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Inhibition of endogenous TGF- signaling enhances lymphangiogenesis
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Lymphanglogenesis is induced by vari-
ous growth factors, Including VEGF-C.
Although TGF-§ plays cruclal roles In
anglogenesls, the roles of TGF-f signal-
Ing In lymphanglogenesis are unknown.
We show here that TGF-p transduced
signals in human dermal micro-
vascular endothelial cells (HDLECs) and
Inhibited the proliferation, cord forma-
tion, and migration toward VEGF-C of
HDLECs. Expression of lymphatic endo-

ily ol Tokyo, Tokyo, Japan

thellal cell (LEC) markers, including
LYVE-1 and Prox1 in HDOLECs, as well as
early lymph vessel development in mouse
ambryonic stem cells In the presence of
VEGF-A and C, were repressed by TGF-p
but were induced by TGF-§ type | recep-
tor (TRR-) inhibitor. Moreover, inhibition
of endogenous TGF-f signaling by TRR-
Inhibitor accelerated lymph

in a mouse model of chronic peritonitis.
Lymphanglogenesic was also Induced by

TAR-l inhibitor In the presence of VEGF-C
In pancreatic adenocarcinoma xenograft
models Inoculated In nude mice. These
findings suggest that TGF-f transduces
signals in LECs and plays an important
role In the regulation of lymphanglogen-
esis in vivo. (Blood. 2008;111:4571-4579)
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Introduction

Transforming growth factor-B (TGF-p) is a moltifunctional
cytokine, which regulates the growih, differentiation, migration,
adhesion, and apoptosis of various types of cells. TGF-f binds
1o 2 different types of serine-lhreonine kinase receplors, known
as type I (TBR-II) and type I (TBR-1).!** Upon ligand binding,
TBR-11 transphosphorylates TRR-I, which in turn lransmits
specific intracellular signals. The type | receptors phosphorylate
receptor-acti vated Smads (R-Smads), and induce complex forma-
tion between R-Smads and common-partner Smad (co-Smad),
The R-Smad/ico-Smad complexes accumulate in the nucleus,
where hey regulale transcripltion of targel genes, including
plasminogen activator inhibitor-1 (PAI-1) and Smad7, through
interaction with various transcription factors and transcriptional
coaclivalors. Smad2 and Smad3 are R-Smads aclivated by
TRR-1, whercas Smadd is the only co-Smad in mammals shared
with the TGF-p family signaling pathways. Smad7 is an
inhibitory Smad, which interacts with activated TPR-I and
interferes with the phosphorylation of R-Smads by TRR-1.

TGF-§ inhibits the growth and migration of blood vascular
endothelial cells in vitro, whereas il induces angiogenesis in vivo.*
Mice lacking certain components of TGF-p signaling (eg, TGF-B1,
TBR-Il, or TBR-1) exhibit abnormalities in blood vascular tis-
sues. > We have recently shown that inhibition of TGF-P sigmaling
by low-dose TRR-1 inhibilor decreases the coverage of endothe-
linm by pericytes, promoting leakiness of tumor blood vessels.® In
tumor microenvironments, TGF-B signaling has also been reported
to inhibit immune function and induce deposition of extracellular
matix proteins, inducing progression of tumors in advanced
cancers.” However, the relationship between TGF- signaling and
lymphangiogenesis has not been determined.

Various growth factors have been reported to be invelved in
Iymphangiogenesis. These include vascular endothelial growth
factor (VEGF)-C and D, hepatocyte growth factor, and angiopo-
etin-1 and -2.''* Neo-lymphangiogenesis has also been reported to
be induced by receplor tyrosine kinases, for example, fibroblast
growth factor receptor 3 (FGFR3) and platelet-derived growth
factor receptor (PDGFR)-B.™*% Among members of the VEGF
family, VEGF-A transmits signals through the tyrosine kinase
receplors VEGF receptor-2 (VEGFR2) and VEGFRI, which
mediate signals that are required for vasculogenesis and bematopoi-
esis, ' VEGF-C and VEGF-D bind to VEGFR3 expressed on
lymphatic vessels and mediate signals o LECs, although they also
bind to VEGFR2.Y Analysis of Vegfe-null mice has revealed that
VEGF-C is essential for normal development of the lymphatic
vessels. ™ Moreover, VEGF-C has been found to be expressed in
various human cancers and (o induce wmor metastasis through
induction of angiogenesis and lymphangiogenesis.”"* VEGF-D
also promoles metastatic spread of tumors through induction of
lymphangiogenesis. ™!

Among lranscription factors, Proxl, a homeobox transcription
factor, has been well known as an important regulator of lym-
phangiogenesis. During embryonic development, LECs anise by
sprouting from the cardinal veins and migrate toward VEGF-C to
form the primary lymphatic plexus.* Prox1 is expressed in a subset
of endothelial cells of the cardinal vein during embryonic develop-
ment, and these cells sprout to form the primary lymphatic
plexus. 2 [n Prox]-null mice, migration of LECs from the veins is
amested, leading to a complete absence of the lymphatic vascula-
wre. Prox] indoces the expression of various LEC markers,
including VEGFR3, LYVE-1, podoplanin, and infegrin o, and
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represses that of blood vascular endothelial cell markers (eg,
VEGFR2 and V E-cadberin) in endothelial cells 52

In the present study, we show that TGF-B regulates the
growth, migration, and cord formation of human dermal lym-
phatic microvascnlar endothelial cells (HDLECS) in vitro. In
addition toinhibiting the proli feration amd wi gration of HDLECs,
TGF-f signaling suppressed the expression of LEC-related
genes, including Prox! and LYVE-1, in these cells. Moreover,
inhibition of endogenous TGF-f signaling induced early lymph
vessel development in mouse embryonic stem (ES) cells, and
enhanced lymphangiogenesis in a mouse chronic peritonitis
model and pancreatic cancer xenogmft models. The present
findings suggest that endogenons TGF- signaling negatively
regulates lymphangiogenesis in inflammatory tissues as well as
in certain lumor tissues.

Methods
Cell culture and reagents

HDLECs were obtained from Cambrex (Walkersville, MD), and cultured in
EGM2-MV medium containing endothelial cell growth supplements with
5% fetal bovine serum (FBS; Cambrex). The murine ES cell line R1 (a kind
gift of A. Nagy, Mount Sinai Hospital, Toronto, ONY*® was cultured on
mitomycin C-arrested mouse embryonic fibroblasts (Chemicon Interna-
tional, Temecula, CA) in stem cell medium (Knock-out DMEM, Invitrog;

Carlsbad, CA) supplemented with I.Wo FBS, 2 mM of L-glutamine
(Invitrogen), 0.1 mM of 2 1 (Invitrog,
nonessential anino-neids Gnmoson]. 50 Llrml. m‘ pnnmnm sireplomyein
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immunoblotting

Cultured cells were lysed in a buffer containing 50 mM Tris-HCL, pH 8.0,
150 mM NaCl, 1% Nonidet P40 (Nacalai Tesque, Kyotn, Japan), 5 mM
EDTA, 0.5% deoxycholic acid sodinm salt-monohydrate (Nacalai Tesque),
0.1% sodium dodecy] sulfate (SDS, Nacalai Tesqque), 1% aprotinia (Mitsub-
ishi Plarma, Osaks, Japan), and | mM phenyl lsulfonyl Muod
(Sigma-Aldrich), The cell lysales were boiled in SDS sample buffer
(100 mM Tas-HCL pH 8.8, 0.01% bromophenol blue, 36% glycerol, 4%
SDS, 10 M dithiothreitol) and subjected to SDS-PAGE. Proteins were
electrotransferred o PALL FLUOROTRANS W membranes (PALL, East
Hills, NY), immunoblotted with antibodies, and detecied using an ECL
detection system (GE Healtheare, Linle Chalfont, United Kingdom).

Immunostaining

C‘nlmmd cells were fixed in iced 1:1 acetone-methanol solution and

bated with antibody to Prox] ight at 4°C. Subsequently, cells
were incubated with Alexad88-conjuguted secondary antibodies (Invitro-
gcn) for 1 hour at room temperature and stained with TOTO-3 for nuclear

staining. Frozen sections were briefly fixed with Mildform 10N (WAKO,
Osaka, Japan), and m:ubled wuh ml.YVE 1, anti-Prox1, or anti-
podoplanin antibodies. S were incubated will second-
ary antibodies, and stained wﬂ]l TU'TO 3 for nuclear staining. Stained cells
and frozen sections were observed with a confocal microscope (Model
LSM510 META; Carl Zeiss Microlmaging, Thomwood, NJ). Images were
imported into Adobe Photoshop and analyzed nsing Tmagel softwanc
(National Institutes of Health, Bethesda, MD).

Enzyme-linked Immunosorbent assay

0.1 mM of MEM  Expression levels of TGF-Pl protein were determined using TOF-p1
hurmn ELISAKt letihu 20d G (R&D Sy ) ling to
s prot WBSn!ngmenuudulhamonou

(hwﬂ.mgm), and 1000 Ui"ml_. of leuk y factor (Cl

jonal), and d every 48 hours. Inflammatory mucro phages
were collected ﬁum ascites Muid in BALB/¢ mice 4 days afler induction of
peritonitis by intraperitoneal injection of thioglycollate (enriched thioglycol-
late medinm, 2 ml.; BD Biosciences, Franklin Lakes, NI). BxPC3 and MIA
PaCa-2 human pancreatic adenocaminoma cell lines were obtained from
ihe American Type Culture Collection (Manassas, VA) BxPC3 cells were
grown in RPMI 1640 supplemented with 10% FBS, MIA PaCa -2 cells were
grown in DMEM with 10% FBS. Overexpression of VEGF-C in BxPC3
cells and that of TGF-B1 in MIA PaCa-2 cells were done using a lenti viml
infection system (a kind gift from H. Miyoshi, RIKEN, Tsukuba, Japan),

TGF- ligand to avoid complication in detection of TGF-g1 by ELISA.
Induction of TOF-P! in HDLECs was similar between TGF-f1 and
TGF-f3at 1 ng/mL..

RNAisolation and quantitative RT-PCR

“Total RNAs from HDLECs were extmcted using the RNeasy Mini Kit
(Qiagen, Valencia, CA), Fimst-strand ¢DNAs were synthesized using the
Quantitect Reverse Transeription kit (Qiagen) with mndom hexamer
primers, Quantitative real-time reverse transcriptase—polymernse chain

cDNA encoding VEGF-C.* active form of TGE-p1,"" or green fi
protein (GFP) was i d into the multicloni n‘.!nofﬂu'
construet, pCSI!—CM\' RIA. using pENTR g to
(Invitrogen), TRR-1 i LY364947 and SNB]S‘Z were pul:hmd
from Calbiochem (La Jolla, CA) and Sigma-Aldrch (St Louiz, MO),
respectively. LY364947 was used as a TPR-1 inhibitor, wnless specifically
described. TGF-fi1 and TGF-P3 were purchased from R&D Systems
(Mi lis, MN). Cycloh ide was from Sigma-Aldrich. VEGF-A
and VEGE-C were purchased from R&D Systems and Calbiochem,
respectively

I vector

PO Y T |

Antibodies

Antibodies to LYVE- 1, Prox1, and ymlaplmin were pumhmd from Abcam
(Cambridge, United Ki d, and R h
Diagnostic (Flandess, NI} mpuchvnly PECAMI antibody and Mac-1
antibody were from BD PharMingen (Franklin Lakes, NJ). Rat anti-mouse
LYVE-1 antibody was a kind gift from Y. Olke and T. Suda (Keio
University, Tokyo, Japan). Antibody 1o phospho-Smad2 was a kind gift
from A. Moustakas and C.-H Heldin (Ludwig Institute for Cancer
Research, Uppeala, Sweden). Antibodies to Smad2/3 and tubulin were from
BD Transduction Labormtores (Franklin [.allm NI) uml Sigrua-Aldrich,

(RT-PCR) analysis was perfc 1 using the 7500 Fast Real Time
PCR System (Applied Biosystems). The primer sequences used were as
follows: human GAPDH: forwand §'-GAAGGTGAAGGTCGGAGTC-3',
mvese 5 -GAAGATGGTGATOGGATTIC -3, hwman Proxl: [orwand
5" CCCAGOACAGTTTATTGACCG-3", reverse 5'-GOGTTGTAAG-
GAGTTTGGCCCA-3", human LYVE-1: forward 5'-AGCCTGGTOTT-
GCTTCTCACT-3', reverse 5'-GOTTCOGCCTTTTIGCTCACA-3', human
Smad?; forwand 5"-CCTTAGCCGACTCTGCGAACTA-Y', meverse 5'-
CCAGATAATTCGTTCCCCCTGT-3', human PAI-1: forward 5'-GGCT
GACTTCACGAGTCTTIC-3', reverse 5'-0CO0GCTOAUACTATGACA-
3', human TGF-Al:  forwarnd 5-AGTGGACATCAACGGGTT
CAG-¥, revene 5 CATGAGAAGCAGGAAAGGCC-3, human TGF-
B2: forward 5'-CTGTCCCTGCTGCACTTTTOTA-3', revense 5 TGTG-
GAGOTGCCATCAATACCT-3', human TGE-[i3: forwand 5" TGGAAGT
GGGTCCATGAAACCTA-3', reverse 5'-GATOGCTICAGGGTTAAG-
AGTGTTG-3', and | VEGF-C: fi 4 5-TICCTGCCGAL
GCATGTCTAA-3', reverse 5" TGTTCGCTGCCTGACACTGT-3".

Cell growth and cord formation assays

HDLECs (2 * 107 cells) were seeded in 96-well plates, and cell growth was
q‘nlunﬁud for 2 days by WST 1 assay (MNacalai Tesque) according to
s p 1. Formation of cond-like structures was determined

respectively, Alexad88- and Alexa504 ibodies and
TOTO-3 were purchased from Invitrogen.

in 3-dimensional gel ussays, where 10° cells were mixed with type I-A
collagen gel (Nitta Gelatin, Osaka, Japan) and seeded onto culture slide.
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“The formmtion of cond-like structures was examinal using video micros-
copy for 3 duys. AL the end of observation, the lengths of the cord-like
sructures were quantified in the 3-dimensional assay as follows:
4 microscopic fields with 5 Z-axis planes in each condition were photo-
graphed, and the total lengths of cond-like structures were quantified as the
uldthundlbmalbswhuﬂldlh4m
ficlds. Long mnning video pic analysis of living cells on the
8-well cultuse slides (BD Falcon) was performed using a Leica (Deerfield,
IL) DM IRB microscope eqitipped with a hardware-controlled motor stage.
The video images wore analyzed using Image) software. For quantification
of images, 8 to 10 fields were evaluated for each mouse.

Cell migration assay

Migration of HDLECs was determined using a Boyden chamber (8 jum
pore size, BD Biosciences) with type I collagen coat. HDLECs (5 % 10%)
were seded in serum-free medium containing 0.2% BSA in the upper
chamber. VEGF.C (50 ng/mL) was added as the chemoattractant to the
lower chamber, while TGF-1 at 1 ng/ml or TER-1 inhibitor at 3 pM was
added to the wpper chamber. After a 6-hour incubation, cells in the upper
chamber were carefully removed using cotton buds and cells at the bottom
of the membrane were fixed and stained with 0.5% crystal violet in 20%
methanol. Quantification was pefonned by counting the stained cells in

Three-dimensional collagen assays of mouse ES cells

“Three-dimensional collagen assays using mouse ES cells were performed
as described previously. ) Briefly, R1 ES cells were trypsinized, resus-
pended in stem cell medium without leukemia inhibitory factor supple-
menied with 30 ngiml. VEGF- A at day 0. The cells wer then cultured in
drops hamging. Afier 4 days, when ES cells aggregated to form cmbryoid
bodies, drops liected and embryoid bodies were sceded on a layer of
solidified collagen type I solution (Nitta Gelatin), and a second layer of
collagen solution was added on top. After 3 hours, wedium with or without
30 ng/mL VEGF-A and 30 ag/ml. VEGE-C wus added. Medium containing
VEGF A and C was replaced every second day. TBR-1 inhibitor at 3 pM or
TGF-B1 at | ng/ml was added every second day for one week. started from
one week after seeding. After culturing for 2 weeks, whole-mount samples
were incubated with anti-LYVE-1, ll“’lrhhll anti-Prox1, and Alexa-
conjugated secondary antibodies overnight. Samples were examined using
a Zeiss LSMS10 Meta confocal mi for i hi
Qm.dLMIMMWWmSMM
3 embryoid bodies.

Chronic peritonitis model

BALBA mice of 4 to 5 weeks of age wem obtained from Sankyo
Laboratory (Tokyo, Japan). All animal experimental protocols werne per
fi d in & with the policies of the Animal Ethics Committee of
the Univesity of Tokyo. Chronic peritonitis was induced by 5% thioglycol-
late. Thioglycollate (2 mL) and TBR-linhibitor (LY364047, | mg/kg) were
administered intraperitoneally 10 BALBA mice 3 times a week. After
injections of these reagents into mice for 2 weeks, the mice were killed and
the dinphmgms were excised, fixed with Mildform 10N for | hour at room

and hed with buffer (di “1-,L ph
mmmsnwhuumu ik ib incubated
ﬂth’NﬁlmhﬁlaﬂmnﬂHmm anti
bodies ight. Samples were i mg.zﬂur.smmm
o pe for i Ao y.
Cancer xenograft models

BALB/ nude mice 5 to 6 weeks of age wemne obtained from CLEA Japan
(Tokyo, Japan) and Sankyo Laboratory. Parental, or VEGF-C- or TGF-B1-
expressing tumor cclls (5 % 107 in 100 uL. PBS were implanted subcutane-
ously into male nude mice and allowed to grow for 2 to 3 weeks to reach

phase, before initiation of TPR-I imhibitor administration.
TRR-1 inhibitor LY 364947, MMIISWIILIIWSOII‘M

with 100 L PBS, or the vehicle control, was injected intraperitoneally at 1
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msm“ukfurswwh" wsed samples were dimcily frozen i
dry-wed acetone for i istochemistry. Frozen samphes wene further
sectioned at 10-pum thickness in a cryostat and subsequently incubated with
primary and sccondary antibodies as described above. Samples were
observed using a confocal microscope.

Results
TGF-f transduces signals in HDLECs

To study the effects of TGF-p on lymphangiogenesis, we first
examined whether TGF-P transduces signals in HDLECs.* Spe-
cific small molecule inhibitors of TGF-P family type 1 receplor
kinases ALK+, -5, and -7 (TPR-I inhibitors, LY364947 and
SB431542%%) were used to suppress endogenous TGF-f family
signaling. Immunoblot analysis using phospho-Smad2 antibody
revealed weak phosphorylation of Smad2 in untreated HDLECS,
and that 1 ng/mL of TGF-B1 enhanced the phosphorylation of
Smad2 in these cells (Figure 1A). In contrast, 3 M of LY 364947
and SB431542 decreased the basal and TGF-pl-induced Smad2
phosphorylation.

The transcription induced by TGF-§ in HDLECs was further
examined by quantitative real-time (RT)-PCR analysis. TGF-p1
induced transcription of SMAD7 and PAIL, and the TRR-1 inhibitors
strongly suppressed their transcription (Figure 1B,C), suggesting
that TGF-B transduces signals in HDLECs and TBR-1 inhibitors
suppress the signals induced by endogenous TGF-B. We also
examined the effecis of TGF-B1 (1 ug/nLl) and LY364947 and
SB431542 (3 pM) on proliferation of HDLECs. TGF-B1 sup-
pressed the growth of HDLECs, whereas TRR-I inhibitors en-
hanced their proliferation in the presence and absence of TGF-p1
(Figure 1D and data mot shown), These findings indicate that
HDLECSs respond to TGF-P signals similarly to human umbilical
vein endothelial cells (HUVECS; Figure S1, available on the Blood
website; see the Supplemental Materials link at the top of the online
article).

Next, production of TGF-f by HDLECs was examined at
mRNA and protein levels, TGF-§ induced (he expression of
TGF-B1 mRNA, whereas the TBR-1 inhibitors suppressed it in the
presence and absence of TGF-B1 (Figure 1E). Expression of
TGF-B2 or TGF-B3 mRNA was not significantly suppressed by the
TPR-l inhibitors (Figure $2). Moreover, ELISA revealed that
HDLECs produce TGF-B1 protein at a level similar to that
produced by HUVECS, and the secretion of TGF-f1 was stimu-
lated and suppressed by exogenous TGF-B and TER-1 inhibitor,
respectively (Figure 1F), suggesting the presence of autocrine loop
of TGF-1 signaling in HDLECs.

TGF-fi iInduces expression of LEC markers in HDLECs

We next investigated whether TGF-B signaling regulates the
expression of LEC markers in HDLECs. We recently reported that
VEGFR3 sigmaling induces the expression of LYVE-1, bat not
other LEC markers, in embryonic stem cell (ESC)-derived endothe-
lial cells. In contrast, the homeobox transcription factor Prox1
induces expression of most LEC markers in ESC-derived endothe-
lial cells.**

We examined (he expression of Prox] protein in HDLECs by
immunocytochemistry and immunoblotting (Figure 2A,B). Prox]
was observed in the nuclei of most of the untreated HDLECSs,
although expression levels of Prox1 in them varied with some cells
displaying very weak or no significant staining by Prox] antibody
(Figure 2A). When the cells were treated with TGF-p1 for
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24 hours, expression of Prox1 was strongly suppressed, and the
number of cells with weak or no staining of Prox| had increased. In
contrast, TBR-1 inhibitor LY 364947 induced expression of Prox1 in
almost all HDLECs after 24 hours. Immunoblot analysis using
anti-Prox1 antibody confirmed the lts of i eytochemistry
(Figure 2B).
Regulation of Prox 1 expression as well as that of LYVE-1 by TGF-f
gnaling was further examined at the mRNA level. Total RNA was

ot F N o
T HDLEC  AUVEC

S

Figure 1. Transduction of TGF-fi signals in HDLECs. (A) Immunobilotting of
phaspho-Smad2 alter TGF-A or TRR-1 mhibitor treatment. HOLECs were treated wilh
TGF-f1 or with 2 kinds of TRR-1 Inhibitors (LY 364847 or SB431642, shown as Inhib1

of Inhib2, ) in the p and ab of TGF-p1 for 1 hour, and
' o using antibody (top panel) and
Smad2/3 an«mctlmmmu (B.C) Real-time PCR of

Smad? and PA-1. HDLECs were treated as in panal A, and expression ol Smad7 and

isolated from HDLECs treated with or without TGF-$1 or LY364947
for 24 hours, and levels of expression of Prox| and LYVE-1 mRNAs
were determined by quantitative RT-PCR (Figwre 2C.D), TGF-g1
suppressed the expression of Prox] and LYVE-1, whereas LY364947
strongly induced their expression. Similar results were obtained by
another TRR-1 inhibitor SB431542 (Figure S3A.B). The induction of
melaul[YVF 1 by TRR-I inhibitor was abolished by suppression of

ynihesis with cycloheximide mearment of HDLECs, whereas
that of PAL-1 wats not suppressed (Figure 2C-E). These findings suggest
that TGP-P signaling indirectly regulates the expression of Prox] and
LYVE-1 in lymphatic endothelial cells. In contrast, Prox]1 was not
induced by TPR-I inhibitor in HUVECs, although LYVE-1 was
up-regulated (Figure S3C.D).

Induction of cord formation and migration of HOLECs by
TGF-p signaling

We examined the formation of cord-like structures by [TDLECs
in three-dimensional type I collagen gels. Quantification of the
total length of cord-like structures after 3 days of cultivation
confirmed signilicant decrease and increase in cord formation of
HDLECs by trestment with TGF-B1 and TBR-I inhibitor,
respectively (Figure 3A),

NexL, migration of HDLECs was examined by Boyden chamber
assay. HDLECs were treated or nol with TGF-B1 or TRR-I
inhibitor LY364947, and their migration toward VEGF-C
(50 ng/ml.) was determined after 6-hour incubation. In the absence
of VEGE-C, migration of HDLECs was not strongly induced, and
there was no significant difference in migration between untreated
cells and those treated with TGF-B1 or TBR-1 inhibitor (data not
shown), VEGF-C induced the migration of HDLECs, which was
strongly suppressed by TGF-B1, whereas TRR-I inhibitor weakly
enhanced it (Figare 38,C).

Induction of early lymph vessel development by TER-1 inhibitor
in ES cells

To determine whether TGF-§ signaling regulates lymphatic
vessel development, mouse R1 ES cells were aggregated to form
embryoid bodies, and cultured in three-dimensional collagen in
the presence of VEGF-A and -C. Although VEGF-A and -C
induced formation of lymphatic vessel siructures as previously
reported, ¥ addition of TPR-I inhibitor LY364947 further
induced the production of a network of LYVE-1-positive
lymphatic vessel-like structures, whereas addition of TGF-g1

PAl-1 mANAs was determined al 1 how and 24 hours after stimulath

(***P < .001), {D]WOIMOHDLEC!WTGH!NT[:RIM
HOLECs were seeded at a density of 2 « 10° colis/well in 06-weil plales. and colls
ware troated or nol with TGF-B1 (1 ng/mL) or LY384047 (3 uM). Photographs of the
calls taken al day 2. Col were by WST assay in triplicate at
day 2. Error bars represent standard deviations (*P < 05, **P < 01). (E.F) Autocring
TGF-f signaing in HOLECs. Expression of TGF-f1 mANA in HOLECs treated with
TGF-p1 {1 ngiml) or TRR- inhibdors (3 uM) as n panel A was determined by
realtime PCR (E). Production of TGF-f1 p!MDyHI:I.ECsnﬂdﬂhplmll.
but with TGF-B3 (1 ng/mL) as the was n

using an ELISA kil (F). LY384047 was used as TRA-inhibilor (Inhib). HUVECs were
used a5 m confrol. Ermor bars represent standard deviations (*P < 08, *P< .01,
=P 001)

reduced the production of these structures (Figure 4A.B).
Immunostaining of Prox] in PECAMI-positive areas also
increased with TRR-1 inhibitor and de d with TGF-p1
(Figure 4C), indicating that the effects of TGF-B signaling on
lymphatics are not limited 1o HDLECs.

Inhhlunnul-ndog-m- TGF- signaling accelerates
hangi isina model of chronic peritonitis

l' L

We next examined whether i
lymphangiogenesis in vivo,

n of TGF-f signali 1

l]-ecmw chronic mllammahon is
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Figure 2. TGF-pt signaling he exp

ol LEC.related genes in HDLECs. (A) Expression
levals ol Proxi delermined by mrwnostaming
HOLECs. HOLECs waie untreated (i) or realed with
TGE#1 (1 ng mucidle) of TBR-I inhibilor LY 364047
{3 uM; nght) to hours and subjected 1o MMunodyio
chamical examinaton, Bars represent 50 um. [B) Expres
won evels of Proxt in HOLECs trealed as descnbed in
panel A ware determined by immunoblotting. w Tubulin
lavals weme monilored as a loading control for whole-call
axtracts, (X Exprassion levels ol Prox1, LYVE-1, and
PAI-1 mANAs were analyzed by ealume PCA al
24 hours alter TAFp1 or THA: | inhibitor treatmant. In the
nighl 3 colunes, cefls wem iealed wih 1 @M cyclobex:
mide (CHX) lor 24 hours belore thay were reated with
TGFp1 or TR inhibstor lor 24 hours. Values ware
normalized o amounts ol GAPDH mAMA. Emor bars
represent SD ("P < 0§, P < 01, ™'P < 001)

(2]

__0.42
= § 0.10
2‘3 0.08)-
e
it

< .00

B

reported 1o induce lymphangiogenesis, possibly through produc-
tion of VEGE-C by F4/80-positive macrophages,'” we induced
chronic peritonitis in mice as a model of lymphangiogenesis

A C
a0 L 500 -
i, o
S5 - gm
HE :
33 § 200
%-
se? E'm
<F . :

il Gl TGF 3 nbio
VEGF-C

Inhib

Cirl TGFi

Figure 3. Formation of cordlike structurss and migration of HDLECs are
increaned by inhibition of TGF-j signaling, (A) Tolal lengihs of cord-ke stucluras
of HDLECs in mree-amensional cullure were quaniified. Cells were mored with fype |
collagen gel &! a density of 10* cells/well and sesded onto cullure-shde wells
HOLECs were tealed with =1 (1 ngf/ml) or TBRA- inhibiior {3 pM). Formation of
coid-lke structures was obsenaid by vidéo mecraacopy, and total engths of cond-like
struciures of cefls were quaniified 3 days alter cultivation. Error bars represent SD
["P < 05, =P~ 01) Eflects ol TGF-B signaling on imgration of HOLEC: wate
datermined by Boydan chamber assay. Cells were seeded atd4 « 10% cells/'wall in the
upper chambers cogied with type | collsgen. (B) Medium containing VEGF-C
{50 ngymil) was placed in the lowse chamber. whareas { in the upper chamber did
not contain but od ¢ TGFR1 (1 ngml) TR inh m[ul (2 )

Migration of celis w wrmened alter 6 hows Bars represent 100 wm
ol HOLECs was quantibed Cells that had migraled 1o the lowss c
countad aller & hours in Inplcale. Error bars represant SO ("P < 05
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Formation of inflammator

plagues. con
and macrophages was induced on (he peritoneal side ol the
diaphrsgm by intraperitoneal injection of thioglycollute in BALB/c
mice. Mice were injecied ntraperitoneally with 2 mL of 5%
thioglycollate and TRR-T inhibitor 1Y 364947 (1 mg/kg) 3 times a
week for 2 weeks, Lymphangiogenesis in the plagues of the
diaphragms wus (hen examined by immunostaining using LY VE-1
antibody of lymphatic plagues was observed after
2 weeks in the mice treated with thioglycollate, and TER-T inhibitor
significantly increased the LY VE-1-positive areas in the plagues
(Figure SAB).

Because macrophages have been suggesied (o be the major
sources of lymphangiogenic growth factors, including VEGEP-C,

imng lymphaiic vessels

Formatio

we obtained peritoneal macrophages from thioglycollate-treated
mice and determined the production of VEGE-C by quantitative
RIE-PCR, As shown in Figure 5C, production of VEGE-C was not
induced by TBR-I inhibitor, suggesting that the observed effect of
TBR-1 inhibitor on lymphangiogenesis muy be primurily induced
by its direct action on LECs

Induction of lymphangiogenesis by TPR- inhibitor in animal
modals of cancer

-ord

o monse

Because TAR-1 inhibitor induced growth, migration, and

formation of LECs in vitro and lymphangiogenesis in

model of chronic peritonitis in vivo, we examined whether it
induces Iymphangiogenesis in tumor xenograll models using
BxPC3 and MIA PaCa-2

fncreatic adenocarcinoma cells were inoculaled subculane

pancreatic adenocarcinoma cells

ously into BALB/c nude mice. The mice were then injected with
| mg/kg TBR-1 inhibitor LY 364947 3 times a week for 3 weeks

When the BXPC3 cells w
VEGE-C' and inoculated into nude mice,
number of LECs stained by LYVE-1 antibody was slightly
TBR-1
inhibitor significantly increused the LY VE-1-positive arcas io
(Figure 6A H), Z-stack

mixed with or without 1 pg/mlL
we found that the

increased in the presence of VEGF-C. Lnterestingly,

twmor tissues in the presence of VEGE-C
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analysis of tumor tissues by a confocal microscope revealed that
the LYVE-1-positive cells tended to form tube-like structures
in the tumor tissues (data not shown). To conlirm that the
LYVE-1-positive cells were indeed LECs, tumor tissues treated
with VEGF-C and TPR-1 inhibitor were stained with Prox1 and
podoplanin antibodies. The LYVE- [-postive cells were costained
by Prox1 and podoplanin antibodies (Figure 6C), whereas most
PECAMI -positive cells were noi stained by LYVE-1 or Proxl
antibodies (Figure 6D). The LYVE-l-positive cells in the
BxPC3 xenografis were thus LECs.,

Similar experiments were conducted using BxPC3 cells overex-
pressing VEGF-C. BxPC3 cells were infected with a lentivirus
containing Vegfe, and an increase in the production of VEGE-C

Ctrl

Figure 5. Enh t of lymphanglogenesis by
TPA- inhibitor in a mouse model of chronic peritoni-
tis. Mice were trealed with 5% Ihioghycoliate (2 mL) and
TRRA-1 inhibitor (LY384047, 1 mg/g) 3 limes a weak lof
2 weaks. Thek diaphragms were then examined for
lymphangiogenasis in plaques. (A) LYVE-1 immunostain-
ing (shown in red) of daphragms traaled withoul (control
lafl panals) of with TRR-| inhibior (rght panaels). Sections
were aiso stained for Mac| (green) (bottom panels), Bars

v &0 pm. (B) fication of LYVE-1-posiiive
area in plagues of the daphragms irealed withoul (con-
trol) or with TRR-1 inhibor (n ~ 3 for sach group). Erot
bars represent SE (***P-< .001), (C) Expression of
VEGF-C in inflammalory macrophages in tha presance
and abssence ol TRA- inhibitor, Inflammatory macro-
phages ware harvested from asocites fluid of mice & days
after inducton of pertonilis by intrapetiioneaal injection of
ihioglycollate, seeded al 10°, and treated with or without
TRA-| inhibllor for 24 hours, Eror bars represent S0
(P 05)
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Figure 4. Enhancement of early lymph vessel devel-
opment in ES cells cultured in 3-dimensional colla-
gen by inhibition of TGF-f signaling. Mousa At ES
cells were cultured in collagen gel with VEGF-A (30 ng/
mL) for the first 4 days and subsequently with VEGF-C
{30 ng/mL} and VEGF-A (30 ngimlL] for 14 days 1o lorm
embryoid bodies exhibsting aarty lymph vessel lormation
Th embryoid bodies were also troaled with TGF-g1
{1 ng/mL) or TBR- inhibitor (3 uM) for tha last 7 days
(AB) Tha embryold bodies were stained by PECAMY
(red) and LYVE-1 (green) (A). Bars represent 50 pm
Quantification of LYVE-1-stained areas was performed
n 5 low-magnification microscopic fiaslds on 3 embryoid
bodies (B). Eror bars represent SD (™'P< .001)
() Immunostaining for PECAM1 (red) and Prax1 (grean)
confirmed tha aftect of modulation of TGF-B signaling on
exprasmon of Proxt in PECAM1 -positive structures.
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mRNA by the VEGF-C-lentivirus-infected cells was confinned by
gquantitative RT-PCR (Figare 6E). Similar 10 the addition of
VEGF-C protein, TRER-1 inhibitor significantly increased the LY VE-
I—positive areas in BxPC3 tumor tissues expressing VEGF-C
(Figure 6F),

The effects of TRR-T inhibitor on lymphangiogenesis were also
examined using MIA PaCa-2 cells with or withouwt 1 pg/ml
VEGF-C protein. As shown in Figure 7, TBR-I inhibitor signifi
cantly increased the LYVE-1-positive areas in tumor tissues in the
presence of VEGEF-C. In addiion, we have tested the effect of
overexpression of TGP-f1 ligand in tumor cells using a lentivirus
expression system in the MIA PaCa-2 model, which resulied in
reduction of lymphangiogenesis (Figure S4),
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Flmni L glog L by TBR4 A
o i BxPC3 xeno-
wi! mnd-h (A-D) Eflects ol TRR- inhibilor on lym-

Wale na model
using @ human pancrealic cancer cell lma BxPC3.
BxPC3 calls mixad with of withoul VEGF-C (1 ug/mL)
were subcutanecusly inoculated in BALB/C nude mice.
Afer lumors had iormed, the mice wera injected infrapern-
toneaily with TRR-1 inhibdor (LY384847. 1 mg/kg) 3 times
a week for 3 weaks. They were killed al the end of the
axpenment, and excised tumaons wers examined hisiolog-
caity. (A} Immunostaining of BxPCJ xenogralt sections
by LYVE-1 antibody (shown in green). Bars represent
50 wm. (B) LYVE-1-posilive areas in the BxPC3 xeno-
gran sections wefe datermined in Lhe presence and
absence ol VEGF-C and TRR- inhibllor (n = 3 for each
group). Evor bars represent SE ns. indicales not
significant (*P < 08). (C) immuncstaining of BxPC3
xenograft sections lor Prox! (left panal, red), podoplanin
(right parwel, red), and LYVE-1 (green). Bars represent
20 wm. (D) Immunostaining of BxPC3 xenogral sections
for PECAM1 (red), LYVE-1 (lafl panel, green), Proxi
{right panal, green), and TOTO-3 (blue). Bars represaent
100 pm. (E.F) ENects ol TpR-! inhibilar on lymphangio-
genesis were axamined In a xonograft model using
BxPC3 cells g VEGF-C by of the
VEGF-Centivirus. BxPC3 cells infected with a lentivius
containing GFP were used as a control. (E) Up-
reguiation of VEGF-C mANA in BXPC3 celis aller infec-
tion ol the VEGF-C-lentiviius was determined by real
bme PCA. (F) LYVE-1-positive areas in he GFP- and
VEGF-C-axpraasing BxPC3 xenograll sactions iraaled
with of without TRR-I inhibllor were determined (n = 3
for sach group). Emor bars represent SE. n.s. indicales
nol signiticant (P < .001)
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Discussion

TGF-p ransduces signals in HDLECs and regulates the
expression of LEC markers in vilro

TGE-P is 0 potent growth inhibitor on vascular endothelial cells
and also inhibits their migration and cord formaltion in vitro, In the
presence of TRR-II, TGE-f binds to TER-1 (ALK-5) and an
endothelial specific type 1 receplor ALK-1 in vascular endothelial
cells, and activates Smad2/3 and Smad I/S, respectively. ALK-5 has
been reported to be responsible for inhibition of growth and
migration of endothelial cells. ™ We have found that phosphoryla-
tion of Smad2 is induced by TGF-B and suppressed by TBR-1
inhibitor in HDLECs. Migration of HDLECs wward VEGF-C and
formation of cord-like structures by these cells were thus nega-
tively regulited by TGE-3 treatment.

VEGF-C

Ctrl_Inhib Ctrl _Inhib
Cirt VEGF-C

TGF-3 also plays pivotal roles in regulating the differentiation
of blood endothelial cells. Inhibibon of endogenous TGF- signal-
ing by the TPR-1 kinase inhibitor SB431542 results in the
proliferation and formation of sheet-like structures of mouse
ESC-derived endothelial cells.® In the present study, we found that
TBR-1 inhibitor up-regulated the expression of some LEC-related
genes, including Prox] and LYVE-1. We also found that TBR-I
inhibitor induced early lymph vessel development in mouse ES
cells. Thus, the effects of TBR-1 inhibitor on LECs are not limited
to HDILECs.

LYVE-1 is a hyaluronan receptor specifically expressed in
LECs. However, LY VE-1-deficient mice do not exhibit abnor-
malities in lymphatic vessels, and the function of LYVE-1 in
LECs is unknown.* In contrast, Prox] functions as a key
transcriptional factor in the differentiation of LECs. Proxl
up-regulates the expression of various LEC-specific genes and
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induces a shift in the transcriptional program from blood
endothelial cells to that of LECs. During embryonic develop-
ment, Prox] is expressed in a subset of vein endothelial cells,
which begin to express LEC markers and form primary lym-
phatic sacs.® 5 Elucidation of the signals that induce expression
of Prox] in blood endothelial cells is thus important to
understand the mechanisms of lymphangiogenesis. VEGFR3
signaling does not induce the expression of Prox1.* whereas
interleukin-3 signaling has been reporied lo induce expression
of Prox1 in dermal blood endothelial cells.!! Infection by Kaposi
sarcoma-associaled berpes virus also induces Prox] expression
in human dermal microvascular ¢ndothelial cells.*? However,
signaling pathways that regulate the expression of Proxl in
LLECs have not been fully determined. The finding that TRR-I
inhibitor induces the expression of Prox] in HDLECs suggesis
that TGF-B signaling is a novel pathway that regulates Prox!
expression.

Induction of lymphangiogenesis by TRR-1 inhibitor in vive

We have shown that TBR-1 inhibitor induces lymphangi 15 1n
a chronic peritonitis model and in pancreatic carcinoma xenograft
models. We used a low dose of TBR-1 inhibitor for in vivo
treatment, which has been shown 1o decrease the coverage of
endothelium by pericytes and promote efficienmt accumulation of
macromolecnles to tmors through leakiness of mmor blood
vessels. The low-dose TER-1 inhibitor acted on blood cells and
vascular cells and suppressed the phosphorylation of Smad2 in
these cells but not in tumor cells.® It will thus be of interest to
examine whether the low-dose TBR-T inhibitor also acts on LECs
and regulates lymphangiogenesis.

In the chronic peritonitis model we examined, lymphangio-
genesis was induced in the diaphragm of immunocompetent
mice through induction of chronic inflammation by repeated
injection of thioglycollate. Accumulation of inflammatory cells
(eg, macrophages) and LLECs could be observed in the plagues.**
Some LECs were positive for Ki-67, suggesting that these LECs
were actively proliferating. Under these conditions, TPR-I
inhibitor was able to induce lymphangiogenesis without addi-
tion of exogenous growth factors. Macrophages may produce
VEGF-C" and other cytokines in sites of chronic inflammation;
however, TBR-1 inhibitor did not enhance the secretion of
VEGF-C from infl y macrophages in the present study.
suggesting that it may primarily induce lymphangiogenesis
through direct action on LECs.
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Figute 7. Ind: of lymphangiog: l by TRR4 in
MIA PaCa-2 xenograft models. (A8) Eflects ol TRR-l Inhibitor on
lymphangiog wals in & xenograft modal using & TGF-
s human p atic cancer cell kne, MIA PaCa-2. MIA

PaCa-2 colls mixed with of without VEGF-C (1 pgimb) were subcutane-
ously inoculated in BALB/e nude mice and treated with TRRA- inhibitor
(1 mg/kg) as described in Figure 7. Bars rapresent 50 wm. (A) Immuno-
staining of MIA PaCa-2 xenograh sectons by LYVE-1 (shown in green)
{B) LYVE-1—posilive areas in the MIA PaCa-2 xenograll sections in the
presence of absence ol VEGF-C and TRR-| inhibitor were determned
(n = 3 for each group). Error bars represent SE. nas. indicales not
significant (*P < 05).

VEGF-C
]

TRR-1 inhibitor induced lymphangiogenesis in both xeno-
grafis of BxPC3 and those of MIA PaCa-2 cells in the presence
of VEGF-C, suggesting that TBR-1 inhibitor may induce prolif-
eration of LECs once lymphatic vessels have been formed in the
tumors by VEGF-C. An important question is whether TRR-1
inhibitor induces lymphatic metastasis of umors. The present
findings suggest that TRR-1 inhibitor may induce lymphangio-
genesis in tumors that express VEGF-C or -D. However,
Laakkonen et al reported that only certain lypes of cancers
secrete VEGF-C®' We have also found, in an orthotopic
transplantation model of diffuse-type gastric carcinoma OCUM-
ZMLN, that treatment with low-dose TBER-1 inhibitor did not
affect the extent of lymph node metastasis 16 days later 4
Moreover, Ge et al reported that metastasis of certain breast
tumors was prevented by TER-I inhibitor through activation of
immune function.*

Dendritic cells, cytotoxic T cells, and natural killer cells,
which could be involved in antitumor immune responses, are
known to be functionally inhibited by TGF-f signaling
Dendritic cells are reported to migrate from sites of inflamma-
tion to regional lymph nodes through lymphatic vessels for
presenting antigens lo initiate further immune responses. %47
Therefore, it is possible that the use of TBR-1 inhibitor may
enhance antitumor immune responses via providing more routes
for dendritic cells to migrate from tumors to regional lymph
nodes and recovering lfunctions of various immune cells,
including dendritic cells inhibited by TGF-§ ligands. These
issues, however, remain for further investigation.

In conclusion, we have shown that inhibition of endog
TGE-B signaling results in induction of lymphangiogenesis. Al-
though TER-1 inhibitor induces lymphangiogenesis in the presence
of VEGF-C and possibly via other lymphangiogenic cytokines, it
remains o be determined whether it can induce the spread of
tumens through lymphatic vessels or suppress it through activation
of immune function.
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