefly, the
normalizedmorphology dataseés$ subjected to unsupervisagrarchical clustering in

CIiMminer (http://discover.nci.nih.gov.cimmingnising Complete linkage cluster

method, Correlation distance algorithm &dantile binningsettings Theresulting
dendrogram of relatedne@rrelation)between genes according to thearresponding
morphology parameteris divided into six clusters, guided by a 1-Pearson correlation

cutoff of 1.5.

Antibodies

Antibodies usedior immunofluorescencmicroscopyand Western Blottingvererabbit
polyclonal antibogesagainsthumanLYVEL1 (Fitzgerald RDI), PROX1 (Covance)
CEACAM-1 (Abcam)andvWF (DAKO); mousemonoclonal antibodies agairtsiman

VEGFRS3 (clone #54703; R&D Systems}smooth muscle actin (a-SMA; clone#1A4,
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Sigma), CD146dlone #21H12 or SHM57; BioLegend), CD31 (clone #MEC13.3)

PNAd (clone #MECA-79, BD Pharminge@nd CDH5 (VE-cadherin clone #557H1,

BD Pharmingen)Rabbit polyclonal antibodies to humBRondoplanin(Fitzgerald RDI)

and mouse monoclonal antibodies to human CDH2 (clone #5C8, Sigma-Aldrich) and
PLVAP (clone #174/2, Hycult Biotech) were used for flow cytomeirgoat polyclonal
antibodyrecognisinghuman @lectinl (R&D Systems) and mouseonoclonal atibody

to Podoplanin (clone #D2-40; Genway) were used for immunohistochenfistry.
Western Blotting, abbit antbodies against phosphorylated VEGFR@rt'" clone
#19A10, total VEGFR2(clone#55B11), phosphorylated ERK1(Zhr*°7Tyr?*4, total
ERK2, phosphorylated AKT &*"3 clone #D9E), phosphorylatedcSamily kinases
(Tyr*'® clone #D49G4) an@DC42(clone #11A11)as well as mouse antibodies to total
Akt (clone #40D4) and totalr&family kinasegclone #L4Al)were all obtained from

Cell Signaling Technolog A mousemonoclonal antibody to humantubulin (clone
#DM1A; Abcam) or rabbiaintibodieso human GAPDH (clone #14C1Qell Signaling
Technologyor FL-335, Santa Cryavereused foloading contras. Isotype control
antibodies used fovarious experiments were mouse 1gG1 (Bigend), rabbit IgG
(Imgenex) and goat IgG (Genetekpr immunofluorescence and flow cytometry, goat
antibodies recognizing rabbit or mouse 1gG and conjugated to Alexa Fluor 488 or 546
were usedFor Western bloithg, secondary antibodiggcognisinggoat mouse or rabbit

IgG conjugated téRdye 800or IRdye 680 (LICOR) were used.

Signaling pathway analysis

Pathway analysis software (Metacore, GeneGo, Thompson Reutens3euat® search
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for signalingpathwayq" Pathway Maps”)andcellular processes GO Processes hhat
were overrepresented in the dagl. Input datasets are compared to lists of genes within
the database that are annotated to particular terms (such as a givera{Rddpi). P
values calculated in enrichment analyses indicateribieability that the number of genes
represented in both the input dateessd the annotated term listrandom, and are
derived according to hypergeometric distributions.

The software also allowed construction of protein—protein interaction rietwesing
various algorithms as follows. A “direct interactions” or a “shorfehs”algorithm
(maximum number of steps = 2, not canonical pathways) was used for generatin
signaling networkgFig. 5). Networks were constructed to identify protgirotein
interactions using direct interaction typssach aphosphorylation, binding, cleavage),
however, indirect interactionstfanscriptional regulatidrand “influence on

expression) were excluded. Opesource software (Cytoscape v.2.8.2;
www.cytoscape.org) was employed for visualizing and integratingmtataetworks,
following data importation from Metacore using the plugin
“comgenego.cytplugin.NetworkLoader” (v.0.1). Construction of an ontology tree wa

performed using GOrillah{tp://cblgorilla.cs.technion.ac.)/ which enabled comparison

of the candidate gene list with the rest of the human genome.

Isolation of LN stromal and endothelial cells ia cutaneous HSV-1 infection model.
All animal experiments were conducted under the approval of the AExparimental
Ethics Committees at Peter MacCallum Cancer Centre or the PetetyDoké&tute.

Detailed protocols for LN stromal cellbseisolation and microarray analysis (see
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below) are described elsewhd4, 91). Briefly, C57BI/6 miceareinoculated with HSVY
1 onto a patch of abraded skiBrachial LNsdraining the infection sitare harvested
from uninfected mice or on day 6 after inoculation and digestadsinglecell
suspension for flow cytometric cell sortindfter gating out residal CD45 leukocytes
LECsare defined aBodoplaniiCD31’, BECs aodoplanifCD31’, and FRCs as

Podoplaniff“CD31.

Microarray analysisof LN stromal cell subsets and list overlap analysis.

Biotinylated cDNA derivedrom sorted LNcell subsets is hybridezito GeneChip
MouseGene 1.0 ST chips (Affymetrixjfter procesgig and normalization of
microarray probe intensity datsingrobust multiarray analysis (RMAJ92), differential
expressions analyzed using the limma software packég in BioConductor 94).
TREAT (T-tests RElative to A Thresholémpirical Bayes-tests(95) relative to a fold
change threshold of 1dreapplied to determine significance of differential expression,

with the false discovery rate (FDR) set at S%is dataset is published%) and

deposited in the Gene Expgion Omnibus (GEO) databagesw.ncbi.nim.nih.gov/gep
GSE84284. The same analysis watsoapplied toa publicly-available microarray
datasetomprisingLECs isolated from untreated a@tHS-inflamed mousears(46).

The matrix file containing RMAnormalised datérom theGeneChigMouse Genome 430
2.0 Array (Affymetrix)was downloaded froEO (accession number GSE26228)hd
differential expressioanalysedising limma with TREAT criteria as aboJe.the case

of multiple probes per gene, a single representative probe was chosen.
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For the comparison between tmécroarray datsetsand siRNA screen results, we
applied a furthethreshold oflinearfold-change}1.8 on top of the 5%alse discovery
rate FDR; P < 0.05after adjustmenrfior multiple testind to increase stringency on the
biological significance of changtn mRNA expressionFor the LN stromal cell dataset,
lists ofgenes that werselectivelydifferentially-expressedby the three cell types (BEC
LEC or FRC) werealsoderivedas described in FigD to interrogate shared and cell
type-selectiveeffects. Differentiallyexpressed genes were considered to-beéctivé

to the designated cell type or typeshis experimental context if they were either not
differentially expressed (i.e. |felchange|<1.8), or discordantly differentially expressed
(i.e. fold-chang¢>1.8 in the opposite direction) in the other cell types. For theCHS
dataset46), onlyone cell type had been analysed so all genes differertigtisessed
with |linear fold changef 1.8andadjusted® > 0.05wereincluded, analogous to the LEC
total list from the LN stromal cell datag&ig. 6D). Mouse gene symbols from
microarray data @re converted to human ortholagging theHUGO Gene Nomenclature
Committee Comparison of Orthology Predictions (HC@®jeved from

http://www.genenames.org/chin/hcop selecting the orthologredicted by the greatest

number of databaseSorted lists of differentialhexpressed genes from the microarray
dataset were then compared witlenes identified from theRNA screen experiments
derive lists ofoverlagping genesData presented arexved from pooled lists of all
increased and decreased differentiglpressedeneditting the above criterisompared
to “Acceleratetland “Impaired “expanded migration candidates” with |robust z score|

>1.6449in the primary siRNA screen, represegtithe top 5% and bottom 5% of scores.
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Genes binned d4.ow Cell Count in the primary screen were @wdedprior to overlap
analysis

Statistical gynificance of overlap was determinethpirically using simulated null
distributions a useful strategy for comparing similarity of gene lists from differ
sourceg96). These were derived by determining the overlap betd/6€y00 pairs ©

random gene lis of the samsize as derived by the criteria abpradative to the

complete list for each different analysis platfoft8,120 human genes fibre Human
SIGENOME SMARTpoolibrary; 21,041 mouse genes for the GeneChip MouseGene 1.0
ST microarray 21,723 genes fahe GeneChip Mouse Genome 430 2.0 Arrdygnes

were indexed as integers and randomly sampled without replagexssmming that the
mouse microarray probes have doene mapping to human siRNA targets and that the
genes covered by the mierray are a superset of the genes targeted in the siRNA library.
The size of theists of overlapping genegas therassessed for significance against the
null distribution.Analyses were performed using R statistical software. As a further
validation significancewas also computeldased on hypergeometric distribution over the
common set of genes between the two platforms. HypergeorRetaites correlated

with empiricalP values calculated from simulateull distributions, and gave a more

conservative estimate of significance.

Tube formation and cceulture assays
HDLECSs were reverse transfected wgnetargetingsiRNA SMARTpoolsor a control
siRNA (ON-TARGETplus Nonrtargeting control pool, Dharmacon). For shiertm

overlay tube formation assay8 h postransfection the cells were ovadawith 100 pl
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neutralized collagen solution (Bovine Type 1, Gibco) and incubated at 37°C(b%r

8 h to allow tube formation to occ@7). Collagen overl@ cells were fixed in 4% PFA
and permeabilized with 0.2% Triton-X 100, 1% BSAPBS Cells were washed with
PBS and stained with phalloidin CF488 (20 nM, Biotium) and Hoechst 33342. Images
were captured (Cellomics VTI Arrayscan, Thernmisheér Scientific) using a 5x Fluar
NAO.25 objective (Carl Zeiss), with 9 adjacent fields imaged per. \metiges were auto
contrast adjusted using Adobe Photoshop CS4 (Adobe Systems Incorporated), and
guantified using a custom analysis protocol establigh@dage analysis software
(MetaMorph. The coculture assays were performed as described previ¢@®lyith

the following modifications. Briefly, 10primary dermal fibroblasts per well were grown
in 96 well plates. 24 hftersiRNA treatment, HDLECs were seeded at 1.8xE0s per
well onto the fibroblast feeder layer and grown for nine days befagdixand
processing for immunofluorescence microscopy. Tubule formation vedysed using

either ImageJ or Angioquartit{p://www.cs.tut.fi/sgn/csb/angioquanprograms.

SDSPAGE and Western blotting

Proteinabundancevas assessed using SBPBGE and Western blotting as described
previously 09). Briefly, for analysis of phosphorylation VEGFA and VEGFC
signaling pathways, siRNAeated cells were serugtarved in MCDB131 media (GE,
Life Technologies) supplemented with 0.2% BSA for 2-4 h prior to stimulatitmn wi
recombinant human VEGR&s (R&D Systems) or mature VEGFC (Opthéear) indicated
times.Cells were washed 3 times iniceld PBS prior to lysis in 2%odium dodecyl
sulfate DS Buffer (2% SDS, 50mM Tris, 150mM NaCl, 2mM

ethylenediaminetetraacetic acEDTA], 2mM ethylene glycaebis(B-aminoethyl ether)
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N,N,N',N'tetraacetic acifEGTA], 1mM phenylmethylsulfonylfluoride) and protein
guantification by bicinchoninic acid assay (Pierce)1504g total protein was separated
on 420% Bolt gels before transfer using the iBlot system (GE, Life @olgies).
Western blotting was performed using primary antibodies as desatioee and imaged
using either Odyssey CLx Imaging System-@®OR) for infrared fluorescence detection

or a GelDoc (BioRad) fachemiluminescenecbased development.

Injection of Matrigel Plugs into Mouse Ea

Recombinant museGal1, VEGFA, a mature form of mouséEGFD, Anginex or BSA
(Control) were resuspended in 30 pl of Matrigel (Matrigel Basement Membrane Matrix,
BD Biosciencesat either 10 or 25 pg/ml final concentratimd injectednto the center
of 6-8-week oldfemaleSCID/NOD (severe combined immunodeficent/nonobese
diabetig/Gamma museears At 5 days post injectionaes were harvestefixed and
processd for staining of lymphatic (LYVH or Podoplanin) and blood vasculature
(CD146 oraSMA). Images were capted on either Pathway 4288 BX61 (Olympus)

microscope and analyzed using Metamorph and AngioTool software.

Immunofluorescence staining and quantitation

Cellsweretreatedas for the siRNA screen and scratch wound assay and subsequently
stained withappropriate primary and fluorescently-conjugated secondary antibodies.
Fluorescence images were captured using the Cellomics VTI Arrags&athway 435
automated high-throughput microscopy platforifis quantify immunofluorescence
staining for particulaantigens, fluorescence intensity was measured using ImageJ

following the application of a common threshold across all samples witimgle 96
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well plate. A mask was applied based on the higbegtessing sample and pixel
intensity determined acrossthiarious conditiondmmunofluorescence staining of

mouse LN sectionis described elsewhe(db).

Immunohistochemistry

Human lymph node tissue sections were obtained from the Moleaiteol&gy
Department, Peter MacCallum Cancer Centre. Samples were from laneeest gatients
with no lymph node metastases. Samples were obtained with informed camskeused
under appropriate institutional approvslicrowave antigen retrieval of paraffin
embedded sections was performed using target retrieval solution (RAQS5 min on
medium low settingEndogenous peroxidase was blocked by washing slides in 3%
H20./methanol for 20 min, and then adding serum-free blocking solution (DAKO) for 1 h.
Sections were immunostained wiélgoat antbody recognizindpumanGal1 (1:100), or
amouseantibody againgPodoplanin (1:100), and an appropriate biotinylated secondary
antibody. Signal was amplified using Vectastain ABC (Vector Labdes), and

developed using liquid diaminobenzidine (DAB) (Peroxidase Substrate é&GtpV
Laboratories)Slides were subsequently visualized and imaged using a microscope
(BX61, Olympus) with 60x UPlanSApo NA1.20 objective (Olympus) and digital came

(SPOT RT3 Slider, Diagstic Instruments).

gRTPCR
Total RNA isolated from HDLECs was revefisanscribed using the HigBapacity

cDNA reverse transcription kit (Applied Biosystems) accordinthe manufacturer’s
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instructions. Expression of selected genes was then assesggdagnan gene
expression assays and gene expression masté¢Appkied Biosystems)Target

abundance was normalized@A\PDH.

Oncominé™ data analysis
The relative expression of individual candidate migration genes in hureast bumor
stroma samples wadetermined by searching the Oncomine database (version 4.4.3,

September 2012 data releasgw.oncomine.oryy Target genes (for exampl&SAL S1)

were gueried, and output data was sorted to isolate “cancer versudrassociations,
fil tered using the tissue subtype “stroniaéta is reported as the log2 medamtered
expression values for normal breast and breast carcinoma samples usamgtbox-
whiskers plotsLGALSL expression in normaompared to cancer groupgss compared

within Oncomine using a two sampléetst.

Thoracic Duct and Aortic ring sprouting assay

Thoracic ducts and aortae franmale or femalé-12 weekeld C57BI6 mice were

isolated and processed for the assay essentially as outlirBrdy®reetal. (91) or Baker

et al. (92) with some modifications. Briefly, small sections of ugpanacic duct or aorta
were micredissected and embedded in neutralized type | rat tail collagen (! img/
Opti-MEM [Life Technologieskupplemented with 2% FCS). Explants were grown for 5
days in Opti-MEM supplemented with 10% FCS for thoracic ducts or 2.5% FCS for
aortae and either growth factors, recombir@akl or Anginex. Collagen gels were fixed

in 4% PFA, permeabilised with 0.25%iton-X-100 in PBS, and stained for sprouting
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endothelium Bandiera (Griffonia) Smplicifolia (BS)1-Lectin-FITC) and outgrowing
supporting cells (Phalloidiadexa Fluor 555). Images were captured on a Pathway 435
andcollapsed wstack images werguantified using ImageJ for endothelial outgrowth

area and tubule length. Sprout numbers were manually scored.

Microarray comparisonof HDLECs and HMBECs

Publicly available microarray dataset GSE6%H®L570 was accessed through GEO. The
GEOZ2R analysis functioon the website was used to analyze the data and calculate the
fold change in expression for each gene between blood and lymgRatithe values of
multiple probes were averaged, and a meandddge of > 10 was used to select genes

with differentialexpression.

General statistical analysis

For experimentgvolving comparison of treated and control groupsy@&tailed
Student’s #test was usedd oneway analysis of varianceANOVA) test with Dunnett
(comparison to control) or Tukey (comparison tcsamples)osthoc testwas used for
comparison of multiple groups various experiment&Vith the exception of the list
overlap analyses, and analyses performed within Metacore and Oncstaiistical
analyses were conducted using Graphpad Priswaat(versions &). P < 0.05 was
considered statistically significant. The appropriateness of tigeusstl has been

affirmed byDr. E. Link, a senior &tistician at Peter MacCallum Cancer Centre.

Supplementary Materials
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Fig. SL: Optimization of LEC scratch wound migration assay

Fig. S2: Highthroughput scratch wound migration assay

Fig. S3: Genomewide siRNA screen assay timing

Fig. $4: Gene ontology classification of validated regulatordDf EC migration

Fig. $5: HDLEC morphology clustgshenotypes and corresponding migration scores
Fig. $5: BEC migration assay

Fig. S7: Comparison of selected HMBEC and HDLEC morphology phenotypes
Fig. S8: Validation of a role for LGALSL1 in LEC migration and remodeling

Fig. S9:Validation of a role for MICALZ2 in LEC migration and remodeling

Fig. S10:Effect of Galectin1 on angiogenesis and blood vessel remodeling

Fig. SL1: VEGRR signaling and lineage markabundancén HDLECs

Fig. SL2: Immunofluorescence analysis of CD146 pmin HDLECs

Fig. S13:Immunofluorescence analysisIdEC and common endothelial markaoteins
in LGALS!-depletedHDLECSs

Data FileS1:MIARE siRNA screen descriptors
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Data FileS8:Overlapping genes detected in LECs in siRNA screen and dermal CHS

-45 -



References and Notes

10.
11.

12.

13.

14.

15.

K. Alitalo, The lymphatic vasculature in diseasat Med 17, 1371-1380 (2011)

M. A. Swartz, A. W. Lund, Lymphatic and interstitial flow in the tumour
microenvironment: linking mechanobiology with immunityat Rev Cancer 12,
210219 (2012)

S. Liao, P. Y. von der Weid, Lymphatic system: an active pathway for immune
protection.Semin Cell Dev Biol 38, 83-89 (2015)

S. A. Stacker, S. P. Williams, T. Karnezis, R. Shayan, S. B. Fox, M. G. Achen,
Lymphangiogenesis and lymphatic vessel remodelling inezaNet Rev Cancer

14, 1594172 (2014)

S. Hirakawa, L. F. Brown, S. Kodama, K. Paavonen, K. Alitalo, M. Detmar,
VEGF-C-induced lymphangiogenesis in sentinel lymph nodes promotes tumor
metastasis to distant sitéood 109, 10101017 (2007)

S. A. Staker, C. Caesar, M. E. Baldwin, G. E. Thornton, R. A. Williams, R.
Prevo, D. G. Jackson, S. Nishikawa, H. Kubo, M. G. Achen, \W\BQifomotes

the metastatic spread of tumor cells via the lymphatizs. Med 7, 186191
(2001)

G. D'Amico, D. T. Jones, E. My K. Sapienza, A. R. Ramjuan, L. E. Reynolds, S.
D. Robinson, V. Kostourou, D. Martinez, D. Aubyn, R. Grose, G. J. Thomas, B.
SpenceiDene, D. Zicha, D. Davies, V. Tybulewicz, K. M. Hodivdike,
Regulation of lymphatiblood vessel separation by enddthl Racl.
Development 136, 4043-4053 (2009)

M. Caunt, J. Mak, W. C. Liang, S. Stawicki, Q. Pan, R. K. Tong, J. Kowalski, C.
Ho, H. B. Reslan, J. Ross, L. Berry, I. Kasman, C. Zlot, Z. Cheng, J. Le CButer
H. Filvaroff, G. Plowman, F. Peale, D. French, R. Carano, A. W. Koch, Y. Wu, R.
J. Watts, M.TessiefrLavigne, A. Bagri, Blocking neuropili@ function inhibits
tumor cell metastasi€ancer Cell 13, 331-342 (2008)

P. Rorth, Fellow travellers: emergent properties of collective magjration.
EMBO Rep 13, 984991 (2012)

A. Mogilner, K. Kera, The shape of motile cellSurr Biol 19, R762771 (2009)

C. S. Callins, J. Hong, L. Sapinoso, Y. Zhou, Z. Liu, K. Micklash, P. G. Schultz,
G. M. Hampton, A small interfering RNA screen for modulators of tumdr ce
motility identifies MAP4K4 as a proigratory kinaseProc Natl Acad Sci U SA

103 37753780 (2006)

K. J. Simpson, L. M. Selfors, J. Bui, A. Reynolds, D. Leake, A. Khvorova, J. S.
Brugge, Identification of genes that regulate epithelial cell mgmnatising an
siRNA screening approacNat Cell Biol 10, 102741038 (2008)

P. Vitorino, T. Meyer, Modular control of endothelial sheet migrati@nes Dev

22, 32683281 (2008)

L. Lamalice, F. Le Boeuf, J. Huot, Endothelial cell migration during ajegiesis.
Circ Res 100, 782-794 (2007)

C. C. Liang, A. Y. Park, J. L. Guan, In vitro scratch assay: a convenient and
inexpensive method for analysis of cell migration in vitMat Protoc 2, 329333
(2007)

- 46 -



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

T. Makinen, L. Jussila, T. Veikkola, T. Karpanen, M. I. Kettunen, K. J.
Pulkkan@&, R. Kauppinen, D. G. Jackson, H. Kubo, S. Nishikawa, S: Yla
Herttuala, K. Alitalo, Inhibition of lymphangiogenesis with regig lymphedema

in transgenic mice expressing soluble VEGF recepidtature Med. 7, 199205
(2001)

Y. Xu, L. Yuan, J. Mak, L. Pardanaud, M. Caunt, I. Kasman, B. Larrivee, R. Del
Toro, S. Suchting, A. Medvinsky, J. Silva, J. Yang, J. L. Thomas, A. W. Koch, K.
Alitalo, A. Eichmann, A. Bagri, Neuropili@ mediates VEGH-induced
lymphatic sprouting together with VEGFRBCell Biol 188 115-130 (2010)

T. Makinen, T. Veikkola, S. Mustjoki, T. Karpanen, B. Catimel, E. C. Nice, L.
Wise, A. Mercer, H. Kowalski, D. Kerjaschki, S. A. Stacker, M. G. Achen, K.
Alitalo, Isolated lymphatic endothelial cells transduce growth, survard
migratory signals via the VEGE/D receptor VEGFR3. The EMBO journal 20,
47624773 (2001)

N. Davydova, N. C. Harris, S. Roufail, S. Pagi#ield, M. Ishaq, V. A.
Streltsov, S. P. Williams, T. Karnezis, S. A. Stacker, M. G. Achen, feiital
Receptor Binding and Regulatory Mechanisms for the Lymphangiogenic Growth
Factors Vascular Endothelial Growth Factor (VE@Fand-D. J Biol Chem 291,
2726527278 (2016)

S. P. Williams, C. M. Gould, C. J. Nowell, T. Karnezis, M. G. Achen, K. J.
Simpson, SA. Stacker, Systematic higtontent genom&vide RNAI screens of
endothelial cell migration and morpholod@gi Data 4, 170009 (2017)

A. Birmingham, L. M. Selfors, T. Forster, D. Wrobel, C. J. Kennedy, E. Shanks
J. Santoyd.opez, D. J. Dunican, A. Long, D. Kelleher, Q. Smith, R. L.
Beijersbergen, P. Ghazal, C. E. Shamu, Statistical methods for andlysigh-o
throughput RNA interference screeist Methods 6, 569575 (2009)

N. E. BanzigeiTobler, C. Halin, K. Kajiya, M. Detmar, Growth hormone
promotes lymphangiogenesidm J Pathol 173 586597 (2008)

A. S. Lee, D. H. Kim, J. E. Lee, Y. J. Jung, K. P. Kang, S. Lee, S. K. Park, J. Y.
Kwak, S. Y. Lee, S. T. Lim, M. J. Sung, S. R. Yoon, W. Kim, Erythropoietin
induces lymph node lymphangiogenesis and lymph node tumor metastasis.
Cancer Res 71, 4506-4517 (2011)

R. Cao, M. A. Bjorndahl, P. Religa, S. Clasper, S. Garvin, D. Galter, B. Meister,
F. lkomi, K. Tritsaris, S. Dissing, T. Ohhashi, D. G. Jackson, Y. Cao, PBEF
induces intratumoral lymgngiogenesis and promotes lymphatic metastasis.
Cancer Cell 6, 333345 (2004)

N. W. Gale, G. Thurston, S. F. Hackett, R. Renard, Q. Wang, J. McClain, C.
Martin, C. Witte, M. H. Witte, D. Jackson, C. Suri, P. A. Campochiaro, S. J.
Wiegand, G. D. Yancopoulos, Angiopoiefin is required for postnatal
angiogenesis and lymphatic patterning, and only the latter role is resgued b
angiopoietin-1Dev Cell 3, 411423 (2002)

M. J. Schell, C. Erneux, R. F. Irvine, Inositol 1/48phosphate -Binase A
assod@tes with Factin and dendritic spines via its N termind®iol Chem 276,
3753737546 (2001)

-47 -



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

M. H. Wu, N. W. Ying, T. M. Hong, W. F. Chiang, Y. T. Lin, Y. L. Chen,
Galectinl induces vascular permeability through the neurofiiirascular
endothelibgrowth factor receptet complex.Angiogenesis 17, 839-849 (2014)

D. J. de Gorter, E. A. Beuling, R. Kersseboom, S. Middendorp, J. M. van Gils, R.
W. Hendriks, S. T. Pals, M. Spaargaren, Bruton's tyrosine kinhase and
phospholipase Cgamma2 mediate cbkime-controlled B cell migration and
homing.Immunity 26, 93104 (2007)

M. Spaargaren, E. A. Beuling, M. L. Rurup, H. P. Meijer, M. D. Klok, S.
Middendorp, R. W. Hendriks, S. T. Pals, The B cell antigen receptor controls
integrin activity through Btk and PLCgammaZExp Med 198, 1539-1550 (2003)

S. Sharma, G. Orlowski, V\eong, Btk regulates B cell recepimediated antigen
processing and presentation by controlling actin cytoskeleton dynamiicsells.

J Immunol 182, 329339 (2009)

M. Dellinger, R. Hunter, M. Bernas, N. Gale, G. Yancopoulos, R. Erickson, M.
Witte, Defective remodeling and maturation of the lymphatic vasoelain
Angiopoietin2 deficient miceDev Biol 319 309-320 (2008)

L. Hakanpaa, T. Sipila, V. M. Leppanen, P. Gautam, H. Nurmi, G. Jacquemet, L
Eklund, J. Ivaska, K. Alitalo, P. Saharinen, Endothelial destabilization by
angiopoietin-2 via integrin betal activatidtat Commun 6, 5962 (2015)

Z. Yang, H. Wang, Y. Jiang, M. E. Hartnett, VEGFA activates eopbietin
receptor and enhances VEGFR2diated pathological angiogenegim J Pathol

184, 12304239 (2014)

M. Hu, X. J. Sun, Y. L. Zhang, Y. Kuang, C. Q. Hu, W. L. Wu, S. H. Shen, T. T.
Du, H. Li, F. He, H. S. Xiao, Z. G. Wang, T. X. Liu, H. Lu, Q. Huang, S. J.
Chen, Z. Chen, Histone H3 lysine 36 methyltransferase Hypb/Setd2 isedequir
for embryonic vascular remodelinBroc Natl Acad Sci U S A 107, 29562961
(2010)

J. Dias, N. Van Nguyen, P. Georgiev, A. Gaub, J. Brettschneider, S. Cusack, J.
Kadlec, A. Akhtar, Structural analysis of the KANSL1/WDR5/KANSt@mplex
reveals that WDRS5 is required for efficient assembly and chrortetyeting of

the NSL complexGenes & development 28, 929-942 (2014)

S. Goettsch, W. Goettsch, H. Morawietz, Bayer, Shear stress mediates
tyrosylprotein sulfotransferase isoform shift in human endothedilid. Biochem
Biophys Res Commun 294, 541546 (2002)

T. Reid, T. Furuyashiki, T. Ishizaki, G. Watanabe, N. Watanabe, K. Fajddw
Morii, P. Madaule, S. Narumiya, Rhotekin, a new putative target for Rhinbear
homology to a serine/threonine kinase, PKN, and rhophilin in theirtebng
domain.J Biol Chem 271, 1355613560 (1996)

G. Li, C. GustafsoiBrown, S. K. Hanks, K. Nason, J. M. Arbeit, K. Pogliano, R.
M. Wisdom, R. S. Johnson;Jn is essential for organization of the epidermal
leading edgeDev Cell 4, 865877 (2003)

S. Hirakawa, Y. K. Hong, N. Harvey, V. Schacht, K. Matsuda, T. Libermann, M.
Detmar, Identification of vascular lineagpecfic genes by transcriptional
profiling of isolated blood vascular and lymphatic endothelial cAlisJ Pathol

162 575586 (2003)

-48 -



40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

M. Merkel, R. H. Eckel, I. J. Goldberg, Lipoprotein lipase: geneticil liptake,

and regulationJournal of lipid research 43, 1997-2006 (2002)

W. Dong, H. Gong, G. Zhang, S. Vuletic, J. Albers, J. Zhang, H. Liang, Y. Sui, J.
Zheng, Lipoprotein lipase and phospholipid transfer protein overexpression i
human glioma cells and their effect on cell growth, apoptosisiragiction.Acta
Biochim Biophys Sn (Shanghai) 49, 62-73 (2017)

M. FernandesBorja, D. Bellido, R. Makiya, G. David, G. Olivecrona, M. Reina,
S. Vilaro, Actin cytoskeleton of fibroblasts organizes surface proteaugytteat
bind basic fibroblast growth factor and lipoprotein lipadd!l Motil Cytoskeleton

30, 89-107 (1995)

R. S. Kota, C. V. Ramana, F. A. Tenorio, R. I. Enelow, J. C. Rutledge,
Differential effects of lipoprotein lipase on tumor necrosis faatpha and
interferongammamediated gee expression in human endothelial cellBiol
Chem 280, 3107631084 (2005)

E. M. Hur, F. Q. Zhou, GSK3 signalling in neural developmisat.Rev Neurosci

11, 539551 (2010)

J. L. Gregory, A. Walter, Y. O. Alexandre, J. L. Hor, R. Liu, J. Z. Ma, S. Devi, N.
Tokuda, Y. Owada, L. K. Mackay, G. K. Smyth, W. R. Heath, S. N. Mueller,
Infection Programs Sustained Lymphoid Stromal Cell Responses and Shapes
Lymph Node Remodeling upon Secondary Challer@el Rep 18, 406418
(2017)

B. Vigl, D. Aebischer, M. Nitschke, M. lolyeva, T. Rothlin, O. Antsiferova, C.
Halin, Tissue inflammation modulates gene expression of lymphatic endbthelia
cells and dendritic cell migration in a stimwdspendent manneBlood 118
205215 (2011)

R. Kunstfeld, S. Hirakawa, Y. K. Hong, V. Schacht, B. LaAgschenfeldt, P.
Velasco, C. Lin, E. Fiebiger, X. Wei, Y. Wu, D. Hicklin, P. Bohlen, M. Detmar,
Induction of cutaneous delayd#gpbe hypersensitivity reactions in VEG%
transgenic mice results in chronic skin inflantima associated with persistent
lymphatic hyperplasieBlood 104, 1048-1057 (2004)

W. E. Cromer, S. D. Zawieja, B. Tharakan, E. W. Childs, M. K. Newell, D. C.
Zawieja, The effects of inflammatory cytokines on lymphatic endiathigarrier
function. Angiogenesis 17, 395406 (2014)

G. V. Chaitanya, S. E. Franks, W. Cromer, S. R. Wells, M. Bienkowska, M. H.
Jennings, A. Ruddell, T. Ando, Y. Wang, Y. Gu, M. Sapp, J. M. Mathis, P. A.
Jordan, A. Minagar, J. S. Alexander, Differential cytokine responsésirman

and mouse lymphatic endothelial cells to cytokines in vityophat Res Biol 8,
155-164 (2010)

C. H. Lin, J. Lu, H. Lee, Interleukihbeta expression is required for
lysophosphatidic Acidnduced lymphangiogenesis in human umbilical vein
endottelial cells.International journal of inflammation 2011, 351010 (2010)

F. Benahmed, S. Chyou, D. Dasoveanu, J. Chen, V. Kumar, Y. lwakura, T. T. Lu,
Multiple CD11c+ cells collaboratively express-lbeta to modulate stromal
vascular endothelial growtfactor and lymph node vasculsiromal growth.J
Immunol 192 4153-4163 (2014)

- 49 -



52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

G. A. Rabinovich, J. R. ConefBarcia, Shaping the Immune Landscape in Cancer
by GalectinDriven Regulatory Pathway3d Mol Biol 428 3266-3281 (2016)

S. S. Giridharan, S. Caplan, MICA&amily proteins: Complex regulators of the
actin cytoskeletonAntioxid Redox Signal 20, 20592073 (2014)

S. H. Hsieh, N. W. Ying, M. H. Wu, W. F. Chiang, C. L. Hsu, T. Y. Wong, Y. T.
Jin, T. M. Hong, Y. L. Chen, Galectih a novel ligand of neuropilih, activates
VEGFR-2 signaling and modulates the migration of vascular endotheliisl cel
Oncogene 27, 3746-3753 (2008)

D. O. Croci, J. P. Cerliani, T. Dalotidoreno, S. P. MendeHuergo, I. D.
Mascanfroni, S. Dergabylon, M. A. Toscano, J. J. Caramelo, J. J. Garcia
Vallejo, J. Ouyang, E. A. Mesri, M. R. Junttila, C. Bais, M. A. Shipp, M. Balat

G. A. Rabinovich, Glycosylatioidependent lectineceptor interactions preserve
angiogenesis in ant¥EGF refractory tumorsCell 156 744-758 (2014)

S. Thiemann, J. H. Man, M. H. Chang, B. Lee, L. G. Baum, Galéctegulates
tissue exit of specific dendritic cell populatiodsBiol Chem 290, 2266222677
(2015)

V. L. Thijssen, R. Postel, R. J. Brandwijk, R. P. Dings, I. Nesmelova, S. Satijn, N
Verhofstad, Y. Nakabeppu, L. G. Baum, J. Bakkers, K. H. Mayo, F. Poairier, A.
W. Griffioen, Galectinl is essential in tumor angiogenesis and is a target for
antiangiogenas therapyProc Natl Acad Sci U SA 103 1597515980 (2006)

D. O. Croci, M. Salatino, N. Rubinstein, J. P. Cerliani, L. E. CavalinJ.
Leung, J. Ouyang, J. M. llarregui, M. A. Toscano, C. |. Domaica, M. C. Qvbci

A. Shipp, E. A. Mesri, A. Albih G. A. Rabinovich, Disrupting galectih
interactions with Nglycans suppresses hypoxdeven angiogenesis and
tumorigenesis in Kaposi's sarcomdd&xp Med 209, 19852000 (2012)

N. D'Haene, S. Sauvage, C. Maris, |. Adanja, M. Le Mercier, C. Dechesté.
Baum, I. Salmon, VEGFR1 and VEGFR2 involvement in extracellular galéctin
and galectin-3nduced angiogenesiBloSone 8, e67029 (2013)

A. Eichmann, M. Simons, VEGF signaling inside vascular endothediéd and
beyond.Curr Opin Cell Biol 24, 188-193 (2012)

A. Kaipainen, J. Korhonen, T. Mustonen, V. W. van Hinsbergh, G. H. Fang, D.
Dumont, M. Breitman, K. Alitalo, Expression of the fiilee tyrosine kinase 4
gene becomes restricted to lymphatic endothelium during devetdpm
Proc.Natl.Acad.Sci.USA 92, 35663570 (1995)

S. Amatschek, E. Kriehuber, W. Bauer, B. Reininger, P. Meraner, A.I\Walp
Schweifer, C. Haslinger, G. Stingl, D. Maurer, Blood and lymphatic endothelial
cell-specific differentiation programs are stringently coltg by the tissue
environmentBlood 109 47774785 (2007)

J. Keuschnigg, S. Karinen, K. Auvinen, H. Irjala, J. P. Mpindi, O. Kallioniemi, S.
Hautaniemi, S. Jalkanen, M. Salmi, Plasticity of bloaad lymphatic endothelial
cells and marker identifit@n. PLoSOne 8, 74293 (2013)

N. Kilic, L. Oliveira-Ferrer, S. Neshatahid, S. Irmak, K. ObsPernberg, J. H.
Wurmbach, S. Loges, E. Kilic, J. Weil, H. Lauke, D. Tilki, B. B. Singe&igun,
Lymphatic reprogramming of micro vascular endothelidlscby CEArelated
Cell Adhesion Moleculd via interaction with VEGFR and Prox1.Blood,
(2007)

-50 -



65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

M. Francois, A. Caprini, B. Hosking, F. Orsenigo, D. Wilhelm, C. Browne, K.
Paavonen, T. Karnezis, R. Shayan, M. Downes, T. Davidson, D. Tutt, K. S.
Ched, S. A. Stacker, G. E. Muscat, M. G. Achen, E. Dejana, P. Koopman, Sox18
induces development of the lymphatic vasculature in nNeture 456, 643647
(2008)

C. Norrmen, K. I. lvanov, J. Cheng, N. Zangger, M. Delorenzi, M. Jaquet, N.
Miura, P. Puolakkainen, V. Horsley, J. Hu, H. G. Augustin, S-Hésttuala, K.
Alitalo, T. V. Petrova, FOXC2 controls formation and maturation of lyrtipha
collecting vessels through cooperation with NFAT81Cell Biol 185 4393457
(2009)

T. Karnezis, R. Shayan, C. Caesar, S. Roufail, N. C. Harris, K. Ardipradja, Y. F.
Zhang, S. P. Williams, R. H. Farnsworth, M. G. Chai, T. W. Rupasinghe, D. L.
Tull, M. E. Baldwin, E. K. Sloan, S. B. Fox, M. G. Achen, S. A. Stacker, VEGF
D promotes tumor metastasis by regulating @gisindins produced by the
collecting lymphatic endotheliun@ancer Cell 21, 181195 (2012)

M. Seo, S. Lee, J. H. Kim, W. H. Lee, G. Hu, S. J. Elledge, K. Suk, Ridsed
functional selection identifies novel cell migration determinantseddent on
PI3K and AKT pathwaysNature communications 5, 5217 (2014)

C. D. Nobes, A. Hall, Rho, rac, and cdc42 GTPases regulate the assembly of
multimolecular focal complexes associated with actin stress fitmarellipodia,

and filopodiaCell 81, 5362 (1995)

E. Fagiani, P. Lorentz, L. Kopfstein, G. Christofori, Angiopoidtiand-2 exert
antagonistic functions in tumor angiogenesis, yet both induce lymphanggige
Cancer Res 71, 5717-5727 (2011)

T. Holopainen, P. Saharinen, G. D'Amico, A. LampiherEklund, R. Sormunen,

A. Anisimov, G. Zarkada, M. Lohela, H. Helotera, T. Tammela, L. E. Benjamin,
S. YlaHerttuala, C. C. Leow, G. Y. Koh, K. Alitalo, Effects of angiopoiétin
blocking antibody on endothelial celéll junctions and lung metastasisNatl
Cancer Inst 104, 461-475 (2012)

T. Majima, K. Takeuchi, K. Sano, M. Hirashima, D. P. Zankov, M. Tanaka
Okamoto, H. Ishizaki, J. Miyoshi, H. Ogita, An Adaptor Molecule Afadin
Regulates Lymphangiogenesis by Modulating RhoA Activity in the Deiey
Mouse EmbryoPL0oSOne 8, €68134 (2013)

W. S. Chen, Z. Cao, S. Sugaya, M. J. Lopez, V. G. Sendra, N. Laver, H. Leffler,
U. J. Nilsson, J. Fu, J. Song, L. Xia, P. Hamrah, N. Panjwani, Pathological
lymphangiogenesis is modulated by gale®&idependentcrosstalk between
Podoplanimnd integrirassociated VEGFR. Nat Commun 7, 11302 (2016)

L. N. Cueni, M. Detmar, Galecti@ interacts withPodoplaninand modulates
lymphatic endothelial cell functionExp Cell Res 315 17154723 (2009)

Q. Zeng, ZWu, H. Duan, X. Jiang, T. Tu, D. Lu, Y. Luo, P. Wang, L. Song, J.
Feng, D. Yang, X. Yan, Impaired tumor angiogenesis and \EG&ced
pathway in endothelial CD146 knockout miBeotein & cell 5, 445456 (2014)

N. Jouve, N. Despoix, M. Espeli, L. Gauthier, S. Cypowyj, K. Fallague, C.fSchif
F. DignatGeorge, F. Vely, A. S. Leroyer, The involvement of CD146 and its
novel ligand Galectil in apoptotic regulation of endothelial cellsBiol Chem

288 25712579 (D13)

-51 -



77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

T. Jiang, J. Zhuang, H. Duan, Y. Luo, Q. Zeng, K. Fan, H. Yan, D. Lu, Z. Ye, J.
Hao, J. Feng, D. Yang, X. Yan, CD146 is a coreceptor for VEGHRtumor
angiogenesisBlood 120, 23302339 (2012)

E. Salomonsson, V. L. Thijssen, A. W. Griffioen, U. J. Nilsson, H. Leffler, The
antiangiogenic peptide anginex greatly enhances galéckimding affinity for
glycoproteinsJ Biol Chem 286, 13801-13804 (2011)

Y. K. Hong, B. LangeAsschenfeldt, P. Velasco, S. Hirakawa, R. Kunstfeld, L. F.
Brown, P. Bohlen, D. R. Senger, M. Detmar, VE@Fpromotes tissue repair
associated lymphatic vessel formation via VEGFRnNnd the alphalbetal and
alpha2betal integrinEASEB J. 18, 1111-1113 (2004)

N. C. Johnson, M. E. Dillard, P. Baluk, D. M. McDonald, N. L. Harvey, S. L.
Frase, G. Oliver, Lymphatic endothelial cell identity is reversial its
maintenance requires Prox1 activiBenes Dev 22, 32823291 (2008)

G. Oliver, R. S. Srinivasan, Endothelial cell plasticity: how to becangeremain

a lymphaic endothelial cellDevelopment 137, 363372 (2010)

M. Groger, H. Niederleithner, D. Kerjaschki, P. Petzelbauer, A previously
unknown dermal blood vessel phenotype in skin inflammafidnvest Dermatol

127, 28932900 (2007)

U. Fiedler, S. Christian, S. Koidl, D. Kerjaschki, M. S. Emmett, D. O. Bdie
Christofori, H. G. Augustin, The Sialomucin CD34 Is a Marker of Lymphatic
Endothelial Cells in Human Tumoradm J Pathol 168 10451053 (2006)

R. S. Srinivasan, N. Escobedo, Y. Yang, A. Interiano, M. E. Dillard, D.
Finkelstein, S. Mukatira, H. J. Gil, H. Nurmi, K. Alitalo, G. Oliver, TReox*
Vegfr3 feedback loop maintains the identity and the number of lymphatic
endothelial cell progenitor&enes Dev 28, 2175-2187 (2014)

I. Fischer, S. Schulze, C. Kuhn, K. Friese, H. Walzel, U. R. Markert, dhkes
Inhibiton of RET and JAK2 signals and upregulation of VEGFRS3
phosphorylation in vitro by galectih in trophoblast tumor cells BeWBlacenta

30, 107841082 (2009)

P. A. Carroll, E. Brazeau, M. Lagunoff, Kaposi's sarcessociated herpesvirus
infection of blood endothelial cells induces lymphatic differentiatidimology

328 7-18 (2004)

Y. K. Hong, K. Foreman, J. W. Shin, S. Hirakawa, C. L. Curry, D. R. Sage, T.
Libermann, B. J. Dezube, J. D. Fingeroth, M. Detmar, Lymphatic reprogramming
of blood vascular endothelium by Kaposi sarceasaociated herpesvirublat
Genet. 36, 683-685 (2004)

F. T. Liu, R. J. Patterson, J. L. Wang, Intracellular functions of gale&ioshim
Biophys Acta 1572 263-273 (2002)

T. V. Petrova, T. Makinen, T. P. Makela, J. Saarela, I. Virtanen, R. E. Ferrell, D.
N. Finegold, D. Kerjaschki, S. Ydderttuala, K. Alitalo, Lymphatic endothelial
reprogramming of vascular endothelial cells by the HRArohomeobox
transcription factorembo J 21, 4593-4599 (2002)

Y. K. Hong, N. Harvey, Y. H. Noh, V. Schacht, S. Hirakawa, M. Detmar, G.
Oliver, Prox1 is a master control gene in the program specifying Iiopha
endothelial cell fateDev.Dyn. 225 351-357 (2002)

-52 -



91. J. L. Hor, P. G. Whitney, A. Zaid, A. G. Brooks, W. R. Heath, S. N. Mueller,
Spatiotemporally Distinct Interactions with Dendritic Cell SetbsFacilitates
CD4+ and CD8+ T Cell Activation to Localized Viral Infectiommunity 43,
554565 (2015)

92. R. A lIrizarry, B. M. Bolstad, F. Collin, L. M. Cope, B. Hobbs, T. P. Speed,
Summaries of Affymetrix GeneChip probe level d&acleic Acids Res 31, el5
(2003)

93. M. E. Ritchie, B. Phipson, D. Wu, Y. Hu, C. W. Law, W. Shi, G. K. Smyth,
limma powers differential expression analyses for R$¢fuencing and
microarray studieNucleic Acids Res 43, e47 (2015)

94.  W. Huber, V. J. Carey, R. Gentleman, S. Anders, M. Carlson, B. S. Carvalho, H.
C. Bravo, S. Davis, L. Gatto, T. Girke, R. Gottardo, F. Hahne, K. D. Hansen, R.
A. Irizarry, M. Lawrence, M. |. Love, J. MacDonald, V. Obenchain, A. K. Oles,
H. Pages, A. Reyes, P. Shannon, G. K. Smyth, D. Tenenbaum, L. Waldron, M.
Morgan, Orchestrating higtinroughput genomic analysis with Bioconductdat
Methods 12, 115-121 (2015)

95. D. J. McCarthy, G. K. Smyth, Testing significance relative to a-¢blahge
threshold is a TREATBIoinformatics 25, 765-771 (2009)

96. C. Lottaz, X. Yang, S. Scheid, R. Spang, Ordereeladiioconductor package for
deteding similarity in ordered gene listBioinformatics 22, 23152316 (2006)

97. T. J. Gambino, S. P. Williams, C. Caesar, D. Resnick, C. J. Nowell, R. H.
Farnsworth, M. G. Achen, S. A. Stacker, T. Karnezis, A TD®eensional
Lymphatic Endothelial Cell Tub Formation Assay to Identify Novel Kinases
Involved in Lymphatic Vessel Remodelinddssay and drug development
technologies 15, 30-43 (2017)

98. A. F. Odell, M. Hollstein, S. Ponnambalam, J. H. Walker, Ad&8herinPAR3-
alphacatenin complex regulatesettGolgi localization and activity of cytosolic
phospholipase A(2)alpha in endothelial ceNMolecular biology of the cell 23,
178341796 (2012)

99. N. C. Harris, N. Davydova, S. Roufail, S. Pagub#iteld, K. Paavonen, T.
Karnezis, Y. F. Zhang, T. Sato, J. Rothacker, E. C. Nice, S. A. Stacker, M. G.
Achen, The propeptides of VEGP determine heparin binding, receptor
heterodimerization, and effects emor biology.J Biol Chem 288 81768186
(2013)

100. G. Finak, N. Bertos, F. Pepin, S. Sadekova, M. Souleimanova, H. Zhao, H. Chen,
G. Omeroglu, S. Meterissian, A. Omeroglu, M. Hallett, M. Park, Stroma gen
expression predicts clinical outcome in breaahcer.Nat Med 14, 518527
(2008)

101. X.J. Ma, S. Dahiya, E. Richardson, M. Erlander, D. C. Sgroi, Gene expression
profiling of the tumor microenvironment during breast cancer pssjon Breast
Cancer Res 11, R7 (2009)

Acknowledgments: We wish tothank Dr Maria Macheda and Ms Sally Roufail for

technical assistance, Daniel Thomas and Yanny Handoko for screassigtance

-B53 -



Kaushalya Amarasghe for bioinformatics assistanceand Pritinder Kaur (Peter
MacCallum Cancer Centre for providing primaryntan dermal fibroblastsWe also
thank Janna Taylor for assistance in generatregfigures. Funding: This work was
funded partly by a Program Grant from the National Health and MediesédRch
Council of Australia (NHMRC). SAS and MGA are supported byi&eResearch
Fellowships from the NHMRC. SAS acknowledgbe support of the Pfizer Australia
Fellowship. SPW received a Doctoral Research Scholarship from then&dlaBoeast
Cancer FoundatioNCH andRL received a Melbourne Research Scholarship fitoen
University of Melbourne GKS is supported by an NHMRC Program Grant and
Fellowship. SNMand LC aresupported byFuture Fellowships from the Australian
Research Council (ARCThe Victorian Centre for Functional Genomisgunded by the
Australian Cancer Researétoundation (ACRF), the Victorian Department of Industry,
Innovation and Regional Development (DIIRD), the Australian Phenomics Network
supported by funding from the Australian Government's Education Investmerd
through the Super Science tlative, the Australasian Genomics Technologies
Association, the Brockhoff Foundation and the Peter MacCallum Foundatothor
contributions: Conceptualization, SPW, AFO, TK, KJS, MGA, SAS; Data Curation,
CMG, SPW; Funding Acquisition, MGA, SAS; Investigation, SPW, AFO, SPF, NCH,
RHF, RL, AW, JLG, SFL, EAT, NIB, DR GKS, Methodology, SPW, AFO, TK, SPF
GKS; Resources, CRW, BMH, SBEM, KJS; Software, CMG, CJN, JL; Supervision,
LC, CRW, BMH, SNM, SM, KJS, MGA, SAS; Visualization, SPW, AFRHF, Writing

- Review & Editing, SPWSAS, AFO, RHF, MGA, GKS, SM Competing Interests

SAS and MGA are shareholders @pthealtd., a company involved in developing

-54 -



therapeutics and diagnostics to vascular targets. All other authorsedeoldinancial
conflict of interest.Data and materials availability: Annotated primary siRNA screen
data: Pubchem, accession number AID 1159578. Primary screen scratchhespay/. i
Figshare, doi:10.6084/m9.figshare.39801846econdary deconvolution siRNA screen
data: Pubchem, AID 1159579. Tertiary SiRNA screen migration data: PubChem, AID
1159618. Tertiary SiRNA screen morphology data: PubChem AID1159617. Tertiary
screen morphology images: Figshadsi:10.6084/m9.figshare.c.3150637he mouse

LN stromal microarmy data are deposited in the GEO database

(http://www.ncbi.nlm.nih.gov/gedlinder the accession code GSE84284.

-55 -


http://www.ncbi.nlm.nih.gov/geo/

Figure Legends

Fig. 1. Overview of lymphatic endothelial cell migration screen and analyses

(A) HDLEC monolayersveretransfected wittCDC42 or CDH5 siRNA pools(as

positive controlsand subjected to the scratch wounding assay. Values represent the
percentage migration relative to the mean of mioaksfected (Control) cells. Scale bar,
500 um. (B) Plot of the primary screen results for each siRNA pool. Migration scores
plottedon the xaxisare expressed agbust z score€ach point represents the average
of two replicate wellpergenespecific SIRNA pool. Results with [robust z score| > 2
(dashed vertical lines) were consideredAxcelerated” or “Impaired™migration
candidats”, and those with cell density <60% of the median per field (dashed horizontal
line) were classifieds “Low Cell Count” (C) Schematiagepresentation of the
relationships between datasets, experimentihjved gene lists and specific analyses
within this study. Blue boxesomplete datasetRed boxessummaries of the SIRNA
migration screens. tBer boxesspecific analyses. Bullet pointhie gene list input into
the given analysis ddata File Thegene listsize and th®ataFile containing the results

are indicatedMIARE, Minimum Information About an RNAi Experiment.

Fig. 2. Functional categorization of highlyvalidated genes that promotgmphatic
endothelial cell migration

Annotation ofthe 154 “highly-validated candidates into groups reflecting their
functional role in the celbased on literature ameixtmining andMetacoreanalysis {ig.

S4, andData Files S5, S6). Connecting linespresent prote#protein interactions
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Fig. 3. Morphological changes induced by siRNAs targeting validated candidate genes
(A) Fluorescent microscopy images of cells stained with CelltraBkeen (wholecell)

and Phalloidin CF555 (filamentous actimere subjected to automated high content
analysis of cellular regions. Green lines delineate valid cell sgigtien boundaries.
Scale bar, 250 um. (B) Unsupervised clustering of candidate genes and cell
morphologicalparameters (such as size, shape, dotensity) allows identification of
genes that regulate similar aspects of cell morphology. Selectetblexaandidates are
indicated below the heatmapC)( Examples of morphological changes observed
following transfection with siRNA pools in cluster 2¢salsdig. S5). Scale bar, 250 pm.

(D) Comparison of four distinguishing morphological parameters agragphology
clusters. Aschematic diagram of representative morphology, with actin in oramge,

depicted for each cluster.

Fig. 4. Evaluation ofhighly-validatedcandidate migration genes in HMBES
Migration was assessed IHMBECs and HDLECstransfected withsiRNA pools
targeting the 154"highly-validated” candidate genes(A) Dotplot comparing the
migration screen resultsn HDLECs (xaxis) compared toHMBECs (yaxis) Each
datapoint represents a gespecific SIRNA pool, represented #ge averagenigration
score oftwo biological replicate¢eachcomprisingtechnicalduplicate well}, relative to
mocktransfected controlsResults with migation scores below 0.6&lotted lines)in
HDLECs and/or HMBECsvere classied into the indicated categori¢guadrants)(B)
Migration phenotypesesulting from transfection of HMBECs or HDLECs witthe

indicatedsiRNA pools.Cells are labelled with Cetlicker GreenScale bar, 500 um. (C)
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Lists of the genes identified as having LEGmMinant and BE&@ominant effects on
migration. Inset numbers represent the morphology clusasrdefined in Fig.3. (D)

Heatmap of HMBEC morphology parameters. Gerel parameteiorder was not
subjected tdnierarchicalclustering, butvaskept the same as in FigB to highlight the
similarities and differences in morphological phenotypes observed lretivedwo cell
types. Selected example candidateslabelledbdow the heatmap.H) Comparison of
the morphological changes that are induced by transfection of HMBEE HDLEG

with an siRNA pool targetingPL (seealsofig. S7Q. Scale bar, 250 pm.

Fig. 5. The endothelial cell migratome

The 68 Common EC migration candidates and 20 LEC Dominant candidates were
analysed for ptein-protein interactios, identifying two-step pathways between many
validated EC migration genesligration candidates are coleaoded to match Figl, A

and C.Coloured boxes with dashed outlineslicate functional categories.

Fig. 6. Overlapbetweenmigration candidate genes and genes differentiadlypressed
during lymphatic remoding in vivo

(A) Immunofluorescence staining @Ns from uninfectedcontrol mie (Day 0) andb
days aftersubcutaneoubiSV-1 infection (Day 5), to identify lymphatic vessels (LY\VE
1), high endothelial venules (PNAd) and all other endothelium (CC&3le bar, 200
um. (B) The listof geneddifferentially expressed (HS\L day 6compared taday Q in
LN LECs in the microarray analysimwas compared tahe “expanded migration

candidaté list from the primary siRNA screen(excluding“Low Cell Count genes) to
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determine the number and significance of overlapping genes. Significaoceriap was
definedagainst asimulatednull distributionderived from10,000 random pairs of gene
lists of equivalent sizas described in Materials and Methofi3) Venn diagram of the
number ofinput and overlapping genes from the analysis in {B)Empirical P value <
0.00%, hypergeometrid® value = 0.0078D) Filtering of differentially-expressed genes
into cellselectiveand shared categories, and comparison of these gene lists to the
“expanded migration candidatést. Empirical P values weredetermined according to
simulated null distributiongs in (B) hypergeometricP values are in footnote. {E)
Venn diagramof the number of overlapping genes identified between the different
categories of differentiallgxpressed genas (D) with genes identified in thprimary
SiRNA screen. Intersections are exclusive of one anatieicolourcoded to match (D)

*P < 0.05 *P < 0.01 empirical P values. F) Venn diagram of overlapping genes
between those differentialigxpressed in dermal LECs during CHS (24dmpared to
unstimulated) and the “expanded migration candidate” IB& 0.05empirical P value;

hypergeometri® value = 0.0547.

Fig. 7. Galectin-1 regulates lymphatic endothelial cefhigration in vitro andin vivo

(A and B) Western blotting foGal1 in culturedHDLECs and HMBECgA), andin
HDLECSs transfected withGALS1 siRNA pool(B). “Control’ indicatesmock
transfected cells (B) and (DG); nontargeting siRNA in (C)(C) Quantitation of Gal-1
knockdown bywesternblotting. Mean + SEM oin = 4independent experiments** P
< 0.0001 bystudent's test.(D) Tube network formation under Collagen | bgl

HDLECS. Scale bar, 250 um. Mean + SEM of three independent experiments showh; *
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< 0.05by Student'd test (E) HDLECswith or withoutLGALSL knockdownwere grown
on a confluent fibroblast monolayer before CD31 and LYVElimmunofluoresees:
performedto visualiseHDLECsand smooth muscle actin (SMActin) to stain fibroblasts.
Scale bar, 25Qm. (F, G) Tubule netwrks from E) were quantifiedy the parameters
indicated Mean+ SEM of three independent experimen(s) * P < 0.05 by ANOVA
with Tukey posthoc test(G) P = 0.05by Student’st test.(H) Immunofluorescence for
LYVE-1 (lymphatic3, and CD146 (bloogessely on mouse eaiisjectedwith the
indicated proteiain Matrigel, with or without theGal1 inhibitor Anginex Scale bar,
250 pum. Lymphatic vessel width and density wagsanttated n =9 micewith 9-18 ears
percondition across two independeniperimentsMean + SEM*P < 0.05, ** < 0.01
by ANOVA with Tukey posthoc test(l) Immunohistochemistry oserial sections of
humanLN. White arrowslymphatic vessel (LV.)Black arrowheatblood vessel (BV).
Scale bar, 50 um. (J) Bioinformatic interrogation ofiwo published gene expression
dataset$100, 101) for LGALSL expression imormaltissues and cancer stron@entral
line, median; box, interquartile range; whiskers, 90/10 percentilés; do

minimum/maximum P values determineith Oncomine using tweamplet test.

Fig. 8. Gal-1 signalling maintains lymphatic endothelial cefihenotype

(A) HDLECSs tiansfectedvith LGALSL siRNA poolswere rumstarved before
stimulation withVEGFA (20 ng/ml)then analysed bynmunoblotting. Control, non-
targeting siRNA; SrcSrc family kinases(B) Quantification ofphospho (pMEGFR2 p-
ERK 1/2 and p-Akt bands in (Anormalised to the total respective proteid expressed

relative to unstimulated @trol-transfected celldMean + SEMn = 3-6 independen
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experiments*P < 0.05, *P < 0.01 by ANOVA with Tukey podgtoc test (C)
Quantification of total VEGFR3 bands in (Aprmalised to loading contrahjean + SEM
shown;n = 3 independent experiment$? ¥ 0.05 by Student'stest (D) 24 h following
scratchwounding, siRNAtreated HDLECs were examined by immunofluorescence for
indicatedproteirs; nuclei were counterstained with Hoechst 33342 (Hoecltstle Bar
250 um. For quantification see fig. S12K,F) Lysates of HDLECs transfected as
indicatedwere analysedfter 72 hby Western blotting for LEC, BEC or common
endothelial lineage markeroteirs. (G) Quantitation of Westerhlot analyses of
respetive LEC and BEC marker proteiis (E,F), normalised to loading contrd¥lean +
SEM; VEGFR2n = 8 independent experiment¢EGFR3n = 10independent
experimentsCD146n = 6 independent experimentSEACAM1 n = 5 independent
experimentsPodoplanim = 3independent experimentBrox1n =5 independent

experiments*P < 0.05, **P < 0.01by ANOVA with Dunnett poshoc test
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