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Abstract

Embryonic stem cells (ESCs) are a useful source for various cell lineages. So

far, however, progress towaréconstitution of mature liver morphology and function

has been limited. We have shown that knockout eri deficient in adrenomedullin

(AM), a multifunctional endogenous peptide, or its receptdivity modifying protein

(RAMP2) die in utero due to poor vascular development and hemorrhage within the

liver. In this study, using embryoid bodies (EBsjJture system, we successfully

induced liversinusoidal endothelidike cells by modulation of AMRAMP2. In an

EB differentiation system, we found that-administration of AM and SB431542, an

inhibitor of transforming growth factds (TGH3) receptor type lmarkedly enhanced

differentiation  of lymphatic vessel endothelial hyaluronan recefitor

(LYVE-1)/stabilin-2-positive endothelial cells. These cellshowed robusendocytsis

of acetylated lowdensity lipoprotein(Ac-LDL) and upregulated expression lofer

sinusoidal endothelial celld $EC9-specific markers, includingattor 8 (F8), Fcy

receptor 2b Kcgr2h), and mannose receptor C type (Mrcl), and alsopossess

fenestradike structure a key morphological feature of LSECdn RAMP2-null liver,

by contast, LYVE-1 was downregulagéd in LSECs and the sinusoidal structurveas

disruped Our findings highlight the importance oAM-RAMP2 signaling for
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development of LSECs.
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Abbreviations

ESCs; Embryonic stem cells

EBs; Embryoid bodies

Ac-LDL; Acetylated lowdensity lipoprotein

AM; Adrenomedulln

RAMP; Receptor activignodifying protein

CRLR; Calcitonin receptotike receptor

GPCR G proteincoupled receptor

TGRB; Transforming growth factdd (TGFB)

LYVE-1; Lymphatic vessel endothelial hyaluronan recefitor

LSEC; Liver sinusoidal endothal cells

LECs Lymphatic endothelial cells

VEGF-A; Vascular endothelial growth factor A

VEGFR, Vascular endothelial growth factor receptor

ALK1, 5; Activin receptorlike kinase 1, 5

F8 Factor8

Fcgr2h  Fcy receptor 2b

Mrc1, Mannose receptor C type 1
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1. Introduction

Liver regeneration has long been desired as an alternative to transplantation of the

organ. But while theluripotency of embryonic stem cells (ESCs) has been exploited

to obtain a varietyf cell lineages fomedical and research applications, progress

toward reconstitution of mature liver morphology and function has been limited.

Matsumoto et al. showeadatprimitive endothelial cells localized in the septum

transversunarecrucialfor induction of the initial liver bud and faubsequentver

developmerji9]. In addition Ogawa et akecentlyreported that the emergence of

cardiomyocytes and expansionasfendothelial cell network derived froESCs play

animportant role in the proliferation of hepatocytes anliver organogenedj26].

This suggests that differentiation of endothelial cells and reconstitution of the

vasculature are key elements resagy for regeneration of mature liver.

Liver sinusoidal endothelial cel(§SECs) have unique strucaliand functional

characteristicsamong which aréenestrae antbbustendocytic activit{s, 30].

Otherwise tlese cells are characterized physiologically as highly specialized scavenger

endothelial cellshat expressuchscavenger receptoes themannose receptahe Fc-y

receptor and stabilig[6, 24, 30] The mechanim underlying the development of

LSECsremains largely unknowrbut severagsimilarities between lymphatic endothelial
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cells(LECs) and LSEChave been noted For example, both LECs and LSECs have

minimal basement membranasdloose ceHcell junctions, ad bothexpresdymphatic

vessel endothelial hyaluronan receptat YVE-1)[17]. Thissuggestthat

differentiationof LECs and LSECs is regulated to sodegreevia the same signaling

pathwag. Consistent with tat idea, recemeportshave shown thanhhibition of

endogenougransforming growth factds (TGFB) signaling enhances

lymphangiogenesianddifferentiation of fetal sinusoidal endothelial cg8, 34]

Adrenomediliin (AM) is a multifunctional polypeptide originally isolated from

human pheochromocytoifia]. A noteworthy feature of AM is the unique system

controlling its signalinfL6, 20, 22, 28] The AM receptor is a-transmembrane

domainG proteincoupled receptoiGPCR named calcitonin receptdike receptor

(CRLR), whichassociates with an accessory protein, receptor aethaiifying

protein(RAMP). ThreeRAMP subtypesRAMP1, 2, 3) have been identified.By

interacting with RAMP1, CRLR acquires a high affinity t@icitonin geneelated

peptide (CGRR)whereas by interacting with either RAMP2 or RAMP3, CRLR

acquires a high affinity for AM. Homozygous AM and RAMPRnockout(AM -/-,

RAMP2-/-) micedie midgestationpn embryonic dayH)13.5 and E14.5espectively

These AM/- and RAMP2/- mice share highly conservetienotypeshat include
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generalized edemas well aseverehemorrhagichanges within the liver argbor

vascuar formatiorjll, 29] These phenotypes suggest thatAl-RAMP2 systems

required for blood and lymphatic vessel function thrauglembryogenesjsand that

LSEC differentiatiorandsinusoidaimorphogenesis maye regulated bthe

AM-RAMP?2 systerf4, 8, 1113, 29]

The purpose dathe presenstudyis to generatd SECsusingESCsderived

embryoid bodies (EBs). To accomplish this, we focused on modulation of the

AM-RAMP2 sygem.
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2. Materials and methods
2.1. Culture of mouse embryonic stem cells

E141 ES cells derived from 129/Ola were grown on mitomygcimeated mouse
embryonic fibroblas(MEF) feeder layers to maintain them in an undifferentiated.state
The culture medim consisted oDulbeccds modified Eagless medium(DMEM)
(Invitrogen, Carlsbad, CA9upplemented witR0% fetal bovine seruitiFBS) (MBL,
Japan), InM sodium pyruvatéinvitrogen), 100uM nonessential amino acids
(Invitrogen), 100uM 2-mercaptoethandSigma-Aldrich, St. Louis, MO) and T0U/ml
leukemia inhibitory facto(LIF) (Chemicon, CA). The medium was replacelaily.

Prior to differentiation, ES cells were first passaged onto gelatin coated plates for
30 min to removéhe MEFs, andthenresuspendediilscovés modified Dulbecc®
medium(IMDM) (Invitrogen) containing 20% FBS, 1mM sodium pyruvate, @bD
nonessential amino acids and 100 2-mercaptoethanpWwithout LIF, and then formed
into a hanging drop at a concentration of 1,500 cells p@t.50The hanging drop was
cultured for 4days at 37C underan atmosphere of 5% GO The 15 EBs formed in
the drops were transferred onto arfil dish coated with collagen typélwaki, Japan),
and were cultured in differentiation medium consisting of IMDIM@Eemented with

10% FBS, InM sodium pyruvate, 100M nonessential amino acids and 100
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2-mercaptoethanol The following growth factors or inhibitewere added to the
differentiation medium amdicated 20 ng/ml humarnvascular endothelial growth faat
A (VEGF-A) (R&D systems, Minneapolis, MN), Toor 107 M human recombinant
AM (Shionogi, Japan), 1TM SB431542SigmaAldrich). SB431542 was dissolved
in 100%dimethyl sulfoxidgDMSO) & a stock concentration of Xdmol/L. This
stock was then ditedin medium and0.01% DMSO was used #®evehicle for
SB431542 in each experimentAs a controlp.01% DMSO was also addedttee AM

group. The medium was replaced every other day.

2.2. Primary culture of fetal mouse liver cells

Fetal mouse liverst&14.5 were dissected free of adhering tissue under a
stereomicroscope. The livers werghenminced and dissociategingcollagenase
(Wako, Japan) in Hank buffer(Invitrogen) after which he cells were seededtora
collagen typd-coated disland mantainedin DMEM supplemented with 10% FBS and

100U/ml penicillin-100 pg/ml streptomyecin.

2.3. Primary culture of adult mouse liver sinusoidal endothelial cells

Primary adult mouseSECs were isolated using a two step collagenase perfusion
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and centrifugdon protocol[3] The isolated sinusoidal endothelial cells were cultured

in EGM2-MV (Cambre, Walkersville, MD)at 37C under a 5% Cg@atmosphere.

2.4. Animals

C57BL/6J mice were obtained from Charles River Laboratories Japan, Inc.

RAMP2-/- mice were originally generated in our grély. BecauseRAMP2-/- mice

die in utercat E14.5we analyzed embryonic livérom these andvild-type miceat

E14.5. All animal experiments were conducted in accordance with the ethical

guidelines of Shinshu University.

2.5.RNA extractionand RFPCR analysis

Total RNA was extracted fronthe outgrowths of the EBssing Trizol Reagent

(Invitrogen, Carlsbad, CA), after which it was treated with DR&e (Ambion, Austin,

TX) to remove contaminating DNA, and@ samples were subjected to reverse

transcription using a High Capity cDNA Reverse Transcription Kit (Applied

Biosystems Carlbad, CA. Semiquantitativereverse transcription polymerase chain

reaction(RT-PCR) was then carried out using ExqDNA polymerase (Takara, Japan).

PCR primers are listed in Table 1.



O J o U bW

OO DTG UTUITUTUTUTUTUTOTE BB DD DDA DS DNWWWWWWWWWWNRNNNNNONNNONMNNNR R R RR PR PR
O™ WNFROWVWOJdNT D WNRPOW®O-JIAAUTDRWNR,OW®O®JdNTIBRWNRFROWOW-TJMNUB®WNROWO®W-10U D WN R O WO

2.6. Quantitative reatime RT-PCR analysis

Quantitative reatime RT-PCR wasarried out using aApplied Biosystems
7300 real time PCR System (Applied Biosystemh SYBR green (Toyobo, Japan) or
Realtime PCR Master MigkToyobo) and TagMan probe (MBL) Values were
normalized to mousglyceraldehyde8-phosphate dehydrogeng&APDH)
(PreDevdoped TagMah assay reagentdpplied Biosystems PCR primers are

listed in Table 2.

2.7. Immunohistochemical analysis

Cultured EBs were fixed with 4% paraformaldehyd&Hor 20 minand then
permeabilized with 0.1% Triton X for 10 min at room temperatué&mbryos and
livers were embedded in OCT compouyS@kura Finetek Japan Co., Tokyo, Japan)
after which 6um sections wereut witha cryostat and mounted on glassesid The
sectionsverethenfixed with 4% paraformaldehyde/PBS for &bn and permeabilized
with 0.1% Triton X for 10 min at room temperature. The fixed samples were
incubatedirst for 30 min at room temperature in blocking buffer containing 4% goat

serun (DAKO, Denmark) or 4% donkey serum (Jackson Immunoresearch, West Grove,
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PA), and therwith aprimaryAb overnight at 4C followed byasecondanAb for 1 hat

room temperature The Absusedwere rat antimouse CD31BD Pharmingen, San

Jose, CA), rabbi#ntirmouse LYVEL (RELIA Tech, Braunschweig, Germany), rat

antrmouse stabili¥? (a kind gift from A. Miyajima, Tokyo University, Japan), goat

antrmouse albumiriBethyl Laboratories, Montgomery, TX), Alex&88-conjugated

antirat or rabbitandAlexa 568conjugated antrabbit or goatolecularProbes,

Eugene, OR). For nuclear staining, the cells were incubated for 5 min at room

temperature witld',6-diamidinc2-phenylindole(DAPI).

2.8. Cellular uptake of scavenger ligands analysis

For cellular uptake foacetylated lowdensity lipoproteir{Ac-LDL), EBs were

incubated with 1(ug/ml Alexa488-conjugated Ad_DL (molecular probes) at 8 for

4 h. After rindang the dishthree times with phosphatmiffered salindPBS), the

cellular uptake of Alexa488onjucated AcLDL was examinedisingafluorescence

microscopgBZ-9000, Keyence, Japan).

2.9. Scanning electron microscopy

Cultured EBs and primary adult mouse LSECs were fixed with 2.0%
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glutaraldehyde. Samples were postfixed with 1.0% osmium tetroxeszedried with

t-butyl alchol, sputtecoated with gold, and examined with JSM6510LV scanning

electron microscop@lEOL, Tokyo, Japan).

3. Results

3.1. Gene expression @mbryonic stem cellEESC9-derived embryoid bodig&Bs)

during differentiation

We first ussdquantitativereattime RT-PCRto analyze théime course of

brachyury,goosecoid and FHd expression during EB formatiam hanging drop (data

not shown). Brachyury andjoosecoid expressiomhich definesearly mesoderm

induction and devepment, wasighestfrom day 3 to day4 of EB formation and then

declined. By contrast, expression of the early endothelial cell differentiation marker

FIk-1 was first detected on day 3 and gradually increased until day 5. hanééare

estimated that egrmesodermal differentiation in EBs gave way to endothelial cell

differentiation on day 4, and so we transferf&®s onto collagen typedishesfor

exparsion andurtherinductionof theendotheliakell lineageon that day We mainly

observed the outeegions of the cultured EBs on the matix (EB outgrowth) because in
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those areas vascular and cellular network formation was easily observed.

To assesexpressiorof AM, TGFB1 andtheir receptors during differentiation of EBs,
we carried out T-PCR analys usingRNA extracted from undifferentiated ESCs and
from ESGderived EBs collectedvery 4 day$rom dayO to day20 (Fig. 1A).

RAMP2 and RAMP3 weralreadyexpressed itheundifferentiated ESC&lay 0).

Type | TGF8 receptogctivin receptodlike kinase ALK )5 was alsalected in day O.
CRLR, VEGF and anothetype | TGFS8 receptoALK 1 expressiomwas first detected
onday4 andwas sustainedntil day 20. RAMP3 expression was detected in the
undifferentiated ESCs; it thafisappearetdy day 4 buteappearedn day 8, andts

levels increased thereafterBy contrast, AM expression was not deteaietll day16

well after expression of its receptors.

3.2. AM enhances induction of CD{bsitive endothelial celli;m EBsduring anearly

phase of diffegntiation

To assessherolesof VEGF and AMin vasculogenesiduringearly endothelial
cell development, recombinant VEGEO ng/ml) and AM(10’ M, 10°M) wereadded

to the culturesrom day4 to dayl4 (Fig. 1B), andthe number of CD3positive cellsn
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EB outgrowthsvasquantified by immunohistochemical analysisday14 (Fig.1C).

We found thatlie number of CD3positiveendotheliakellsincreasedn the

VEGFtreated group. Moreover,addng AM in combination with VEGF significantly

enhanced induin CD3Z%positiveendotheliakells, ascomparedo VEGF alongFig.

1C, D).

We alsoanalyzedymphatic vessel endothelial hyaluronan recefit@drYVE-1)

expression during the early phase of EB development (days 4 teoivByer, no

LYVE-1 positivity was detectedn any groupat this stagédata not shown) Therefore

to identify the staget whichLYVE -1-positive endothelial cellemergeat a later phase

(days 17 to 24) we doublenmuncstained cellsn EB outgrowtls for CD31and

LYVE-1 (Fig. 1E). A eéw CD31/LYVE1 double positive endothelial cells were

detectedbn days 17-20, but the numbergradually increasedp today24.

Interestingly, the emergence oY VE -1-positive endothelial cellsccurred at about the

same time as thepregulation of AM expession(Fig. 1A).

3.3. AM and SB431542 enhance the induction of LY¥}/gositive endothelial cells

duringlate phase differentiation
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Next, we examinethe expression dmphatic endothelial celld ECs) andliver

sinusoidal endothelial cellE $EC9-specific genes irthe EB outgrowthgluringlater

phasdlifferentiation. Stabilir? isa fasciclirlike hyaluronan recept@nd specific

LSEC marker used to distinguish LSECs from LECkhibition of TGH3 receptor

type 1, using its specific inhibitor, SB4342, reportedly promotes stabHipositive

endothelial cell differentiation in monolayer cultures of ER6E In the present study,

we compared the effect of AM on LSEC differentiation with that of SB431542.

Recombinant AMor SB431542vasaddedo later phase EBs (days 14 to 20) attached

to collagen tcoated dishefFig. 2A). Quantitative RTPCR analysishowed that

LYVE -1 geneexpressiorwassignificanty elevaed about Zold, ascomparedo

control in both theAM - andSB431542treated groups. Furthermore, when AM and

SB431542 were adddaogether, they actexynergistially to upregulate ¥VE-1 about

8-fold (Fig. 2B).

AM and SB431542 each significantly upregulated stablexpression and, as

with LYVE-1, their ceadministration synergistically enhanced stabdliexpression.

Vascularendothelial growth factor receptofEGFR)3 andCD31, which are expressed

in fetal LSEC§24], were also upregulated by AM and SB43154By contrast

expression oProx1 andpodoplanin LECsspecific markerswas unaffected Thus
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AM and SB431542 promote cell differentiation that is much more toward LSECs than

LECs.

Immunohistochemicaletection ofCD31 and LYVE1 in day 20 EB outgrowths

revealedha the numbers o€D31/LYVE-1 doublepositive endothelial cells were

significantly increasedy treatment wittAM or SB431542Fig. 2C, D). And

consistent with thguantitative RTPCR results, AM and SB431542ted

synergistia@lly to increasenumbersof LY VE-1-positive endothelial cellg=ig. 2D).

The proportion of LYVE1-positive cellsamong theCD31-positive cellsvasnearly

70%, whereas no YVE-1-positive cells were found among the CBh3dgative cells.

3.4. AM- and SB431542nduced EB-derived LYVE -1-positive endothelial cells

possess the characteristicd &ECs

To characterize thehenotye of EB-derived LYVE -1-positive endothelial cells

treated with AM and SB431542 moredetail we initially carried out an

immunohistochemical analysis EBs treated with vehicler AM +SB431542

Co-administration oAM and SB43154promoted the appearance of VE-1 and

stabilin-2 doublepositive cells compared with contr@ig. 3A). This double
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positivity of LSECs for LlYVE-1 andstabilin-2 was also deteced primary cultures of

LSECs from adult mouse livélower panel oFig. 3A). Higher magnification of the

same condition welllemonstrated this doubjmsitivity in AM-SB431542treated

group (lower panel of Fig. 3B).

We also assessed the expression of LSgéxific markers known to be expressed

in mature liver. Usingjuantitative RTPCR, we determined that tHe&SEC markes,

factor(F8), Fc-y receptor 2b (Fcgr2h) and mannose receptor C type 1 (Mrcl), wadke

significantly upregulated by AM and SB431542g. 3C). To thenevaluate the

functional properties of Elerived endothelial cells, wassessedndocytosi®f

fluorescently labele¢Alexa 488-conjugated) acetylated ledensity lipoprotein

(Ac-LDL). AM-and SB431542reated cells showed higher existerof the

fluorescenpositive cellghan control, which means greagdocytotic activity (Fig.

3D). At 4 hrs,AM- and SB431542reated cellexhibitedsignificantly greater

endocytotic activity thanntreated cellgFig. 3E). Onday24 of the culture,

morphologicalfeatures oEB-derived LYVE1-positive endothelial celiwere

compared wittprimary-cultured adult LSE€ in the higher magnification (Fig. 3F

upper panel) and ircanning electron microscogifig. 3F lower panel). AM- and
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SB431542treated B-derived LYVE1-positive endothelial cells revealdte presence

of fenestradike structure which are the most prominent feature of mature LSECs.

3.5. The crucial rolplayed bythe AM-RAMP2 system during hepatic sinusoidal

development and morphogengsn vivo

To study hepatic sinusoidal endothelial development and morphogenesis,

carried out anammunohistochemical analysis detectCD31 and LYVEL in liver from

El14.5embrys and aduls (Fig. 4A). We found that whereastal LSECs expressed

CD31 ad LYVE-1 equally(Fig. 4A upper pang| adult LSECs showed much stronger

expression of ¥VE-1 than the fetal cells and less expression of C(B81. 4A lower

pane). In addition, the CD3positive cells were limited to the larger vessels in the

adult liver. LYVE-1-positiveLSECsalreadyshowedcapillary-like structures and

ductal formation irthe E14.5 liver.

Analysis of hepatic gne expression revealdthtAM, CRLR and RAMP2are

expressd during mieto-late gestation and in newborns, and sk expression

gradually increaseduring developmenintil it pealsin newborrs. On the other hand

TGH31 expressionis downregulated after birt{Fig. 4B).
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We have demonstrated that RAMP2, one of the-kelgkeptor modulating proteins,

is a crucial determinant of AM’s vascular function during development. AM-/- and

RAMP2-/- mice die at midgestation becaudesascular abnormalitigd 1, 29}

Immunohistochemical analysis using aB®31 and antLYVE-1 antibodies in E14.5

wild-typeand RAMP2/- embryoliver revealed downregulation of LY\AE expression

in the sinusoidl endothelial cell§Fig. 4C). Quantitative RTPCR analysisilso

revealed significant downregulation oY VVE-1 in the RAMPZ2/- liver (Fig. 4D).
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4. Discussion

The purpose of this study wasitmluceliver sinusoidal endothelial csl(LSECs)

differentiion for the reconstitution diver morphogenesis.

LSECshave unique features not seemthervascularendothelial cellshat make

them more similar ttymphaticendothelilal ells (LECs). For example, both LECs

and LSECs have minimal basement memlsaneloose ceHcell junctions andboth

expresgymphatic vessel endothelial hyaluronan recefit@ctYVE-1)[17, 24}

Moreover, botH.ECs and LSECsriginate from veins or mesenchyjel0, 33]

That said, these two cell types clearly differ in some ways. For exastgubdin2,

FcyRs, Mrcl and F8 are expressed in LSECs but not |iz@8ereas pdoplanin and

Prox1 are expressed in LEBCbut not LSECs LSECs also exhibigreaterendocybotic

activity than other typeof endothelial cell4]. In our study, LYVE1-positive

endothelial cellsn EBs treated with AM and SE81542 expressed stabi#) andsome

exhibitedfenestradike structures. In addition transcripion of the LSEC markes F8,

Fcgr2b and Mrclwassignificantly upregulated, arttie cellsexhibitedmore robust

endocytotic activity. On the other hand, exgssion othe specificLEC markers

Prox1 and podoplaniwas unaffected EB-derived LYVE -1-positive endothelial
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cells induced with AM and SB431542 thaispear tgpossess the characteristics of

LSECs

Matsumoto et al. showeadatprimitive endothelial ells localized in the septum

transversunplay acrucial rolein the induction of the initial liver bud and subsequent

liver developmernil9]. Recently, Ogawa et al. reported that the emergence of

cardiomyocytesrad the expansion of the endothelial cell network derived from ESCs

stimulatethe proliferation of hepatocytes and liver organoge@&sjsin addition

Fujimori et al. reported that VEGF increageoliferation of edothelial and

hepatocytdike cells in EB$9]. In our study, LYVE1-positive endothelial cells

migraedto and made contact witlbuminpositive cellan EB outgrowthsafter which

expression of mature hepatocyte markers incre@sed not shown) Thissuggest

thatthrough the induction diSECs we can promoteature hepatic morphogenesis

and that LSECs could be a crucial therapeutic target for regeneration of the liver.

Consistent with that idea, it wascenly shownthat transplanted sinusoidal endothelial

cellscanrepopulate the liveendothelium and correct the phenotype of hemophilia A

micg7, 15], andseveral reporthaveshown thatendothelial progenitor cell

transplantation ameliorates acute liver injury and liver cirrhosis iflBt23, 31, 32]
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Oursecond major finding is that AMRAMP2 system is the potentital target for

the induction of LSECs. From our observation ofrachyury goosecoid andrlk-1

expression, we estimated that by day 4yemesoderm differentiation in EBs gave way

to endothelial cell differentiation. In additioexpression of CRLR and RAMP2,

which together form aAM receptor,alsostartedonday4. These observations

prompted us to test the effeéeM on VEGFRinduced edothelial differentiation

beginning orday 4. Our finding thatAM dosedependeny enhanced inductioof

CD31-positiveendotheliakells during theearlydifferentiationphasgdays 4-14) is

consistent with earlier observations made usinglRtlositive @lls sorted from

ESC$35]. By contrastLYVE-1-positive endothelial cells were ne¢enat this stage

in any group Wetherefore suggest that this stage CD3fositive endothelial cells

had notyetexpressed diérentiation factors fogpecificendotheliakellular lineages

Thereforewe next determinethe staget whichLYVE -1-positive endothelial cells

emergd in EB outgrowths. A few CD31/LYVH doublepositive cells wereletected

ondaysl7-20, and their nmbersgradually increasedn days22-24. Interestingly, the

emergence ofYVE -1-positive endothelial celland theupregulation oAM occurred

at about the same time (dayl7)From these observations, we estimated dagg14-17

is a critical period durig whichCD31-endothelial cells in EB outgrowtheegin to
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respond talifferentiationfactorsfor specific celar lineages We thereforeapplied
differentiation stimuli from day 14. SB431542, a TGIB receptor type 1 inhibitor,
reportedly promotes CD31IMVE-1/stabilin-2 positive endothelial cell differentiation in
monolayer cultures of ES@85]. In the present study, we found that AMatment

from day 14 to day 20 also promoted the appearance of
CD31/LYVE-1/stabilin-2-positive endothelial cells. Moreover, when administered
together, AM and SB311542 acted synergistically to promote differentiation of
CDS31/LYVE-1/stabilin-2-positive endothelial cells. This result suggestshe
differentiation of LSECsSAM and TGIB-signalingshow reverseorrelation

TGH3-TGH3 receptor system suppresses LSHkentiation On the other hand,
AM-RAMP2 system promotes itTGH31 and ype | TGF§ receptorALK1 and ALK5)
were expressed in EBs and their expanded culture on the collagen dish. In addition,
TGH31 was rather uniformly expressed in the liver of enohrnyew born, and adult mice.
In contrast, the AM expression level is temporally regulated and appears at relatively
later stage during embryogenesidontuenga et al. shazdthatduringrodent
embryogenesjghe expression of TGH and AM is spati&y and tempordy regulated
such thatheir expression patterreverlapat the same stage of development in several

tissues and in the same cellular locadj@f]. It hasalso beershown thathere is less
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AM expression in tissugsom embryonic TGPB1-null micethan in tissues from

wild-typemice, butthat AM expressioimcreases during postnatal developmerenin

TGH31-null micd1]. Taken together, crital balance betweerGH3-TGH3 receptor

systemandAM-RAMP2 system during development may determine the differentiation

direction of endothelial cells. By a microarray analysis of AM 8B431542

co-administration condition in EBsve confirmed the upregation of LYVE-1. In

contrast, we cannot detect specific changes in other angiogenic factors (Supplemental

Table 13). This may suggest that in the@dministration of AM an&B431542

LYVE-1 upregulation is a critical determinant of LSEC differentiation

It also has beepreviousy reported thaAM/cAMP is a novel signaling pathway

that leads tactivaton of Notch signaling in differentiatingndothelial cellsand is

requiredfor indudion of arterialendothelial cell§rom Flk-1-positive cells sortetfom

ESCsin amonolayer culture systdb]. Our resultsare at variance this reportand

we suggest that the inconsisten®flectsthe differencean theculture system used in

the two studiesmonolayervs. semispheroictultures andorted purified cellss. EBs

thatinclude endodermal and ectodermal cell lineag&€3ell-cell interactionsand

unknown factors from endodermadbr ectodermal cells magffectthe endothelial

cells in our culture system.
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Analyds of gene expressiom the embryonic liver revealddatAM, CRLR and

RAMP2 areexpressdthroughout liver development.AM expression increased

gradually during development and peaked in newdorin E14.5 RAMP2/- liver,

LYVE-1 expressionvasdownreglatedin sinusoidal endothelial cells, atite capillary

networkandsinusoidal structureveredisruped This finding, together withthe

observed morphology and functionality of the cells inBBrculture systensuggests

the AM-RAMP2 system playa crtical role in thedifferentiationof LSECs andn

sinusoidaimorphogenesis. We suggest that these resoliisi serve as the basis for

development of techniquésr theregenerabn of liver, and could also be useful in a

variety of othemedicaland resarchapplicatiors, including bioartificial liver systems

and drug metabolism assays
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Figure legends

Fig. 1

(A) Semiquantitative RIPCR analysis ofiene expression in ESderived EBSRNA

was extracted from undifferentiated ES@ay0, D 0) and from EB®nthe indicated

day and analyzed for expression of VEGF, AM, CRLRM®P2, RAMP3, TGH1,

ALK1, ALK5 and HPRT. EBs were seeded onto collagen tyjmated dishesn day

4 and cultured in the absence of growth factors. P{Bjocol for the treatment of early

phase EBs for endothelial cell differentiatidime medium was supplemented with

VEGF and AM from day to dayl4. (C) Immunohistochemiaidtecion of CD31

(green)in EB outgrowthondayl4. Scale bar = 20Q@m. (D) Quantitative analysis

of CD31-positive areaof EB outgrowth®onday14. Analyzed werd selected

microscopdields. Bars are means SE, *; p<0.01}*; p<0.001. (E) Double

immunostaining of CD3Xgreen)andLYVE-1 (red) in EB outgrowths cultured in the

absence of growth factoos the indicated day. A few CD31/LYVE-1 doublepositive

endothelial cells werdetectedn days 17-20, butthe numbervas increasedn days

22-24. Scalebar = 200um.

Fig. 2
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(A) Protocol for the treatment of late phase EBs for specific endothelial cell
differentiation. To analyze the effect of AM arttie TGF inhibitor SB431542 on late
phase endothelial cell developmehe medium was supplementedwieécombinant
AM (10°M) andor SB431542 (1§ M) from day14 to day20. (B) Quantitative
RT-PCR analysief CD31,LEC-specificgeneqLYVE-1, Prox1, podoplanin,
VEGFR3)and LSEGCspecificgeneqLYVE -1, stabilin2, VEGFR3)in the outgrowths
of day17 EBs treated with vehicle, SB431542, AM and AM+SB431542\RNA
levels was normalizedio that of GAPDHMRNA. Bars are means SE, n=3(each
sample includes 15 EBs¥<0.05, **p<0.001, ***p<0.0001 vs. ®ntrol, 1p<0.05,
11p<0.0001vs. SB431542AM. (C) Immunohstochemicabetection ofCD31(green)
and LYVE-1 (red) in20 dayEB outgrowths. Scale bar = 20am. (D) Quantitative
analysis of the CD31and LYVE-1-positive areain 20 dayEB outgrowths in 8
selectednicroscopdields. Bars are meaisSE, *p<0.05**p<0.01, ***p<0.001vs.

control, 1p<0.01vs. AM.

Fig. 3
Phenotypic characterization of Eferived LYVE -1-positive endothelial cells treated

with AM+SB431542. (A) Immunohistochemicaletectionof stabilin-2 (green) and
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LYVE-1 (red)in day 20 EBs treatedvith vehicle, AM+SB431542and inprimary

cultured adulLSECs. Scale bar = 10am. (B) In high power field. Scale bar=

100um. (C) Quantitative RTIPCR analysisf LSEG-specific genes ithe

outgrowths ofdayl7 EBs treated with vehicte AM+SB431542. : Control, 9

AM+SB431542. mRNA levelswas normalizedo that of GAPDHmMRNA. Bars are

meanst SE, n=3(each of the sample includes 15 EBp)K0.05, **p<0.01. (D)

Endocytotic activity in cultured EB outgrowths treated with vehiclaM+SB431542

wasestimded based onellular uptake of Alexd88-conjugated Ad_DL (green)for 4

hrs and 24rs exposure. Scale bar = 300m. (E) Quantitative analysis of

Alexa488positive areathat were exposed for 4howestimatedn 8 selected

microscopdields. : Control, 9 AM+SB431542. Bars are means SE **p<0.01.

(F) Morphological analysis of EBerived LYVE1-positive endothelial cells treated

with vehicle, AM and SB43154@n day 24 (left) andprimary-cultured adult LSE€

(right) using immunostaining of artiYVE -1 artibody (red), and using scanning

electron microscopy. Scale bar = 5@m (upper panel), tm (lower panel).

Fig. 4

(A) Immunohistochemicaletectionof CD31(green) and LYVEL (red) in E14.5 and
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adult liver. Scale bar =10@am. (B) AM, CRLR, RAMP2, RAMP3, TGH31 and

HPRTgene expression in E12.5, E14.5, E18.5, neonatal and adult livéPRT was

amplified to normalize for the amount of RNA used as starting material. (C)

Immunohistochemicaletectionof CD31(green) and LYVEL (red) in E14.5vild-type

and RAMP2/-embryoliver. Scale bar = 10am. (D) Quantitative RFTPCR analysis

of AM, CRLR, RAMP2, RAMP3, LYVEL1 and CD31 in E14.%wild-typeand

RAMP2-/- embryoliver. : Wild, 9 RAMP2-/-. mRNA levels werenormalizedto

that of GAPDHmMRNA. Bars are means SE, n=4 per groypgp<0.05.
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TABLE 1.

For gRT-PCR

LYVE -1 Forward AAGCAGCTGGGTTTGGAGGT
Reverse CACCAAAGAAGAGGAGAGCCA

stabilin -2 Forward GCTCGAGACAAAACCACTTAGTGA
Reverse CCCGATGAAAATGGATCTCTTC

Prox-1 Forward CGGGTTGAGAATATCATTC
Reverse TCTTTCGTTTTCATTGCCCC

podoplanin Forward TGGCAAGGCACCTCTGGTA
Reverse TGAGGTGGACAGTTCCTCTAAGG

VEGFR3 Forward AAGGCCTGCCCATGCA
Reverse TCGCCAGGGTCCATGATG

F8 Forward TGCCTGACCCGCTATTATTC
Reverse AGCGTTGCATGTTCTCTGTG

Fcgr2b Forward CCCTGGGAACTCTTCTACCC
Reverse CAGCAGCCAGTCAGAAATCA

Mrcl Forward ATGCCAAGTGGGAAAATCTG
Reverse TGTAGCAGTGGCCTGCATAG




TABLE 2.

For RT-PCR

VEGF Forward CAGGCTGCTGTAACGATGAA
Reverse AATGCTTTCTCCGCTCTGAA

AM Forward TCGAATTCATCGCCACAGAATGAAGCTGGT
Reverse TCGAATTCTATATCCTAAAGAGTCTGGAGA

CRLR Forward TAAGTTGCCAACGGAT CACA
Reverse CCCTTGCATGTCACTGATTG

Ramp2 Forward CATCCCACTGAGGACAGCCT
Reverse GATCATGGCCAGGAGCACAT

Ramp3 Forward TCGAATTCATCTTAGTTGGCCATGAAGAC
Reverse ATACCTGGGCACACTCACCACAA

TGF 1 | Forward CCCGAAGCGGACTACTATGC
Reverse TAGATGGCGTTGTTGCGGT

ALK1 Forward TGACCTCAAGAGTCGCAATG
Reverse CTCGGGTGCCATGTATCTTT

ALK5 Forward GGCGAAGGCATTACAGTGTT
Reverse TGCACATACAAATGGCCTGT

HPRT Forward GTTGGATACAGGCCAGACTTTGTTG
Reverse GAGGGTAGGCTGGCCTATAG GCT




Supplemental Table 1.
Genes upregulated in EBs treated with AM and SB431542 (>three fold)

NCBI fold
Gene Ref.Seq. Description change
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Supplemental Table 2.
Genes downregulated in EBs treated with AM and SB431542 (<three fold)

NCBI o fold

Gene Ref.Seq. Description change
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) ) 8:7<.%;;.:26. "M7=:,.1./".9)8.8<2-. ,, ) (

87, ) *8742878:7<.267=:,. *:3.:"A5+74 ,, (

1@ ) 175 .7+:®<.26"7=:,. *:3.."A5+74 ,, (

LI<A ) 4./<201<<.:5 26*42767:""7=:,. *:3.."A5+74 ,, (

.0/ ) 5 =4<284. 423. -75*26%7=:,. *:3.."A5+74 ,, (
M 26;=426.8<7,=+;<:*<"7=:. *:3.:"A5+74 ,, (

87* ) *8742878:7<.267=:,. *:3.."A5+74 ,, (

2@ 4 ) 2@75 .7+7@ 4B36784;>2"7=:,. *:3.."A5+74 ,, (

A8 * ) JA<7,1:75 . F52A ;=+/*5 24874A8.8<2-7=:,. *:3.:""A5+74 (

)

608<4 *6027872.<26"423:,. *:3.:"A5+74 ,, (

00 ) /2+:26 7M. 5 874A8.8¢Zx=:,. *:3.:"A5+74 ,, (

87* ) *8742878:7<$267=:,. *:3.."A5+74 ,, (

#:1 ) <1A:7<:78426;2610/:5 76.7=:,. *:3.:"A5+74 ,, (

# ) +:* 1A="K=:,. *:3.."A5+74 ,, (

0 ) 8:7<.*;,.:26. "™7=:. *:3.."A5+74 ,, (

% )

4+ ) , 44.=3.52* 4AA5817'5%=:,. *:3.:"A5+74 ,, (

4 ) ,1.57326. 57<220*6-""7=:,. *:3.:"A5+74 ,, (

#5.8*2 <:*6;5 .5 +:867;<*%6-:702%6-=, .- "T7=:,. *:3.:"A5+74 ,, (
<,1- % ) 8*<,1.--75*266<*26260=:,. *:3.:"A5+74 ,, (

& 2, ) B26/260.8:7<.26<1.,.:.+.44=5"7=:,., *:3.."A5+74 ,, (

0/+8 ) 26 ;=426 Q2B? 41,<7+26-280/r<.26"7=:,. *:3.:"A5+74 ,, (

/8 ) *48 1/*<78:7<"2B=:,. *:3.:"A5+74 ,, (

123 ) ! s 0.6"7=:,. *3.:""A5+74 ,, (
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Supplemental Table 3.
Specific endothelial markers, early mesodermal markers
and angiogenic factors in EBs treated with AM and SB431542

NCBI o fold

Gene Ref.Seq. Description change
%32, @=- ( -?;9F-33<31964 )15 +65;)1B81IBK9+- )92-9' @4 *63 ++
)= ( ;) * 131581 6<9+- )92-9!/ @4 *63 ++ '

)= ( 1;)* 131581 6<9+- )92-9!/ @4 *63 ++ '

-+)4 ( 73);-3-; -5,6;0+33BD-:16663-+<&K!6<9+- )92-9/ @4 *63
, 75 ( 76,673)&16<9+- )92-9! @4 *63 ++ '

5* ( -70915&!/6<9+- )92-9' @4 *63 ++

70*% ( 709-+-7;69&!6<9+- )92-9'@4 *63 ++

( +6)/<3);65569 &!'6<9+- )92-9' @4 *63 ++

9+ ( 4)5569-+-7,69@7-&'6<9+- )92-9'@4 *63 ++

+/9 * ( +9-+-7:69 36)..15FX@&!6<9+- )92-9' @4 *63 ++

+; ( #,64)153):: ;9)5:+917.16H9&!'6<9+- -.1-8(7-7;1,- +
)56/ % ( )56064 -6*&6<9+- )92-91 @4 *63 ++ '
" ( *9)+0 @K BRI+- )92-9! @4 *63 ++

D+ ( /66:-+681,6<9+- )92-9'@4 *63 ++

-7 ( 4-:6,-946:;-9168'6<9+- )92-9' @4 *63 ++

-@ ( 3-..91/0,;-;-94 15);06t569&! 6<9+- )92-9! @4 *63 ++
-5@ ( -.; 91/0:-;-94 15);06t56 9&! 6 <9+- )92-9' @4 *63 ++
$-1) ( =):+<3)9®,6;0-39B> ;0+;69&!6<9+- )92-9' @4 *63 ++
$-/.* ( =):+<3)3,6;0-3I9B> ;0+;69&!6<9+- )92-9/1 @4 *63 ++
$-/.+ ( =):+<3)®,6;0-39B> ;0+;69&!'6<9+- )92-9/ @4 *63 ++
3; ( | 312:@96:2515):-&!'6<9+- )92-9!1 @4 *63 ++ '
, 9 ( 215):15:-964 ) 1596 ;-95+-7;8D6<9+- )92-9!/ @4 *63 ++
3; ( | 312;@96:2515):-&!6<9+- )92-91 @4 *63 ++ :
5/7; ( )5/16761- &66<9+- )92-9!/ @4 *63 ++

5/7; )5/16761- &66<9+- )92-9!/ @4 *63 ++

5/7;3 ( )5/16761-;15 &1B<9+- )92-9!/ @4 *63 ++

5/7;3 ( )5/16761-;15 &1B<9+- )92-91 @4 *63 ++

5/7;3 ( )5/16761-;15 &1B<9+- )92-91 @4 *63 ++

5/7;3 )5/16761-;15 &1B<9+- )92-91 @4 *63 ++

5/7;3 ( )5/16761-;15 &1B<9+- )92-91 @4 *63 ++

5/7;3 )5/16761-;15 &1B<9+- )92-91 @4 *63 ++
"1- ( @96:P7515):9-+-7;68!6<9+- )92-9!/@4 *63 ++

-2 "1- ( -5,6;0-31)3 :79+41%;6@96:2515):&!' 6<9+- )92-9!/ @4 *63



