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non-TRU type by Yatabe and colleagues, the majority of TTF-1-
positive cases showed TRU morphology. Conversely, most of
adenocarcinomas with TRU morphology were TTF-1 positive
(29). These observations suggest that loss of TTF-1 expression is
associated with poor differentiation of adenocarcinomas. There-
fore, we believe that recent data showing the oncogenic role of
TTF-1 do not exclude the possibility that TTF-1 might act as a
tumor suppressor in another subset of lung adenocarcinomas,
possibly combined with the mutation or amplification of other
oncogenes.

We found that TGF-p suppresses the expression of TTF-1, and
this effect was inhibited by LY364947. Expression of TTF-1 might
be sustained by the feed-forward mechanism through binding of
TTEF-1 to its own promoter (30). We have also shown that TTF-1
can attenuate TGF-B signaling by down-regulation of TGF-p2.
TGF-B signaling is often positively modulated through the
induction of TGF-p ligands of different isoforms (31). Thus,
enhancement of autocrine TGF-p signaling may accelerate the
decrease of TTF-1 expression, and conversely, TTF-1 may
attenuate autocrine TGF-p signaling. Because TTF-1 exerts a
tumor suppressive effect through inhibition of EMT, these
findings delineate a novel pathway that TGF-p accelerates lung
cancer progression.

Three isoforms of TGF-B ligands show different expression
profiles during lung branching morphogenesis. Whereas TGF-pB1
expression is prominent throughout the mesenchyme, TGF-{32
is mainly localized to the epithelium of the developing distal
airways. TGF-p2 may be critical for determining the epithelial

cell behavior in a cell autonomous fashion. TTF-1 is expressed
at the tip of the developing distal airway and may play a role
in the maintenance of the epithelial polarity. Reciprocal
regulations between TTF-1 and TGF-B signaling, involved in
lung branching morphogenesis, may be recapitulated in lung
adenocarcinoma cells.

Loss of TTF-1 expression may be associated with poor
differentiation of adenocarcinomas, and our results showed that
TTF-1 inhibits EMT and invasiveness of lung adenocarcinoma
cells. Some clinical studies showed that TTF-1 positivity is a
good prognostic indicator in patients with non-small cell
lung cancer. Taken together, our present study sheds light on
the new functional aspect of TTF-1, which can inhibit cancer
progression.
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Impairment of VEGF-A-stimulated lamellipodial extensions and
motility of vascular endothelial cells by chondromodulin-I, a
cartilage-derived angiogenesis inhibitor
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Chondromodulin-1 (ChM-1) is a cartilage-derived angiogenesis inhibitor that has been identified as
inhibitory to the growth activity of vascular endothelial cells. In our present study, we
demonstrate the anti-angiogenic activity of recombinant human ChM-1 (rhChM-1) in mouse
corneal angiogenesis and examine its action. We focus on the VEGF-A-induced migration of
vascular endothelial cells, a critical regulatory step in angiogenesis. In a modified Boyden chamber
assay, nanomolar concentrations of rhChM-I inhibited the chemotactic migration of human
umbilical vein endothelial cells (HUVECs) induced by VEGF-A as well as by FGF-2 and IGF-1. The
ChM-1 action was found to be endothelial cell-specific and independent of cell adhesions. Time-
lapse analysis further revealed that rhChM-1 markedly reduces VEGF-A-stimulated motility of
HUVECs and causes frequent alterations of the moving front due to the appearance of multiple
transient protrusions. This action involved the inhibition of cell spreading and the disrupted
reorganization of the actin cytoskeleton upon VEGF-A stimulation. Consistent with these
observations, rhChM-1 was found to significantly reduce the activity of Rac1/Cdc42 during cell
spreading, and the VEGF-A-induced Rac1 activity but not its basal activity in quiescent cells. Taken
together, our present data suggest that ChM-I impairs the VEGF-A-stimulated motility of
endothelial cells by destabilizing lamellipodial extensions.

© 2009 Elsevier Inc. All rights reserved.

Introduction also the progression of pathological disorders including rheuma-

toid arthritis, tumor growth, and metastasis [1]. Basement
Angiogenesis, the formation of new capillaries from pre-existing membranes are amorphous dense sheet-like structures of extra-
blood vessels, is critical for various physiological processes and cellular matrix (ECM) that support the growth of epithelial and
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endothelial cells and enable them to function as an anti-angiogenic
barrier against invading vasculature from the underlying mesen-
chymal tissue {2]. During the past decade, a number of endogenous
inhibitors of angiogenesis have been identified, most of which are
classified as cryptic inhibitors that are encoded within specific
domains of larger ECM components and are cleaved by degrada-
tion during the remodeling of basement membranes. Examples
include endostatin, arresten, canstatin, and tumstatin [3.4]. In
contrast to the epithelium, mesenchymal tissues are generally well
vascularized and permissive for vascularization. Hence, most
organ stroma and. connective tissues readily allow the ingrowth
of blood vessels upon stimulation by inflammation or hypoxia, in
which vascular endothelial growth factor-A (VEGF-A) plays a
central role as a pro-angiogenic cytokine. Hyaline cartilage is a
connective tissue that contains a large amount of viscoelastic ECM
but is exceptionally avascular and highly resistant to neovascular-
ization as well as tumor invasion.

Chondromodulin-l (ChM-1) is a 25-kDa glycoprotein that was
originally purified from the guanidine extracts of fetal bovine
cartilage [5.6]. Purified bovine ChM-1 inhibits the proliferation and
tube morphogenesis of vascular endothelial cells in vitro as well as
angiogenesis in the chick chorioallantoic membrane [5-9]. The
localization of ChM-1 transcripts has been shown to be specific to
the avascular domains of mesenchymal tissues, including certain
ocular tissues and cardiac valves as well as cartilage [10-14]. ChM-
I null mice develop pathological angiogenesis in the cardiac valve
with age, suggesting a function for ChM-I as an endogenous
angiogenesis inhibitor that ensures avascularity in certain con-
nective tissues {13,15].

Sprouting angiogenesis proceeds via several well-characterized
stages | 16]. Upon activation by pro-angiogenic stimuli, endothelial
cells first begin to release matrix metalloproteinases that degrade
the basement membrane to enable migration into the perivascular
space and towards angiogenic stimuli. This is followed by the
proliferation of endothelial cells and formation of solid sprouts,
Finally, tube morphogenesis restructures the sprouts into a lumen
lined by endothelial celis. We previously demonstrated that ChM-1
inhibits both DNA synthesis and tube morphogenesis in vascular
endothelial cells [7-9]. In our present study, using recombinant
human ChM-1 (rhChM-1), we studied the actions of ChM-I on the
chemotactic migration and motile activities of vascular endothelial
cells.

Materials and methods
Auntibodies and reagents

Antibodies against paxillin, focal adhesion kinase (FAK), phospho-
FAK (pY397), Racl, and Cdc42 were purchased from BD Transduc-
tion Laboratories (Franklin Lakes, NJ). Anti-f3-actin monoclonal
antibody (AC-15) was obtained from Sigma (St. Louis, MO). Rat
anti-mouse CD31 and rabbit anti-mouse LYVE-1 antibodies were
obtained from Research Diagnosis inc. (Flanders, Nj) and Acris
Antibodies GmbH (Hiddenhausen, Germany), respectively. Alexa
Fluor 594-conjugated phalloidin and Alexa Fluor 488-conjugated
goat anti-mouse 1gG antibody were purchased from Molecular
Probes (Eugene, OR). Recombinant human endostatin, phorbol 12-
myristate 13-acetate (PMA), and pertussis toxin {PTX) were
obtained from Sigma. Sphingosine 1-phosphate (S1P) was

£20100 775 788

obtained from BIOMOL (Plymouth Meeting, PA). Recombinant
human VEGF-A, 55, fibroblast growth factor-2 (FGF-2), and insulin-
like growth factor-1 (IGF-1) were purchased from R&D Systems
(Minneapolis, MN). Pharmacological inhibitor, SU5402, was
obtained from Calbiochem (La jolla, CA).

Expression and purification of recombinant human ChM-I

Recombinant human ChM-1 (rhChM-1, corresponding to the region
Glu?'?-Val®* of the human ChM-1 precursor) was expressed as an
N-terminally FLAG tagged protein using the pCAGGS expression
vector (a generous giftof Dr. |. Miyazaki, Osaka University Graduate
School of Medicine, Japan) [17]. as described previously [18]. The
expression of rhChM-1was performed under serum-free conditions
using the FreeStyle™ 293 Expression system {Invitrogen, Carishad,
CA} and rhChM-I was purified from the culture medium using anti-
FLAG M2 affinity gel (Sigma) according to the manufacturer's
instructions. This single-step purification yielded bioactive rhChM-
b with an approximate purity of 70% as determined by BCA Protein
Assay Kit (Pierce, Rockford, 1L} and western blotting using an anti-
ChM-lantibody. CHO-hChM-1 was prepared from the culture media
of CHO cells transfected with human ChM-I precursor cDNA, as
described previously [9].

Mouse corneal micropocket assay

The mouse corneal micropocket assays were performed as
described previously [19]. Briefly, 4-week-old male BALB/c
mice (Charles River Laboratories Japan, INC., Yokohama, Japan)
were deeply anesthetized, and 0.3 ug poly-2-hydroxyethy!
methacrylate (HEME) pellets (Sigma) containing either vehicle
or 160 ng (an optimized dose for the induction of corneal
angiogenesis) of VEGF-A (VEGFgs) {Sigma) with or without
rhChM-1 (34 ng, a maximal dose that could be included in the
HEME pellet without disturbing its solidification.} were
implanted in the corneas. Fourteen days after pellet inoculation,
the corneas were excised, washed in PBS, and fixed in acetone at
4 °C for 30 min. After three additional washings in PBS and
blocking with 1% BSA in PBS for 1 h, the corneas were stained
overnight at 4 °C with rat anti-mouse CD31 antibody (1:500)
and rabbit anti-mouse LYVE1 antibody (1:500). Gn day 2, the
corneas were washed, and secondary antibody reactions were
performed using Alexa Fluor 488 donkey anti-rat IgG (1:1000)
and Alexa Fluor 568 goat anti-rabbit 1gG (1:1000) for 6 h at 4 °C.
After a final washing, the sections were covered with fluorescent
mounting medium (DakoCytomation Inc., Carpinteria, CA).
Double-stained whole-mount sections were visualized using a
FluoView FV1000 confocal microscope (Olympus Corp., Tokyo,
Japan). Blood vessels were positive for CD31 and negative for
LYVET. Lymphatic vessels were double positive for (D31 and
LYVE1L. The area covered by blood and lymphatic vessels was
measured in five random fields for each animal using NIH Image]
software (ver. 1.39u).

Cell culture

Human umbilical vein endothelial cells (HUVECs; Lonza, Walk-
ersville, MD) at passages 4-7 and bovine aortic endothelial cells
(BAECs; Cell Applications Inc.) at passages 3-5 were grown to
subconfluence and used in the current experiments. Cells of the
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mouse spleen endothelial line MSS31 were cultured in «MEM
(Sigma) supplemented with 10% fetal bovine serum (FBS) [20,21].
NIH 3T3 cells and MC3T3-E1 cells were maintained in DMEM
(Sigma) or a«MEM supplemented with 10% FBS. ATDCS cells were
cultured in a 1:1 mixture of DMEM and Ham's F-12 medium
supplemented with 5% FBS, 10 pg/ml human insulin (Roche,
Mannheim, Germany), 10 pg/mi human transferrin (Roche), and
31075 M sodium selenite {Sigma), as previously described [221.
Cell cultures were performed at 37 °C in a humidified incubator
with 5% CO-.

Tube formation, cell adhesion, and cell migration assay

Bioassays were performed as previously described with some
modifications [18]. Briefly, in each assay, cells were serum-
starved for 4 h in «MEM containing 0.5% FBS and harvested. For
tube formation assay, serum-starved HUVECs were resuspended
in «MEM containing 0.1% BSA {(4x10* cells/500 W) and
preincubated with reagents for 30 min at 37 °C. The cells were
then plated on growth factor-reduced Matrigel {BD Biosciences,
Bedford, MA) diluted 1:1 with serum-free aMEM in 24-well cell
culture plates and allowed to form tube-like structures for 6 h in
the presence of VEGF-A (20 ng/ml). The tube-like cellular
networks were fixed and measured using IPLab Scientific
Imaging Software (Scanalytic Inc., Fairfax, VA). For cell adhesion
assays, 96-multiwell plates were coated with type 1 collagen
(50 pg/ml; Koken, Tokyo, Japan), fibronectin (10 pg/ml; BD
Biosciences), or vitronectin (5 pg/mi; BD Biosciences) at 4 °C
overnight and blocked with 2% BSA/PBS for 30 min at 37 °C.
Coated wells were then washed twice with PBS. HUVECs (5 x 10*
cells in 100 (W of «MEM containing 0.5% BSA) were allowed to
adhere for 30 min at 37 °C. Cell adhesion was determined by
measuring the absorbance of crystal violet-stained cells at
595 nm. For cell migration assay, cell culture inserts (8 um
pore size: BD Biosciences) were coated with 1-2 pg/mi
vitronectin at 4 °C overnight. The cells were resuspended in
«MEM containing 0.1% BSA (7 = 10? cells/200 pl), preincubated
with reagents for 30 min, and then allowed to migrate for 4 h at
37 °C in the same medium containing VEGF-A, FGF-2, or other
chemotactic stimulators that had been added to the lower
chamber in the presence or absence of inhibiting reagents, The
number of cells that had migrated to the bottom surface of the
insert was counted in five representative high power fields
(200 magnification) per insert,

RNA preparation and RT-PCR

Total RNA was prepared from cells grown to subconfluence using the
single-step method of Chomczynski and Sacchi {23]. First strand
¢DNA was synthesized from 1 pg of total RNA using SuperScript H
RNase H™ reverse transcriptase (Gibco BRL, Grand island, NY). The
primer sequences used for RT-PCR analyses were as follows:
glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) forward
primer: 5'-ACCACAGTCCATGCCATCAC-3"; GAPDH reverse primer:
5'-TCCACCACCCTGTTGCTGTA-3; mouse VEGF receptor-2 (VEGFR-
2) forward primer: 5'-CACAGACACCACCGTGTACTCC-3"; mouse
VEGFR-2 reverse primer: 5-CTCCAAGGTAGACAGACTCGGC-3;
human VEGFR-2 forward primer: 5'-GTGACCAACATGGAGTCGTG-
3’; human VEGFR-2 reverse primer: 5'-CCAGAGATTCCATGC-
CACTT-3"; bovine VEGFR-2 forward primer: 5-CACGGACAC-

CACTGTGTACTCC-3"; bovine VEGFR-2 reverse primer: 5'-
ACCTAAAGCACTTCCATTGTCTG-3"; mouse FGF receptor-1 (FGFR-1)
forward primer: 5-AGAGACCAGCTGTGATGA-3; mouse FGFR-1
reverse primer: 5-GGCCACTTTGGTCACACG-3; human FGFR-1
forward primer: 5'-GGAGGATCGAGCTCACTCGTGG-3’; human
FGFR-1 reverse primer: 5-CGGAGAAGTAGGTGGTGTCAC-3"; bo-
vine FGFR-1 forward primer: 5-AGAGACCGGCGGTGATGA-3';
bovine FGFR-1 reverse primer: 5'-GGCCACTTTGGTCACACG-3'.
GAPDH amplification was utilized as an internal control and
the primer pairs were designed using the consensus sequences
between the mouse and hwman versions of this gene.

Immunoblotting

For the adhesion-dependent FAK activation, HUVECs were har-
vested and resuspended in serum-free medium containing 0.1%
BSA. The cells were kept in suspension for 30 min at 37 °C with or
without rhChM-1 (1.5 ug/mi) and then plated on the vitronectin-
coated plates. Cells were allowed to adhere for the indicated time
and lysed with SDS sample buffer [50 mM Tris-HCl {(pH6.8), 2%
SDS, 50 mM dithiothreitol (DTT), and 10% glycerot}, boiled for
5 min, and subjected to immunoblotting analysis. Samples were
separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred onto nitrocellulose membrane (Bio-Rad, Hercules,
CA). Blotted membranes were preincubated with 3.2% skim mitk in
Tris-buffered saline {TBS; 20 mM Tris, pH 7.4, 150 mM Nacl] for
30 min and incubated with primary antibody at 4 °C overnight.
Blots were washed with TBS containing 0.05% Tween 20 and
incubated with horseradish peroxidase-conjugated anti-mouse
lgG antibody (GE Healthcare Bio-Sciences, Uppsala, Sweden).
Detection of antibodies was performed using the ECL Western
Blotting Detection Reagents (GE Healthcare Bio-Sciences).

Rac1/Cdc42 pull-down assay

Subconfluent HUVECs were serum-starved for 4 h in «MEM
containing 0.5% FBS, harvested, and resuspended in aMEM
containing 0.1% BSA. The cells (1.5x 10° cells) were preincu-
bated with or without rhChM-1 (1.5 ng/mi) for 1 h and then
allowed to spread on vitronectin-coated 60-mm dishes for
30 min at 37 °C. For the VEGF-A-induced activation of Racl and
Cdc4?2, subconfluent HUVECs were serum-starved for 4 h in
aMEM containing 0.5% FBS and preincubated with or without
thChM-1 (1 pg/ml) for 30 min. The cells were then stimulated
with VEGF-A (20 ng/ml) for 30 min (Ract) or 10 min (Cdc4?2).
Cells were lysed in ice-cold lysis buffer containing 1% Triton X-
100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris-H(l
(pH7.5), 500 mM NaCl, 10 mM MgCl,, 1 pg/ml leupeptin, 1 pg/
ml pepstatin, and 1 mM PMSF. Lysates were clarified by
centrifugation and incubated with 20 pg of PAK-GST protein
beads (Cytoskeleton Inc., Denver, CO) for 3 h at 4 °C. The beads
were washed three times with the buffer containing 0.1% Triton
X-100, 50 mM Tris-HCl (pH7.5), 150 mM NaCl, 5 mM MgCl,,
10% glycerol, 1 ug/mi leupeptin, 1 pg/ml pepstatin, and 1 mM
PMSF. Bound proteins were eluted by boiling in 20 1 of 2 SDS
sample buffer and subjected to the immunoblot analysis with
anti-Racl or anti-Cdc42 antibody. The relative activities of Racl
and Cdc42 were determined by measuring the intensity of GTP-
Ract and GTP-Cdc42 immunoreactivity normalized to that of
total Racl or Cdc42 in whole cell lysates. These measurements
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were made using Fuji Film Science Lab 99 Image Gauge ver. 3.4
software (Fuji Photo Film, Tokyo, Japan).

lmmunoﬂuorescence

HUVECs (1 = 10” cells) were cultured overnight on 8-well Lab-Tek
1 CC2 chamber slides (Nalgen Nunc International Corp, Naperville,
1L} coated with vitronectin, and serum-starved for 5 h in aMEM
containing 0.5% FBS. The cells were then incubated with 0.1% BSA/
PBS or rhChM-1 for 30 min at 37 °C prior to the addition of VEGF-A
(25 ng/mi). After 1 h of further culture, the cells were fixed with
4% PFA/PBS, permeabilized with 0.2% Triton X-100 for 4 min, and
incubated with 5% skim milk/PBS for 20 min. These preparations
were then incubated with anti-paxillin mAb at 4 °C overnight
followed by 1 h incubation with Alexa Fluor 594-conjugated
phalloidin, Alexa Fluor 488-conjugated goat anti-mouse 1gG
secondary antibody, and 1 pg/mi of 4°, 6-diamidino-2-phenylin-
dole (DAP1, Sigma) in 5% skim milk/PBS. Slides were observed
under a fluorescence microscope (Leica Microsystems, Mannheim,
Germany).

Time-lapse analysis

Serum-starved HUVECs were plated on vitronectin-coated dishes
and allowed to adhere for 1 h at 37 °C in «MEM containing 0.5%
FBS. The cells were preincubated with or without rhChM-I for
30 min and then stimulated with VEGF-A (25 ng/ml). The cells
were cobserved under a microscope (DM IRBE, Leica Microsys-
tems) at 37 °C in a €O, incubation system (Tokken, Chiba, Japan).
Time-lapse images were recorded at 2-min intervals for 4 h (120
frames) with a digital CCD camera (Hamamatsu, Shizuoka,
Japan). Images were automatically collected and quantified
using PLab Scientific imaging Software (Scanalytic Inc., Fairfax,
VA). The frequency and persistence of cell protrusions were
analyzed at 120-180 min after the addition of VEGF-A and were
calculated as the average number of protrusions per cell and the
average extending time of protrusion per cell during the
observations, respectively. Cell migration was analyzed manually
by marking the position of the nucleus in individual cells in
selected frames (i.e. at 30-min intervals) to obtain migration
tracks. The migration speed was determined as the total
migration distance (T) divided by the total migration time
(4 h). Net transiocation distance (D) was calculated as a linear
distance between the initial point and the end point of the
observation. The directionality of cell migration was calculated as
a D/T ratio. Four independent experiments were carried out and
the migration tracks of 15-30 cells were extracted from each
experiment to obtain at least the migration tracks of 75 cells to
be analyzed.

Results

Anti-angiogenic activity of rhChM-I prepared from
serum-free culture of 293-F cells

Recombinant human ChM-I (rhChM-|) was expressed with an N-
terminal FLAG tag in a serum-free culture of 293-F cells and
purified using anti-FLAG M2 affinity gel. The bicactivity of
rhChM-I was confirmed via a tube formation assay of HUVECs

Table 1 - Effects of recombinant human ChM-I on the tube
morphogenesis of HUVECs.

Additions* Tube length (mm)/field®
0.1% BSA/PBS alone 2.86+0.73
0.1% BSA/PBS+ VEGF-A 920+ 1.14
CHO-hChM-I+ VEGF-A 5214064
rhChM-1+ VEGF-A 4.89+ 094
Endostatin+ VEGF-A 7.36 4 1.59

* HUVECs were suspended in serum-free medium and incubated with
0.1% BSA/PBS, CHO-hChM-1 (1 pg/ml), rhChM-1 (1 ug/ml), or endostatin
(3 ug/mi) for 30 min, respectively.

Y The cells were plated onto growth factor-reduced Matrigel in the
presence or absence of VEGF-A (20 ng/mi). Tube-like structures were
allowed to form for 6 h, fixed, and then photographed. The total tube
length per field was measured using image processing and analysis
software. The data shown are the average of five fields. Similar results
were obtained from two independent experiments.

cultured on Matrigel (Table 1). The inhibitory effects of rhChM-I
were comparable to that of our previous preparation from CHO
cells (CHO-hChM-1, 1 pg/ml) with a reduction-oxidation proce-
dure [9], and more potent than that of endostatin (3 ng/ml), a
cryptic angiogenesis inhibitor derived from type XVII collagen
[24]. We then examined the anti-angiogenic activity of rhChM-tin
vivo using a mouse corneal micropocket assay (Fig. 1). At day 14
after implantation of HEME pellets, VEGF-A (160 ng/pellet)
induced the growth of new biood vessels {CD31-positive) and
also lymphatic vessels (CD31 and LYVE1 double-positive)
sprouting from the corneal limbus (Figs. 1D-F). In contrast,
application of VEGF-A together with rhChM-1 (34 ng/pellet) led
to an efficient suppression of newly formed blood vessels and
lymphatic vessels (Fig. 1G-1, |, and K). Thus, this preparation of
rhChM-I was found to be biologically active both in vitro and in
vivo. Without VEGF-A, application of rhChM-I alone had no
significant effects on blood vessels and lymphatic vessels in
mouse cornea (Fig. S1).

Inhibition of VEGF-A-induced migration of HUVECs by
rhChM-1I and its selective actions

Cell migration is one of the critical steps during angiogenesis,
and is therefore a common target of many angiogenesis inhibitors
such as endostatin, angiostatin, and arresten [16,25]. We
evaluated the effects of rhChM-I on cell migration using a
modified Boyden chamber assay (Fig. 2). Serum-starved HUVECs
were seeded onto the upper chamber and chemotactic migration
was induced by the addition of VEGF-A (20 ng/ml) in the lower
chamber. Upon treatment with VEGF-A, cell migration was
induced 3- to 4-fold above the basal level on the vitronectin-
coated surface. Endostatin successfully inhibited this VEGF-A-
induced migration, as previously reported {24,26]. Recombinant
hChM-I did not affect the basal levels of migration, but
significantly inhibited the VEGF-A-induced migration in a dose
dependent manner. The concentration required for 50% inhibition
(IDsg) in this experiment was measured at 83 ng/ml. Similarly,
the inhibitory action of rhChM-] was also observed in the VEGF-A-
induced 3D cell migration of HUVECs through Matrigel matrix
(Fig. S2). Although rhChM-1 inhibited the VEGF-A-induced
migration without affecting the basal level of migration in
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Fig. 1 - Effects of rhChM-I on VEGF-A-induced corneal angiogenesis and lymphangiogenesis. (A-1) HEME pellets containing either
vehicle (A-C) or VEGF-A (160 ng) (D-I) were implanted into the micropocket of the mouse cornea with (G-I) or without (A-F)
rhChM-I (34 ng/pellet). At day 14 after implantation, corneal tissues were excised and subjected to the whole-mount double
immunostaining with antibodies against CD31 (green; A, D, and G) and LYVET1 (red; B, E, and H). Merged images were shown in panels
C, F,and I. Bars, 200 nm. (J-K) Images of CD31-positive (J) and LYVE1-positive (K) staining area were captured in five different fields
for each animal and quantified as described in Materials and methods. Values are the means + SD from five animals/group.

*P<0.05.

HUVECs, the signal entry from VEGFR-2 and the downstream
signaling of ERK1/2, c-Src, and focal adhesion kinase (FAK) were
not affected by rhChM-I (Figs. S3A-C).

Various growth factors and agents are known to induce the
chemotactic migration of vascular endothelial cells. Similar to
VEGF-A (20 ng/ml), FGF-2 (20 ng/ml) and IGF-I (50 ng/ml)
were both found to be capable of inducing the migration of
HUVECs (Fig. 3A). The maximal dose of rhChM-I (1.5 ng/ml)
inhibited 78% of the VEGF-A-induced migration of cells.

Similarly, rhChM-I inhibited 71% and 78% of the FGF-2-induced
and IGF-l-induced migration of HUVECs, respectively (Fig. 3A).
In contrast, rhChM-I had little impact upon the effects of PMA
(phorbol 12-myristate 13-acetate) (3 nM), a protein kinase C
(PKC) activator [27]. Furthermore, rhChM-1 showed only a
marginal effect on the HUVEC migration induced by 60 nM S1P
(sphingosine 1-phosphate) (Fig. 3B), which among serum
components has been reported to be a potent stimulator of
cell migration [28]. As S1P acts through G protein-coupled
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Fig. 2 - Effects of rhChM-I on the VEGF-A-induced migration
of HUVECs. The effects of rhChM-I on cell migration were
examined using a modified Boyden chamber assay.
Serum-starved HUVECs (7 x 10* cells) were preincubated with
angiogenesis inhibitors for 30 min, and then seeded onto
vitronectin-coated cell culture inserts in serum-free medium.
Chemotactic migration of HUVECs was induced by the addition
of VEGF-A (20 ng/ml) in the lower chamber. Cells were allowed
to migrate for 4 h in the presence of various concentrations of
rhChM-I or endostatin, respectively. Control cells were treated
with 0.1% BSA/PBS and allowed to migrate in the absence of
VEGE-A, The values shown are percentages of the number of
migrated cells compared to the control cells and are the
means + SD of a triplicate assay. The data are representative of
three independent experiments with similar results.

receptors {GPCRs) [29], a Gi-specific inhibitor, PTX, profoundly
abrogated the motile property of HUVECs toward S1P. In addi-
tion, serum-induced HUVEC migration was also found to be Gi-
dependent and insensitive to the inhibitory action of rhChM-1.
These results suggest that ChM-1 may affect the receptor tyro-
sine kinase (RTK) signals activated by the angiogenic growth
factors.

FGF-2 stimulates the migration of a wide variety of
mesenchymal cells through its RTK signaling pathway [30]. As
expected from the abundant expression of FGF receptor-1
(FGFR-1) in NIH 3T3, chondrogenic ATDC5, and osteoblastic
MC3T3-E1 cells {Fig. 4A), FGF-2 markedly stimulated the
migration of these three cell types (Fig. 4C). However, rhChM-
I exhibited no significant effects upon the migration of these
fibroblastic cells, while synthetic inhibitor of the tyrosine kinase
activity of FGFR-1, SU5040, completely blocked the FGF-2-
induced migration of cells, In clear contrast, exposure to rhChM-
I significantly inhibited the FGF-2-induced migration of both
HUVECs and bovine aortic endothelial cells (BAECs). We also
tested the migration of MSS31, a clonal cell line established
from mouse spleen stroma. This cell line has been shown to
exhibit the properties of endothelial cells; they express marker
genes of vascular endothelial cells including VEGFR-1, VEGFR-2,
and PECAM-1 and are able to form capillary-like structures in
collagen matrices [2021]. Treatment of MSS31 cells with
rhChM-1 completely blocked the FGF-2-induced migration (Fig.
4B). These results indicate that the inhibitory action of ChM-l is
selective for vascular endothelial cell types.

CELLRESEARCH 316 12010

b

400

300

260

100

Migrated cells (% of control)

(=4

=
O
¥
=

.
;
+
:
;

VEGF-A FGF-2 IGF- PMA

w

600

500

400

300

Migrated cells (% of control)

SiP FBS

Fig. 3 - Effects of rhChM-1 on the chemotactic migration of
HUVECs toward various stimulants. (A) Serum-starved HUVECs
(7 x 10% cells) were preincubated with or without rhChM-I

(1.5 pg/mi) for 30 min and allowed to migrate for 4 h toward
VEGF-A (20 ng/ml), FGF-2 (20 ng/ml), IGF-1 (50 ng/ml), and
PMA (3 nM), respectively. Values are the means + SD of
triplicate assays and the data are representative of three
independent experiments. *P < 0.05. (B) HUVECs were
serum-starved for 4 h in the presence or absence of 100 ng/ml
PTX. The cells were harvested and incubated with or without
rhChM-1 (1.5 pg/ml) for 30 min and then allowed to migrate for
4 h toward oMEM containing 2% FBS or S1P (60 nM). Values are
the means + SD of a triplicate assay. These data are
representative of three independent experiments with similar
results.

Effects of rhChM-I on the cell adhesion and spreading
of HUVECs

To examine the effects of rhChM-1 on cell-matrix interactions,
HUVECs treated with rhChM-1 were plated onto bare plastic
culture plates or culture plates coated with ECM proteins including
type | collagen, fibronectin, or vitronectin for 30 min (Fig. 5A).
Recombinant human ChM-1 had no significant effects on the
adhesion of HUVECs to either substrate. Non-specific cell adhesion
to the bare plastic surface was not observed, because the cells
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Fig. 4 - Effects of rhChM-I upon the FGF-2-induced migration of endothelial and non-endothelial cells. (A) RT-PCR analysis of
VEGFR-2 and FGFR-1 expression in HUVECs, BAECs, MSS31, NIH 3T3, ATDC5, and MC3T3-E1 cells. The primer pairs used were designed
to specifically amplify mouse VEGFR-2 (519 base pairs) and mouse FGFR-1 (461 base pairs) in MSS31, NIH 3T3, ATDC5, and MC3T3-E1
cells, human VEGFR-2 (600 base pairs) and human FGFR-1 (421 base pairs) in HUVECs, and bovine VEGFR-2 (497 base pairs) and
bovine FGFR-1 (427 base pairs) in BAECs. GAPDH was used as an internal control. (B and C) FGF-2-induced migration of endothelial
cells (B) and non-endothelial cells (C). Serum-starved cells (7x 10° cells) were preincubated with or without rhChM-I (0.5 pg/ml) or
SU5402 (20 uM) for 30 min and allowed to migrate for 4 h toward FGF-2 (20 ng/ml) in the presence or absence of inhibitors. Values
are the means + SD of a triplicate assay. The data are representative of three independent experiments. *P < 0.05.

rarely adhered to the plastic surface under the experimental
conditions. Consistent with these observations, treatment with
rhChM-I resulted in no significant change upon the adhesion-
dependent phosphorylation of FAK (pY397) in HUVECs, which is
an indicator of activated FAK (Fig. 5B) [31]. Furthermore, rhChM-I
additively inhibited the VEGF-A-induced migration of HUVECs in
combination with the maximal dose of function-blocking antibody
against integrin a531, a fibronectin receptor, and integrin a3,
a vitronectin receptor, indicating that the inhibitory action of
rhChM-1is independent of the cell adhesion mediated by integrins
(Fig. S4). However, rhChM-I caused a slight delay in cell spreading
during the first 1 h after plating on vitronectin. Cells treated with
rhChM-1 displayed several spiky protrusions around the cell
periphery, while control cells exhibited round morphologies
(Fig. 5C). The number of cells with broad lamellipodia was
considerably decreased during the first 1 h but recovered at 2 h
after plating (Fig. 5D). As it has been shown that cell spreading
proceeds with a reorganization of the actin cytoskeleton, we then

assessed the activity of the Rho family small GTPases, Racl and
Cdc42, which are key regulators of actin filaments and focal
adhesion organization [32]. When rhChM-I-treated HUVECs
were allowed to spread for 30 min on a vitronectin-coated surface,
both of these activities were significantly suppressed (active Racl,
55.6420.8% of control; active Cdc42, 41.3+9.5% of control;
Figs. 5E and F).

Effects of rhChM-I on the VEGF-A-induced actin cytoskeletal
reorganization of HUVECs

As well as the cell-matrix interactions, VEGF-A is also known to
stimulate the reorganization of the actin cytoskeleton, which
underpins the effective migration of endothelial cells [33]. To
investigate whether the action of rhChM-I is associated with this
process, serum-starved HUVECs were stimulated by VEGF-A for
1 h and the actin filaments and focal adhesions were visualized
by fluorescently labeled phalloidin and immunostaining using
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Fig. 5 - Effects of rhChM-1 on the adhesion and spreading of HUVECs. (A) Adhesion of HUVECs to type I collagen-, fibronectin-, or
vitronectin-coated culture plates or bare plastic culture plates. HUVECs were preincubated with or without rhChM-I (1.5 pg/mi) for 30 min
before plating in non-coated plastic wells (PL) or wells coated with type I collagen (Col I, 50 pig/ml), fibronectin (FN, 10 ng/mil), and
vitronectin (VN, 5 pg/mil), respectively. The cells were then allowed to adhere for 30 min. Non-adherent cells were removed by washing
with PBS and the level of adhesion was determined by measuring the absorbance at 595 nm of crystal violet-stained cells. Values are the
means + SD of a triplicate assay and the data are the representative of three independent experiments with similar results. (B) Adhesion-
dependent FAK activation in the absence or presence of rhChM-1. Serum-starved HUVECs were harvested and preincubated with or without
rhChM-1(1.5 ug/ml) for 30 min and then allowed to adhere on vitronectin-coated plates. The adhered cells were lysed at the indicated times
and the adhesion-dependent activation of FAK was evaluated using an anti-phospho-FAK (pY397) antibody. Equal loading of the samples
was verified by an anti-B-actin antibody. (C and D) Spreading of HUVECs on vitronectin-coated plates, Serum-starved HUVECs were
harvested and preincubated with or without rhChM-1 (1.5 ug/ml) for 20 min prior to seeding onto vitronectin-coated plates. After plating,
cell morphologies were captured at the indicated times using phase-contrast microscopy (C). The number of cells with lamellipodia was
then counted (D). Values are the means 4 SD of at least 200 randomly selected cells obtained in different fields from three independent
experiments. Bars, 30 nm. (E and F) Cells were allowed to spread on vitronectin-coated dishes for 30 min in the presence or absence of
rhChM-1 (1.5 pg/ml) and lysed. Cell extracts were then affinity precipitated with PAK-GST protein beads and subjected to immunoblotting
analysis to detect GTP-bound Rac1 (GTP-Rac1) and GTP-bound Cdcd2 (GTP-Cdc42). Equal loading of the samples was verified by an anti-8-
actin antibody (E). Levels of active Rac1 or Cdcd42 were measured by densitometric analysis of immunoblots and normalized to the total
levels of Racl or Cdc42 in the cell lysates (F). Values are the means - SD from three independent experiments. *P < 0.05.
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Fig. 6 - Effects of rhChM-I on the VEGF-A-induced reorganization of actin cytoskeleton in HUVECs. (A-F) Cells were cultured
overnight on vitronectin-coated glass chamber slides, serum-starved for 5 h, and preincubated with 0.1% BSA/PBS (A and C) or
rhChM-I (1 pg/ml) (B and D) for 30 min. The cells were then stimulated with VEGF-A (25 ng/ml) (C-F) for 1 h, fixed, permeabilized,
and immunostained. Focal adhesions (green) were visualized with anti-paxillin antibody followed by incubation with an Alexa Fluor
488-conjugated secondary antibody. Actin filaments (red) and nuclei (blue) were stained with Alexa Fluor 594-conjugated
phalloidin and DAPI, respectively. The photograbhs shown are merged images. The boxed areas in panels C and D are magnified in
panels E and F, respectively. The arrowhead and arrow in panel F indicate the shorter actin filaments and the focal adhesion poorly
linked to actin filaments, respectively. Bars, 20 pm. (G) Quantification of cells with an organized actin cytoskeleton. Values are the
means + SD of at least 200.randomly selected cells obtained in different fields from two independent experiments. (H) Effects of
rhChM-I on VEGF-A-induced activation of Rac1 and Cdc42. HUVECs were serum-starved for 4 h and preincubated with or without
rhChM-I (1 pg/ml) for 30 min. The cells were stimulated with VEGF-A (20 ng/ml) for 30 min (Rac1) or 10 min (Cdc42), lysed, and
assayed for the activity of Rac1 and Cdc42 as described in Fig. 5. Equal loading of the samples was verified by an anti-B-actin
antibody. The results shown are the representative of three independent experiments.

paxillin antibody, respectively. In unstimulated HUVECs, phalloi-
din and paxillin immunostaining were diffuse with weak
cytoplasmic staining and rhChM-1 had little effects on such a
static actin cytoskeleton (Figs. 6A and B). Treatment of cells with
VEGF-A induced a marked actin cytoskeletal reorganization
characterized by an increased number of transcytoplasmic actin
filaments anchored to large focal adhesions (Fig. 6C). These cells
exhibited a broad lamellipodium with organized actin cytoskel-
eton (Figs. 6C and E). Cotreatment of the cells with rhChM-I and
VEGF-A resulted in an apparent decrease in transcytoplasmic
actin filaments but had relatively little effect on the assembly of

large focal adhesions. Instead, focal adhesions together with the
remaining shorter actin filaments were irregularly oriented and
poorly linked to each other in the lamellipodium of the rhChM-I-
treated cells (Fig. GF, arrow and arrowhead), leading to the
increased number of cells with a disrupted actin cytoskeleton
(Fig. 6G).

It has been shown that the activity of Racl and Cdc42 are
stimulated by VEGF-A and are involved in the VEGF-A-induced
actin cytoskeletal reorganization and migration of endothelial
cells [34,35]. We next examined whether rhChM-I inhibits the
VEGF-A-induced activation of Racl and Cdc42. As previously
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reported [34,35], treatment of serum-starved HUVECs with
VEGF-A induced the activation of Rac1 and Cdc42 within 30 or
10 min, respectively. Recombinant human ChM-1 completely
blocked the VEGF-A-induced activation of Racl, but not Cdc42.
There were little effects on the basal activity of Ract and Cdc4?
(Fig. 6H). Consistent with the reduced activity of Racl, VEGF-A-
induced Ser-3 phosphorylation of cofilin, an actin depolymeriz-
ing factor downstream of Racl, was also inhibited by rhChM-I in
HUVECs and MSS31 cells, which leads to the enhanced actin
depolymerization by cofilin (Figs. S5A-D).

Effects of rhChiM-1 on the VEGF-A-stimulated lamellipodial
extensions and cell motility in HUVECs

Using time-lapse video microscopy, we performed tracking
analysis of VEGF-A-stimulated cells in sparse culture. Serum-
starved HUVECs were stimulated by the addition of VEGF-A
(25 ng/ml) in the presence or absence of rhChM-1 (Fig. 7A).
Cells stimulated by VEGF-A exhibited smooth and stable
lamellipodia that extended toward the moving direction. In
contrast, HUVECs treated with rhChM-I exhibited less polarized
morphologies due to the formation of multiple cell protrusions
at a single time. Quantification of the frequency and persistence
of the protrusions revealed that although VEGF-A had little
effect on the frequency of protrusions, it increased the
persistence of protrusions by 1.9-fold. Treatment of HUVECs
with rhChM-1 apparently increased the frequency of protrusions,
and decreased their persistence in the presence of VEGF-A but
had no significant effects on those of the unstimulated cells
(Figs. 7B and C, n=75). This indicates that rhChM-I prevents
the persistent extension of cell protrusions that give rise to a
stable lamellipadium functioning as a leading edge. By tracking
the migration of individual cells over a 4-h period of
observation, migration tracks were generated (Fig. 7D). Migra-
tion speeds, the net translocation distance, and the direction-
ality were then calculated (Figs. 7E-G, n=75). VEGF-A
increased the average migration speed and the net translocation
distance by 1.6-fold and 1.7-fold, respectively. Treatment of
HUVECs with rhChM-1 in the presence of VEGF-A suppressed
this VEGF-A-stimulated muotility of HUVECs to the basal levels
(Figs. 7E and F). Moreover, thChM-I reduced the directionality
of cell migration stimulated by VEGF-A (Fig. 7G). The directional
migration of HUVECs in an in vitro wound-healing migration
model was also inhibited by rhChM-f and the assembly of actin
filaments and focal adhesions were disturbed at the leading
edge of the cells {Figs. S5E-H). Thus, in the presence of rhChM-
1, cells move slowly and frequently turn their moving direction.
These data suggest that ChM-I impairs the motility of VEGF-A-
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stimulated HUVECs by preventing the formation of stable
lamellipodial extensions,

Discussion

We expressed rhChM-1 as a secretable form in 293-F cells and
confirmed its anti-angiogenic activity by verifying its inhibition of
mouse corneal angiogenesis (Table 1 and Fig. 1). Using this
preparation of rhChM-1, we analyzed its effects on VEGF-A-
induced endothelial cell migration, an essential step in angiogen-
esis, in our present study. Our results indicate that rhChM-I
inhibits the VEGF-A-induced chemotactic migration of HUVECs by
70-80% but has no effect upon the basal migration of non-
stimulated HUVECs (Fig. 2). It also effectively inhibited the VEGF-
A-induced chemotactic migration of HUVECs (1Dsg, ~5.4 nM) in a
modified Boyden chamber assay (Fig. 2}, as commonly seen for
angiogenesis inhibitors such as thrembospondin-1 (TSP-1),
angiostatin, and endostatin [26,36,37].

A blockade of the signal entry from integrins and growth factor
receptors is a possible mechanism accounting for the inhibitory
actions of ChM-I upon angiogenesis. For many angiogenesis
inhibitors such as endostatin, arresten, and endorepellin, their
binding to integrins interferes with the adhesion of vascular
endothelial cells and triggers the signaling events including FAK
phosphorylation, which leads to the inhibition of cell migration
[38-41]. However, as demonstrated in Figs. 5A and B and Fig. S3C,
pretreatment of HUVECs with rhChM-| affected neither adhesion
of HUVECs to any of the ECM proteins tested nor the phosphor-
ylation of FAK in the adhering or quiescent HUVECs. Moreover,
even in the presence of the maximal dose of the function-blocking
antibodies against integrin (31 or avp3 (Fig. S4), rhChiM-1 further
inhibited the VEGF-A-induced migration of HUVECs, suggesting
that the inhibitory actions of ChM-1 occur independently of
integrin-mediated cell adhesion. The disruption of integrin-
mediated adhesion thus appears not to be the target of ChM-|
actions.

With regards to the signal entry from VEGF-A, we detected no
alterations in the VEGF-A-induced phosphorylation of VEGFR-2
and its downstream signaling molecule ERIC1/2, ¢-Src, and FAK in
rhChM-I-treated HUVECs (Figs. S3A-C), indicating that the ChM-I
action is not simply mediated by the inhibition of VEGFR-2 signal
entry. In fact, rhChM-I similarly inhibited the chemotactic
migration of HUVECs induced via the FGF-2 and IGF-1 RTK
pathways. Interestingly, ChM-1 had no inhibitory effects on
migration stimulated by PMA through a PKC pathway or by S1P
through a GPCR pathway (Fig. 3). Moreover, although FGE-2 is a
potent stimulator of migration in a wide variety of FGFR

Fig. 7 - Effects of rhChM-I on the motility of HUVECs stimulated by VEGF-A. Serum-starved HUVECs were plated on
vitronectin-coated dishes and allowed to adhere for 1 h. The cells were preincubated with or without rhChM-I (0.5 png/ml) in cMEM
containing 0.5% FBS for 30 min and then stimulated with VEGF-A (25 ng/ml), as described. Cell migration was monitored for 4 h at
2 min intervals. (A) Typical time-lapse phase-contrast micrographs of control and rhChM-I-treated cells at 90-160 min after the
addition of VEGF-A. Arrows and arrowheads indicate extending lamellipodia or cell protrusions. Bars, 30 pm. (B, C) The frequency
(B) and persistence (C) of the protrusions were quantified at 120-180 min after the addition of VEGF-A. Values are the means - SD
(1 =75) from four independent experiments. *P < 0.05. (D) Migration tracks of HUVECs in the presence and absence of rhChM-1. The
tracks during a total observation period of 4 h were generated by marking the position of the nucleus at every 30 min interval for
each cell. Migration tracls obtained from 30 cells in each experimental condition were shown, (E-G) The migration speed (E), the
net translocation distance (F), and the directionality {G) of the cells were measured on the basis of the migration tracks. Values are
the means + SD (n=75) from four independent experiments. *P < 0.05.
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responsive cells, including fibroblastic cell types, rhChM-1 could
only inhibit the FGF-2-induced migration of vascular endothelial
cells {Fig. 4). The inhibitory action of rhChM-1 is also evident in the
FGF-2-induced migration of endothelial MSS31 cells. The mode of
ChM-1 actions on the signal pathways through RTKs and its narrow
cell type selectivity are indicative of its unique action mechanism.

The activation of cell motility is an important component in
chemotactic cell migration during the angiogenic responses of
endothelial cells caused by VEGF-A [32]. Tracking analysis of
HUVECs using time-lapse video microscopy revealed that, even in
the absence of a concentration gradient, the migration speed and
net translocation distance and the directionality of VEGF-A-
stimulated HUVEC migration were significantly reduced to the
basal level by rhChM-i, and that the cells altered their moving
direction more frequently in the presence of rhChM-I (Figs. 7D-G).
These results indicate that ChM-1 suppresses the VEGF-A-stimu-
lated motility of endothelial cells, particularly their directional
mode of motility. A broad single lamellipodium is characteristic of
cells undergoing active and stable directional migration, as seen in
VEGF-A-stimulated HUVECs (Fig. 7A) {32]. In contrast, in the
presence of rhChM-I, HUVECs displayed multiple cell protrusions
that were found to be extremely transient and poorly spread
(Figs. 7A and (), indicating that ChM-1 prevented the persistent
extension of lamellipodium that will provide a stable leading edge
and forward cell movement, This is compatible with our finding
that the inhibitory action of rhChM-I was PI3K-dependent during
the chemotaxis processes induced by VEGF-A (Fig. S3D), as PI3K
plays a key role in directional cell migration by regulating the
polarized extension of lamellipodia via various actin regulators
including Rac and cofilin {42,43].

Membrane protrusive activities are generated by the coordi-
nated reorganization of the actin cytoskeleton in response to cell-
matrix interactions and;/or growth factor signaling {32]. Rac and
Cdc42 are pivotal regulators of actin polymerization and
participate in various cellular events including spreading, mor-
phogenesis, and the formation of lamellipodia and filopodia. In
particular, Cdc42 is a master regulator of cell polarity and is
required for the restriction of Rac activity to the cell front or

leading edge. Thus, the marked reduction of these GTPase .

activities during spreading of rhChM-l-treated HUVECs (Figs. 5E
and F) suggests that actin reorganization, which promotes
lamellipodial extension, is severely disturbed by the presence of
ChM-I. This is consistent with the delayed cell spreading and the
reduced number of cells with broad lamellipodia in rhChM-I-
treated HUVECs (Figs. 5C and D). Furthermore, the confined
localization of Racl to the front of the protrusions was observed
to be poor in the rhChM-I-treated cells (data not shown). Hence,
the formation of multiple but less spread protrusions caused by
rhChM-1 might be due to the partial loss of actin polymerizing
activity with the concomitant loss of its polarity. In this regard,
these protrusions are quite different from those formed in
angiomotin-deficient endothelial cells, in which increased Rac
activity induces multiple lamellipodia with polarization defects
[44]. In addition, these actions of rhChM-1 are likely to be effective
when the cells dynamically reorganizes their actin cytoskeleton
during cell spreading because the area of cell spreading and the
number of cells with lamellipodia were gradually recovered up to
2 h after seeding (Figs. 5C and D).

VEGF-A stimulates the reorganization of actin filaments and
focal adhesions in vascular endothelial cells. It has been reported
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that Racl is activated by VEGF-A and plays essential roles in
VEGF-A-induced actin reorganization and cell migration. Our
present data demonstrated that rhChM-1 inhibited the VEGF-A-
induced activity of Racl, but not its basal activity (Fig. GH).
Consistent with this, Soga and coworkers [34] reported that
Racl is indispensable, but Cdc42 is dispensable for the VEGF-A-
induced endothelial cell chemotaxis. The reduced activity of
Racl might be associated with the disrupted actin cytoskeleton
and the disassembly of small focal adhesion called “focal
complexes” as observed in the rhChM-I-treated HUVECs (Figs.
6D and F). Recently, Racl has been shown to affect the rate of
actin depolymerization by inhibiting cofilin-induced actin
depolymerization through a PAK-mediated pathway [45.46].
We also found that rhChM-1 inhibits VEGF-A-induced Ser-3
phosphorylation of cofilin and possibly enhances the actin
depolymerization in the HUVECs and the MSS31 cells (Figs.
S5A-D). The partial decrease in the actin polymerization
activity together with the enhanced depolymerization activity
may probably affect the VEGF-A-stimulated dynamic extension
of lamellipodia and the directional migration of cells. In fact,
our time-lapse data revealed that rhChM-1 impairs the stable
extension of lamellipodia in VEGF-A-stimulated HUVECs (Figs.
7A-C). These effects of rhChM-1 on the lamellipodial extension
may underlie the reduced mootility and directionality of cells
stimulated by VEGF-A (Figs. 7D-G). Other angiogenesis inhibi-
tors, such as endostatin, thrombospondin-1, fumagillin, and
TNP-470, have been reported to decrease the number of
famellipodia with the increased number of actin stress fibers
and the phosphorylation of cofilin in HUVEGCs as well as in
human dermal microvascular endothelial cells [47]. These
inhibitors induce a more adhesive state in cells with a static
actin cytoskeleton, which is unfavorable for active motility.
Hence, the mode of ChM-I action is fundamentally distinct from
those of other known angiogenesis inhibitors.

Acknowledgments

We thank Dr. ). Miyazaki (Osaka University Medical School) for
providing the pCAGGS expression vector. This work was supported
by the Grants-in-aid from the Ministry of Education, Culture,
Sports, Science, and Technology of Japan (Y.H.).

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi: 10.1016/j.yexcr.2009.12.009.

REFERENCES

{1] J. Folkman, Angiogenesis in cancer, vascular, rheumatoid and
other disease, Nat. Med. 1 (1995) 27-31.

[2] R. Kalluri, Basement membranes: structure, assembly and role in
tumour angiogenesis, Nat. Rev., Cancer 3 (2003 ) 422-433.

3] M.S. O'Reilly, T. Boehm, Y. Shing, N. Fukai, G. Vasios, W.S, Lane, E.
Flynn, J.R. Birkhead, B.R. Olsen, |. Folkman, Endostatin: an
endogenous inhibitor of angiogenesis and tumor growth, Cell 88
(1997) 277-285.

— 352 —



[4]

5

(6

|7

(8

(9

(10

(1]

{12]

[13]

[14]

[15]

[16]

[17]

[18]

{19]

{20]

EXPERIMENTAL CELLRESEARCH 318

T.M. Mundel, R. Kalluri, Type IV collagen-derived angiogenesis
inhibitors, Microvasc. Res 74 (2007) 85-89.

Y. Hiraki, H. Tanaka, H. Inoue, }. Kondo, A. Kamizono, F. Suzuki,
Molecular cloning of a new class of cartilage-specific matrix,
chondromodulin-1, which stimulates growth of cultured
chondrocytes, Biochem. Biophys. Res. Commun. 175 (1991)
971-977.

C.Shukunami, Y. Hiraki, Chondromodulin-! and tenomodulin: the
negative control of angiogenesis in connective tissue, Curr.
Pharm. Des. 13 (2007) 2101-2112.

Y. Hiraki, T. Kono, M. Sato, C. Shukunami, |. Kondo, Inhibition of
DNA synthesis and tube morphogenesis of cultured vascular
endothelial cells by chondromodulin-1, FEBS Lett. 415 (1997)
321-324.

Y. Hiraki, H. Inoue, K. lyama, A. Kamizono, M. Ochiai, C.
Shukunami, S. lijima, F. Suzuki, |. Kondo, tdentification of
chondromodulin | as a novel endothelial cell growth inhibitor.
Purification and its localization in the avascular zone of
epiphyseal cartilage, J. Biol. Chem. 272 (1997) 32419-32426.

Y. Hiraki, K. Mitsui, N. Endo, K. Takahashi, T. Hayami, H. Inoue, C.
Shukunami, K. Tokunaga, T. Kono, M. Yamada, H.E. Takahashi, J.
Kondo, Molecular cloning of human chondromodulin-1, a
cartilage-derived growth modulating factor, and its expression
in Chinese hamster ovary cells, Eur. J. Biochem. 260 {1999)
869-878.

C. Shukunami, K. lyama, H. Inoue, Y. Hiraki, Spatiotemporal
pattern of the mouse chondromodulin-1 gene expression and its
regulatory role in vascular invasion into cartilage during
endochondral bone formation, Int. J. Dev. Biol. 43 (1999) 39-49.
U.H. Dietz, G. Ziegelmeier, K. Bittner, P. Bruckner, R. Balling,
Spatio-temporal distribution of chondromodulin-I mRNA in the
chicken embryo: expression during cartilage development and
formation of the heart and eye, Dev. Dyn. 216 (1999) 233-243.
H. Funaki, S. Sawaguchi, K. Yaoeda, Y. Koyama, E. Yaoita, S. Funaki,
M. Shirakashi, Y. Oshima, C. Shukunami, Y. Hiraki, H. Abe, T.
Yamamoto, Expression and localization of angiogenic inhibitory
factor, chondromodulin-|, in adult rat eye, Invest, Ophthalmol.
Vis. Sci. 42 (2001) 1193-1200.

M. Yoshioka, S. Yuasa, K. Matsumura, K. Kimura, T. Shiomi, N.
Kimura, C. Shukunami, Y. Okada, M. Mukai, H. Shin, R. Yozu, M.
Sata, S. Ogawa, Y. Hiraki, K. Fukuda, Chondromodulin-I maintains
cardiac valvular function by preventing angiogenesis, Nat. Med.
12 (2006) 1151-1159.

C. Shukunami, A. Takimoto, S. Miura, Y. Nishizaki, Y. Hiraki,
Chondromodulin-1 and tenomodulin are differentially expressed
in the avascular mesenchyme during mouse and chick
development, Cell Tissue Res. 332 (2008) 111-122.

Y. Nakamichi, C. Shukunami, T. Yamada, K. Aihara, H. Kawano, T.
Sato, Y. Nishizaki, Y. Yamamoto, M. Shindo, K. Yoshimura, T.
Nakamura, N. Takahashi, H. Kawaguchi, Y. Hiraki, S. Kato,
Chondromodutinl , is a bone remodeling factor, Mol. Cell. Biol. 23
(2003) 636-644.

W. Risau, Mechanisms of angiogenesis, Nature 386 (1997)
671-674.

H. Niwa, KK Yamamura, J. Miyazaki, Efficient selection for
high-expression transfectants with a novel eukaryotic vector,
Gene 108 (1991) 193-198.

Y. Oshima, K. Sato, F. Tashiro, J. Miyazaki, K. Nishida, Y. Hiraki, Y.
Tano, C. Shukunami, Anti-angiogenic action of the C-terminal
domain of tenomodulin that shares homology with
chondromodulin-1, |. Cell Sci. 117 (2004) 2731-2744.

K. Watanabe, Y. Hasegawa, H. Yamashita, K. Shimizu, Y. Ding,
M. Abe, H. Ohta, K. Imagawa, K. Hojo, H. Maki, H. Sonoda, Y. Sato,
Vasohibin as an endothelium-derived negative feedback
regulator of angiogenesis, J. Clin. lnvest. 114 (2004) 898-907.

N. Yanai, T. Satoh, M. Obinata, Endothelial cells create a
hematopoietic inductive microenvironment preferential to
erythropoiesis in the mouse spleen, Cell Struct. Funct, 16 (1991)
87-93.

(21]

[22)

[23]

[24]

[25]

[26]

{27]

{28

[29]

[30]

(31]

[32]

[33]

{34]

135

{36]

[37]

(38]

— 353 —

(20103775

788 787

K. Namba, M. Abe, S. Saito, M. Satake, T. Ohmoto, T. Watanabe, Y.
Sato, Indispensable role of the transcription factor PEBP2,/CBF in
angiogenic activity of a murine endothelial cell MSS31, Oncogene
19 (2000) 106-114.

C. Shukunami, C. Shigeno, T. Atsumi, K. Ishizeki, F. Suzuki, Y.
Hiraki, Chondrogenic differentiation of clonal mouse embryonic
cell line ATDCS in vitro: differentiation-dependent gene
expression of parathyroid hormone (PTH), PTH-related peptide
receptor, J. Cell Biel. 133 (1996) 457-468.

P. Chomczynski, N. Sacchi, Single-step method of RNA isolation by
acid guanidinium thiocyanate-phenol-chloroform extraction,
Anal. Biochem. 162 (1987) 156-159.

S.A. Wickstrom, K. Alitalo, . Keski-Oja, An endostatin-derived
peptide interacts with integrins and regulates actin cytoskeleton
and migration of endothelial cells, ]. Biol. Chem. 279 (2004)
20178-20185.

P. Nyberg, L. Xie, R, Kalluri, Endogenous inhibitors of
angiogenesis, Cancer Res 65 (2005) 3967-3979,

N. Yamaguchi, B. Anand-Apte, M. Lee, T. Sasaki, N. Fukai, R.
Shapire, 1. Que, C. Lowik, R. Timpl, B.R. Olsen, Endostatin inhibits
VEGF-induced endothelial cell migration and tumor growth
independently of zinc binding, EMBO J. 18 (1999) 4414-4423.
R. Montesano, L. Orci, Tumor-promoting phorbol esters induce
angiogenesis in vitro, Cell 42 (1985) 469-477.

D. English, Z. Welch, AT. Kovala, K. Harvey, O.V. Volpert, D.N.
Brindley, J.G. Garcia, Sphingosine 1-phosphate released from
platelets during clotting accounts for the potent endothelial cell
chemotactic activity of blood serum and provides a novel link
between hemostasis and angiogenesis, FASEB ]. 14 (2000)
2255-2265.

F. Wang, |.R. Van Brocklyn, }.P. Hobson, S, Movafagh, Z.
Zukowska-Grojec, S. Milstien, S. Spiegel, Sphingosine
1-phosphate stimulates cell migration through a G(i)-coupled
cell surface receptor. Potential involvement in angiogenesis,

J. Biol. Chem. 274 (1999) 35343-35350.

B. Boilly, AS. Vercoutter-Edouart, H. Hondermarck, V. Nurcombe,
X. Le Bourhis, FGF signals for cell proliferation and migration
through different pathways, Cytokine Growth Factor Rev. 11
(2000} 295-302.

M.B. Calalb, T.R. Polte, S.K. Hanks, Tyrosine phosphorylation of
focal adhesion kinase at sites in the catalytic domain regulates
kinase activity: a role for Src family kinases, Mol. Cell. Biol. 15
(1995) 954-963.

AJ. Ridley, M.A. Schwartz, K. Burridge, R.A. Firtel, M.H. Ginsberg,
G. Borisy, |.T. Parsons, A.R. Horwitz, Cell migration: integrating
signals from front to back, Science 302 (2003) 1704-1709.

H. Abedi, . Zachary, Vascular endothelial growth factor stimulates
tyrosine phosphorylation and recruitment to new focal adhesions
of focal adhesion kinase and paxillin in endothelial cells, J. Biol.
Chem. 272 (1997) 15442-15451.

N. Soga, N. Namba, S. McAllister, L. Cornelius, S.L. Teitelbaum, S.F.
Dowdy, ). Kawamura, K.A. Hruska, Rho family GTPases regulate
VEGF-stimulated endothelial cell motility, Exp. Cell Res. 269
(2001) 73-87."

T.A. Garrett, J.D. Van Buul, K. Burridge, VEGF-induced Racl
activation in endothelial cells is regulated by the guanine
nucleotide exchange factor Vav2, Exp. Cell Res. 313 (2007)
3285-3297.

W.R. Ji, FJ. Castellino, Y. Chang, M.E. Deford, H. Gray, X. Villarreal,
M.E. Kondri, D.N. Marti, M. Llinas, ]. Schaller, RA, Kramer, P.A.
Trail, Characterization of kringle domains of angiostatin as
antagonists of endothelial cell migration, an important process in
angiogenesis, FASEB } 12 (1998) 1731-1738.

S.M. Short, A, Derrien, R.P. Narsimhan, |. Lawler, D.E. Ingber, B.R.
Zetter, Inhibition of endothelial cell migration by
thrombospondin-1 type-1 repeats is mediated by betal integrins,
J. Cell Biol. 168 (2005) 643-653.

). Dixetius, M. Cross, T. Matsumoto, T. Sasaki, R. Timpl, L.
Claesson-Welsh, Endostatin regulates endothelial cell adhesion



788 EXPERIMENTAL CELL RESEARCH 316 (20101775 788

and cytoskeletal organization, Cancer Res. 62 (2002}
1944-1947.
{39] A.Sudhakar, H. Sugimoto, C. Yang, J. Lively, M. Zeisberg, R. Kalluri, 143}
Human tumstatin and human endostatin exhibit distinct
antiangiogenic activities mediated by alpha v beta 3 and alpha 5
beta 1 integrins, Proc. Natl. Acad. Sci. U, S. A. 100 (2003) {44
4766-4771.
|40] G. Bix, J. Fu, EM. Gonzaleg, L. Macro, A. Barker, S. Campbell, M.M.
Zutter, S.A. Santoro, 1.K. Kim, M. Hook, C.C. Reed, R.V. lozzo,
Endorepellin causes endothelial cell disassembly of actin

cytoskeleton and focal adhesions through alpha2betal integrin, {45]
. Cell Biol. 166 (2004) 97-109.

{41} A. Sudhakar, P. Nyberg, V.G. Keshamouni, A.P. Mannam, J. Li, H. |46}
Sugimoto, D. Cosgrove, R. Kalluri, Human alphal type IV
collagen NC1 domain exhibits distinct antiangiogenic activity 147]
mediated by alphatlbetal integrin, J. Clin. Invest. 115 (2005)

2801-2810.
142} V. Kolsch, P.G. Charest, R.A. Firtel, The regulation of cell motility

— 354 —

and chemotaxis by phospholipid signaling, J. Cell Sci. 121 (2008)
551-559.

M. Vicente-Manzanares, C.K. Choi, A.R. Horwitz, Integrins in cell
migration—the actin connection, J. Cell Sci. 122 (2009)
199-206.

K. Aase, M. Ernkvist, L. Ebarasi, L. Jakobsson, A. Majumdar, C. Yi, O.
Birot, Y. Ming, A. Kvanta, D. Edholm, P. Aspenstrom, J. Kissii, L.
Claesson-Welsh, A. Shimone, L. Holmgren, Angiomotin regulates
endothelial cell migration during embryonic angiogenesis, Genes
Dev. 21 (2007) 2055-2068.

A Ridley, Rho GTPases and cell migration, J. Cell Sci. 114 (2001)
2713-2722.

M. Vicente-Manzanares, D.J. Webb, A.R. Horwitz, Cell migration at
a glance, . Cell Sci. 118 (2005) 4917-4919.

S.M. Keezer, S.E. lvie, H.C. Krutzsch, A, Tandle, S.K. Libutti, D.D.
Roberts, Angiogenesis inhibitors target the endothelial cell
cytoskeleton through altered regulation of heat shock protein 27
and cofilin, Cancer Res 63 (2003) 6405-6412.



Laboratory Investigation (2010) 90, 52-60
© 2010 USCAP, inc All rights reserved 0023-6837/10 $32.00

Acyclic retinoid inhibits angiogenesis by suppressing the
MAPK pathway

Yusuke Komi'?, Yukihisa Sogabe', Naoto Ishibashi?, Yasufumi Sato®, Hisataka Moriwaki®, Kentaro Shimokado?
and Soichi Kojima'

Acyclic retinoid (ACR) is currently under clinical trial as an agent to suppress the recurrence of hepatocellular carcinoma
(HCC) through its ability to induce apoptosis in premature HCC cells. ACR has an anticancer effect in vivo as well, although
it shows weak apoptosis-inducing activity against mature HCC cells, suggesting the existence of an additional action
mechanism. In this study, we investigated the antiangiogenic activity of ACR. ACR inhibited angiogenesis within
chicken chorioallantoic membrane (CAM) in as similar a manner as all-trans retinoic acid (atRA). Although suppression of
angiogenesis by atRA was partially rescued by the simultaneous addition of angiopoietin-1, suppression of angiogenesis
by ACR was not rescued under the same condition at all. Conversely, although suppression of angiogenesis by ACR was
partially inverted by the simultaneous addition of vascular endothelial growth factor (VEGF), suppression of angiogenesis
by atRA was not affected under the same condition. These results suggested that mechanisms underlying the
suppression of angiogenesis by ACR and atRA were different. ACR selectively inhibited the phosphorylation of VEGF
receptor 2 (VEGFR2) and of extracellular signal-regulated kinase (ERK) without changing their protein expression levels,
and inhibited endothelial cell growth, migration, and tube formation. The inhibition of the phosphorylation of ERK,
endothelial growth, migration, tube formation, and angiogenesis by ACR was rescued by the overexpression of
constitutively active mitogen-activated protein kinase (MAPK). Finally, ACR, but not atRA, inhibited HCC-induced
angiogenesis in a xenografted CAM model. These results delineate the novel activity of ACR as an antiangiogenic through
a strong inhibition of the VEGFR2 MAPK pathway.
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Angiogenesis has an important role in tumor growth by
supplying nutrients and providing a route for metastasis.'
Therefore, tumor angiogenesis is a good target for the
treatment of solid cancers. Tumor cells induce angiogenesis
by producing and releasing several angiogenic factors, such as
vascular endothelial growth factor (VEGF), basic fibroblast
growth factor (bFGF), and angiopoietins (Angs).' The VEGF/
VEGF receptor (VEGFR) signaling pathway is essential for
drawing endothelial cells from preexisting blood vessels and
in stimulating their growth,” whereas the Ang/Tie2 signaling
pathway is important for sustaining the interaction between
endothelial and mural cells and stabilizing the vasculature.

Retinoids (vitamin A and its derivatives) are natural fat-
soluble hormones, the biological effects of which are believed
to be mediated, all or in part, by the modulation of target
gene expression through two families of nuclear receptors:
retinoic acid receptors (RARs) and retinoid X receptors
{RXRs).? Retinoids exert antitumor activity by modifying the
transactivation of p21“'!, interferon receptor, and signal
transduction and activator of transcription.*® We previously
reported that all-trans retinoic acid (atRA) inhibits angio-
genesis on chorioallantoic membrane (CAM) through dis-
ruption of vascular remodeling by inducing Ang2 expression
and suppressing Ang/Tie2 signaling.® Acyclic retinoid (ACR)
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is a synthetic retinoid and activates the RAR and RXR.” Oral
administration of ACR for 12 months significantly reduced
the incidence of post-therapeutic recurrence of hepatocellular
carcinoma (HCC) compared with the placebo group.? In this
study, ACR did not cause the typical toxic effects observed
with conventional retinoids.® Now, ACR is under clinical
trials as a chemopreventive drug against the recurrence of
HCC. Nuclear receptor RXR in HCC is highly phosphory-
lated through the Ras-extracellular signal-regulated kinase
(ERK) pathway, inactivated, and accumulates in the line as a
dominant-negative receptor.'® ACR inhibits the phosphor-
ylation of RXR by inactivating the Ras-ERK pathway,
recovering transactivation by retinoic acid, and induces
apoptosis in human HCC cell lines.>'® ACR also has an
anticancer effect in vivo.'' However, it exerts only weak
apoptosis-inducing activity against mature HCC cells in vivo.
This result suggests an existence of an additional molecular
mechanism underlying the anticancer effect of ACR.
Therefore, we predicted that ACR might have antiangiogenic
activity.

Herein, we found that in contrast to the antiangiogenic
mechanism of atRA, ACR inhibited angiogenesis through the
inhibition of the VEGF receptor mitogen-activated protein
kinase (MAPK) pathway. Moreover, ACR suppressed HCC-
induced angiogenesis in a xenografted CAM model. These
results suggest that ACR will also be clinically useful as
an antiangiogenic agent, in addition to its current usage as a
chemopreventive agent.

MATERIALS AND METHODS

Reagents

Acyclic retinoid (2E4E,6E,10E)-3,7,11,15-tetramethylhexadeca-
2,4,6,10,14-pentaenoic acid) was provided by Kowa (Tokyo,
Japan). AtRA was purchased from Sigma-Aldrich (St Louis,
MO, USA). ACR was dissolved in ethanol and dimethyl
sulfoxide (DMSO) to yield stock solutions of 10mM and
1 M, respectively, whereas atRA was dissolved in ethanol to
yield a stock solution of 17 mM.

Chicken CAM Assay

In vivo antiangiogenic activity of ACR and atRA was assessed
by CAM assay as described previously.'” In brief, fertilized
Dekalb chicken eggs (Omiya Kakin, Saitama, Japan) were
placed in a humidified egg incubator. After a 4.5-day
incubation at 38°C, a 1% solution of methylcellulose con-
taining ACR or atRA at various concentrations was loaded
inside a silicon ring that was placed onto the surface of CAM.
After a further incubation for 2 days, a fat emulsion was
injected into the chorioallantois, so that the vascular net-
works stood out against the white background of the lipid.
Antiangiogenic responses were evaluated under a stereo-
microscope and photographed with a x7.25 objective.
Quantitative analyses were carried out with angiogenesis-
measuring software (ver.2.0; KURABO, Osaka, Japan).'?
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Matrigel Plug Assay :
Matrigel (BD Biosciences, Bedford, MA, USA) was mixed
with 200 units/ml heparin (Nacalai Tesque, Kyoto, Japan),
with and without 50 ng/m! VEGF (Pepro Tech, Rocky Hill,
NJ, USA) and 5uM ACR in 0.1% DMSO. The matrigel
mixture was injected subcutaneously into 5-week-old female
C57BL/6 mice (Charles River, Yokohama, Japan). The mice
were killed 7 days later. The matrigel plugs were removed and
fixed in 4% paraformaldehyde for 4 h, dehydrated through a
graded ethanol series, and embedded in paraffin (Nacalai
Tesque). Vertical sections (5 um) were mounted on slides and
stained with hematoxylin and eosin, and observed under an
inverted microscope (model DM IRB, Leica Microsystems,
Wetzlar, Germany).

Cell Cultures

Human umbilical vein endothelial cells (HUVECs) and bo-
vine aortic endothelial cells were cultured as described.'?
HepG2 cells, human HCC, were cultured in Dulbecco’s
modified Eagle’s medium (Sigma-Aldrich) supplemented
with 10% fetal calf serum.

Transfection and Luciferase Assay

Transfection into HUVECs was carried out using a combi-
nation of LipofectAMINE 2000 Plus reagent (Invitrogen) and
a constitutively active MAPK kinase vector (1.5 ug each per
35-mm dish)."?

Western Blotting Analysis

After rinsing several times with TBS (20mM Tris-HCI,
137 mM NaCl), cells were lysed in 1% Triton X-100 in 20 mM
HEPES, pH 6.8, containing Complete protease inhibitor
cocktail (1 tablet per 50 ml; Roche, Indianapolis, IN, USA),
1 mM EDTA, 1 mM PMSE, and 0.5 mM Na;VOs, and directly
subjected to western analysis using phospho-VEGFR2-spe-
cific antibodies (1:1000 dilution; Cell Signaling Technology,
Danvers, MA, USA), phospho-FGFR1-specific antibodies
(1:1000 dilution; Cell Signaling Technology), or phospho-
ERK-specific antibodies (1:2000 dilution, Cell Signaling
Technology). Cell lysates were also subjected to western
analysis using antibodies to VEGFR2, FGFR1, and ERK.
Immunoreactive bands of proteins were detected with
ECL-Plus chemiluminescence reagents (GE Healthcare,

Buckinghamshire, UK).

In Vitro Tube Formation Assay

Tube formation by HUVECs on matrigel was assessed as
described previously.'* Unpolymerized matrigel (Becton
Dickinson, Bedford, MA, USA) was diluted to a final con-
centration of 5mg/ml with MCDB-131 medium, aliquoted
150 ul each into 24-well plates, and allowed to polymerize
for 30 min at 37°C. HUVECs were transfected with a con-
stitutively active MAPK kinase-expressing vector. Two days
later, HUVECs were seeded onto the polymerized gel at
2% 10° cells/well; thereafter, 100 ng/ml VEGE 1uM, 5uM,
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and 10uM ACR and/or atRA were added, and incubated
for 6h. In vitro tube formation was examined under a
phase-contrast microscope and photographed with a x 10
objective,

HCC-Induced Angiogenesis in a Xenografted CAM Model
Hepatocellular carcinoma-induced angiogenesis in a xeno-
grafted CAM model was assessed as previously described.'>®
HepG2 cell suspensions with or without 5 uM ACR or atRA
were delivered at 4 x 10° cells per embryo onto the top of
the CAM on day 8 using a gelatin sponge, called Gelform
(Pfizer, New York, NY, USA) implant. After a further 4-day
incubation, a fat emulsion was injected into the chor-
ioallantois, so that the vascular networks stood out against

Control
ACR
102 + 15
100 ng/egg
atRA

96 = 14

50 £ 57 36+ 10*

the white background of the lipid. Antiangiogenic responses
were evaluated under a stereomicroscope and photographed
with a x 25,

Statistical Analysis
Data are expressed as means + s.d. Statistical significance was

assessed by one-way analysis of variance, followed by Shaffer’s
t-test.

RESULTS

Comparison Between the Effects of ACR and atRA on
Blood Vessel Formation in CAM

To determine whether ACR could inhibit in vivo angiogen-
esis, we carried out CAM assay (Figure 1). The formation of
intricate vascular networks, developing within control CAM

41 £12*
1 pg/egy

T — T

/ E fj

Figure 1 Suppression of in vivo angiogenesis in CAM by ACR and atRA, The 4.5-day-old CAMs were treated with ACR and atRA for 48 h, and then patterns of
angiogenesis were photographed. Panel (a), vehicle (1% ethanol plus 1% DMSO); panel (b), 1 ug/egg ACR; panel (c), 5 ng/egg ACR; panel (d), 10 g/egg ACR;
panel (e), 100 ng/egg atRA; panel {f), 500 ng/egg atRA; panel (g), 1 ig/egg atRA. Scale bar, 5 mm. Total numbers of branches of blood vessels were analyzed
with angiogenesis-measuring software and are shown under each panel. A total of 12 eggs {6 eggs per experiment x 2 experiments) were evaluated and
representative results are shown. An asterisk indicates a significant difference (P <0.05) from the control.
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Figure 2 The antiangiogenic effect of atRA, but not ACR, was rescued by simuitaneous treatment with Ang1 in CAM. (A) The 4.5-day-old CAMs were treated
with ACR and atRA for 48h and then patterns of angiogenesis were photographed. Panel (a), vehicle {1% ethanol plus 1% DMSO); panel (b), 500 ng/egg
atRA; panel (c), 3 ng/egg ACR; panel (d), vehicle plus 300 ng/egg human recombinant Ang1; panel (e), 500 ng/egg atRA plus 300 ng/egg human
recombinant Ang1; panel (f), 3 ug/egg ACR plus 300 ng/egg human recombinant Ang1. Scale bar, 5 mm. Total numbers of branches of blood vessels were
analyzed with angiogenesis-measuring software and are shown under each panel. A total of 18 eggs (6 eggs per experiment x 3 experiments) were
evaluated and representative results are shown. An asterisk indicates a significant difference (P < 0.05) from the control. This result shows the representative

result from three independent experiments, all of which gave similar results.

(Figure 1, panel a), was suppressed with ACR in a dose-
dependent manner at concentrations of 1-10pug/egg
(0.3-3.3 mM inside the ring) (Figure 1, panels b~d) and with
atRA in a dose-dependent manner at about 10 times lower
concentrations of 100-1000 nglegg (33-333 uM) (Figure 1,
panels e-g). Although the inhibition of angiogenesis with
atRA was partially rescued by simultaneous treatment with
Angl at a concentration of 300 ng/egg as consistently as we
reported previously® (Figure 2A, panel e), inhibition of
angiogenesis with ACR was not rescued with Angl at all
(Figure 2A, panel f). Furthermore, although atRA stimulated
the transactivation activity of the Ang2 promoter twofold
(Supplementary Figure 1, column 2), ACR hardly showed
such an activity (Supplementary Figure 1, columns 3 and 4).
On the other hand, inhibition of angiogenesis with ACR, but
not with atRA, was rescued by simultaneous treatment with
VEGEF (compare Figure 3A, panels e and f). To determine
whether ACR might inhibit VEGF-induced blood vessel
formation in vive, we examined the effect of ACR in the
matrigel plug assay (Figure 3B). Invasion of cells into gels was
observed in the control matrigel that contained VEGF
without ACR (panel a). When ACR was included in the
matrigel at a concentration of 5uM, the VEGF-induced in-
vasion of cells was inhibited by about 54% (panel b).
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Effect of ACR and atRA on Endothelial Cell Growth,
Migration, and Tube Formation

We investigated the molecular mechanism by which ACR
inhibited angiogenesis. First, we compared the effect of
ACR and atRA on vascular endothelial cells. ACR (5uM)
suppressed the growth, migration, and tube formation
(Figure 4A, lane 2, closed column; Figure 4B, lane 2, closed
column; Figure 4C, panel b, respectively). These suppressive
effects by ACR were, all or in part, rescued by overexpressing
a constitutive active MEK gene (Figure 4A, lane 2, open
column; Figure 4B, lane 2, open column; Figure 4C, panel e,
respectively). Conversely, atRA did not suppress, rather it
enhanced all of them (Figure 4A, lane 3, closed column;
Figure 4B, lane 3, closed column; Figure 4C, panel c,
respectively).

ACR Suppressed Phosphorylation of VEGFR2 and ERK

Next, we examined the effect of ACR and atRA on the
phosphorylation of angiogenic growth factor receptors ex-
pressed by endothelial cells. As seen in the upper panel of
Figure 5a, induction of phosphorylated 230 kD VEGFR?2 after
VEGF treatment was blocked to about 20% by pretreatment
with 5uM ACR for 24h (compare lanes 4 with 5). In con-
trast, pretreatment with 5 uM atRA for 24 h did not block the
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