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Claudin-5-siRNA transfected or control-siRNA trans-
fected LECs also were cultured on the fibronectin-coated
surface of 0.4-um pore size tissue culture inserts for 2
days, followed by incubation in serum-free EBM for 24
hours. Then, fluorescein isothiocyanate was added to the
upper chambers and the concentration of fluorescein
isothiocyanate in the lower chambers was measured. All
studies were performed in triplicate. Statistical analyses
were performed using the unpaired Student’s t-test.

Results

Edema Formation and Inflammation Induced by
Acute UVB Irradiation Are Attenuated in
K14-Ang1 Mice

To determine the role of Ang1 in cutaneous inflammation,
K14-Ang1 mice and WT mice were exposed to 200 mJ/
cm? of UVB irradiation. Pronounced ear swelling was
observed in WT mice, starting at day 2 after UVB irradi-
ation; however, the ear swelling was attenuated signifi-
cantly in K14-Ang1 mice (Figure 1A). Histologic analysis
revealed no major physiological difference between WT
mice and K14-Ang1 mice in the absence of UVB expo-
sure (Figure 1, B and C). The ears of UVB-irradiated WT

mice showed the characteristics of inflammation, such as
epidermal hyperplasia and dermal edema, whereas
these changes were ameliorated in K14-Ang1 mice (Fig-
ure 1, D and E). Immunohistochemical analysis of a
monocyte-macrophage marker, CD11b, indicated
marked macrophage infiltration in UVB-exposed WT
mouse ear, whereas the number of infiltrated macro-
phages was decreased in K14-Ang1 mice (Figure 1, H
and 1). Few or no CD11b-positive macrophages were
found in WT or K14-Ang1 mice not exposed to UVB
(Figure 1, F and G).

Promotion of Lymphatic and Blood Vascular
Function of K14-Ang1 Mice during Inflammation

First, a Miles assay was performed to determine the ef-
fects of Ang1 on blood vessels. UVB exposure induced
marked leakage of Evans blue dye in WT mice, whereas
K14-Ang1 mice showed decreased leakiness, as com-
pared with WT mice (Figure 2A). Quantitative analysis
showed that UVB irradiation strongly enhanced dye leak-
age in WT mouse ear, whereas the increase of dye leak-
age was inhibited markedly in UVB-irradiated K14-Ang1
mice, although there was still a significant difference be-
tween nonirradiated and UVB-irradiated K14-Ang1 mice
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(Figure 2B). Next, to visualize lymphatic function, Evans
blue dye was injected intradermally into mouse ear.
Lymph leakage was found in the whole ear of UVB-irra-
diated WT mice at 5 and 10 minutes after dye injection as
previously described,® whereas lymphatic vessels of
UVB-exposed K14-Ang1 mice were still visible at 5 and
10 minutes after dye injection, indicating that the increase
of lymphatic capillary permeability was attenuated in
K14-Ang1 mice. Moreover, at 1 minute after dye injection,
dye spots were found close to the branching points of
lymphatic vessels only in UVB-irradiated WT mice, sug-
gesting the presence of abnormal and leaky collecting
vessels (Figure 2C). In contrast, in non-UV, there was no
significant difference between WT mice and K14-Ang1 in
terms of lymph leakage at 5 minutes after dye injection,
however, at 10 minutes, K14-Ang1 mouse ears showed
inhibited lymph leakage as compared with WT mice.

Double-immunoflucrescence analysis using antibod-
ies for blood vessel-specific antigen, panendothelial an-
tigen-1,2" and a lymphatic specific marker, LYVE-1, was
performed. UVB induced marked enlargement of LYVE-
1-positive lymphatic vessels in WT mice as compared
with ear skin not exposed to UVB (Figure 3, A and C),
whereas in K14-Ang1 mice, the enlargement of lymphatic
vessels and blood vessels after UVB was attenuated, as
compared with WT. In contrast, the density of lymphatic
vessels was increased in K14-Ang1 mice compared with
WT mice (Figure 3, B and D). Morphometric analysis of
lymphatic vessels using IP-LAB software showed an in-
crease in the average size of the inflamed lymphatic
vessels of WT mice as compared with the vessels of
nonirradiated WT mice, although no significant difference
was found in the vessel density. As we had expected, the
average size of lymphatic vessels was decreased in K14-
Ang1 mice after UVB irradiation. In contrast, the density
of lymphatic vessels was increased in K14-Ang1 mice, as
compared with WT mice (Figure 3, E and F). To analyze
if the increased area of lymphatic vessels in K14-Ang1
mice resulted from the presence of more lymphatic en-
dothelial cells, double-immunofluorescence analysis for
podoplanin and a proliferation marker, Ki-67, was per-
formed. The results showed that the number of Ki-67-
positive cells was increased in K14-Ang1 mice as com-
pared with WT mice (1.75 = 0.96 cells/slide in K14-Ang1
mice and 0.25 ® 0.5 cells/slide in WT mice; P = 0.016)
(Figure 3, G and H). Under physiological conditions, the
size and density of blood vessels were increased in K14-
Ang1 mice, as previously described (Figure 3, A and B)."
After UVB irradiation, a relatively small change of blood
vessel size was found in K14-Ang1 mice as compared with
WT mice. The vessel density was comparable in skin ex-
posed and not exposed to UVB (Figure 3, | and J).

Enhanced Lymphatic Integrity in Inflamed Ears
of K14-Ang1 Mice

We previously found that the enlarged lymphatic vessels
induced by UVB irradiation are leaky and hyperperme-
able, suggesting that lymphatic function is impaired.®
Therefore, we hypothesized that altered expression pat-
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tern of tight junction molecules might be associated with
the leakiness of inflamed lymphatic vessels. To test this
idea, we performed whole-mount staining for claudin-5
and/or podoplanin/CD31 in ears of animals exposed or
not exposed to UVB irradiation. Interestingly, UVB irradi-
ation led to the loss of claudin-5 protein, which was lo-
calized exclusively to cell-cell junctions at the tips of
lymphatic capillaries without UVB, whereas claudin-5 ex-
pression already was redistributed at cell-cell junctions
in UVB-irradiated K14-Ang1 mice (Figure 4A). Confocal
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microscopy revealed that claudin-5 protein was present
in the cellular membrane of collecting lymphatic vessels
in skin, whereas its expression was diminished in in-
flamed skin (Figure 4B). These data suggested that the
lymphatic capillaries and collecting vessels became
leaky after UVB irradiation because of loss of claudin-5.

Next, to determine the expression pattern of the lym-
phatics in K14-Ang1 mice, immunofluorescence analy-
ses using antibodies for the endothelial tight junction
molecule claudin-5 and lymphatic vessels were per-
formed. Double-immunofluorescence analysis using an-
tibodies against podoplanin and claudin-5 also con-
firmed that UVB irradiation resulted in the loss of
claudin-5 expression at cellular membranes of lymphatic
vessels in WT mice. Moreover, loss of claudin-5 in lym-
phatics of UVB-irradiated WT mice (Figure 4D), already
was redistributed in cell-cell junctions of K14-Ang1 mice
(Figure 4E). Another tight junction molecule, ZO-1, also
was expressed in podoplanin-positive lymphatic vessels.
Double-immunofluorescence staining for podoplanin and
Z0-1 showed that ZO-1 expression in lymphatic vessels
was lost in the UVB-irradiated skin of WT mice, and the
level was markedly less than that in UVB-exposed K14-
Ang1 mice. These data indicate that the lymphatic integ-
rity of inflamed skin of UVB-exposed K14-Ang1 mice was
enhanced, as compared with WT.

Tie2 Activation by Ang1 Induces Cell Migration
and Cord Formation in Vitro

To examine the role of Tie2 signaling in LECs, immuno-
blot analysis was performed after immunoprecipitation of
Tie2. In the presence of Ang1, pronounced Tie2 phos-
phorylation was found as compared with the control cells,
although immunoblot analysis of Tie2 protein confirmed
equal loading of protein (Figure 5A). Next, we investi-
gated the effect of Ang1 on LECs. Treatment of LECs with
Ang1 dose-dependently induced migration (Figure 5B).
The effect of VEGF-A also was assessed as a positive

control. Further, Ang1 dose-dependently promoted cord
formation of LECs. Our results are consistent with a pre-
vious finding of Tie1 phosphorylation of LECs in the pres-
ence of Ang1.

To determine which pathway is critical in the mediation
of Ang1 signaling of LECs, the Tie2 or Tie1 receptor was
specifically knocked down by the transfection of silencer
RNAs. We confirmed specific knockdown of Tie1 or Tie2
expression by immunoblotting (Figure 5C). In addition, a
cord-formation assay of these cells was performed. Ang1
promoted cord formation of Tie1-knockdown cells as well
as control siRNA-transfected cells, whereas in cells trans-
fected with siRNA of Tie2, the effect of Ang1 was re-
duced, showing the importance of Ang1/Tie2 signaling in
LECs (Figure 5, D-G).

Ang1 Enhances Lymphatic Integrity
by Increasing Levels of Tight Junction
Molecules in Vitro

In vivo, K14-Ang1 mice showed increased levels of tight
junction molecules in inflamed skin. To analyze the con-
tribution of Ang1/Tie2 signaling to lymphatic integrity, a
Transwell permeability assay was performed in the pres-
ence or absence of Ang1 together with a nitric oxide
donor, S-nitroso-N-acetylpenicillamine.?® Ang1 dose-de-
pendently inhibited the lymphatic permeability (Figure
6A). Furthermore, we detected increased expression of
claudin-5 as well as ZO-1 after the addition of Angt,
whereas B-actin expression was similar in the two groups
(Figure 6B). Moreover, Ang1 treatment of LECs dose-
dependently enhanced the expression of claudin-5 (Fig-
ure 6C), suggesting that Ang1 induces an increase of
lymphatic integrity by promoting expression of tight junc-
tion molecules. In contrast, the transfection of LECs with
siRNA-Tie2 decreased claudin-5 expression (Figure 6, D
and E). These data indicate that Angl/Tie2 signaling
influences lymphatic permeability by modulating expres-
sion of tight junction molecules.
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Claudin-5 Influences Lymphatic Permeability

Claudin-5 expression was increased in the cellular mem-
brane of lymphatic endothelial cells in vitro (Figure 7A). To
elucidate claudin-5 function in LECs, claudin-5 expres-
sion was knocked down with claudin-5 siRNA: g-actin
expression remained similar in the control and clau-
din-5 siRNA transfectants (Figure 7B). Claudin-5
knockdown resulted in increased permeability of LECs in
vitro (Figure 7C).

Discussion

Complex phenomena occur during skin inflammation, in-
cluding epidermal hyperplasia, erythema, edema forma-
tion, vessel dilation, and infiltration of inflammatory cells.”
It also has been shown that lymphatic function actively
participates in the resolution of inflammation by modulat-
ing lymphangiogenic factors, VEGF-A and VEGF-C/D,
secreted from macrophages.* In our skin inflammation
model, the subcutaneous delivery of VEGF-C attenuated
skin inflammation by promoting lymphangiogenesis.® In
contrast, VEGF-A up-regulation in keratinocytes triggered
lymphatic impairment, whereas systemic blockade of
VEGF-A attenuated skin inflammation by inhibiting the
enlargement of lymphatic vessels.® These data indicate
that lymphangiogenic factors could play distinct roles in
inflammation resolution.

Our results showed that activation of Ang1/Tie2 signal-
ing attenuated inflammation by promoting lymphatic in-
tegrity, as well as inhibiting blood vascular hyperperme-
ability in inflamed tissue. Blood vessels of K14-Ang1 mice
were shown to be resistant to leakage induced by an
inflammatory stimulus.?? Therefore, the effect of Ang1 on
blood vessels may contribute to the attenuation of inflam-
mation in K14-Ang1 mice. Recently, Ang1 was shown to
promote lymphatic formation and hyperplasia.®'® We
also confirmed increased lymphatic density in the skin of
K14-Ang1 mice as compared with WT mice under phys-
iological conditions. Interestingly, the enlargement of
lymphatic vessels in inflamed skin of UVB-exposed K14~
Ang1 mice was reduced, compared with UVB-exposed
WT mice. Furthermore, intravital lymphangiography by
injection of Evans blue dye into the ear of UVB-exposed
K14-Ang1 mice indicated that the increase of lymphatic
permeability also is reduced in these mice. Unlike
VEGF-C, Ang1 had no effect on proliferation of lymphatic
endothelial cells in vitro (data not shown), although Ang
dose-dependently promoted cell migration and cord for-
mation. Taken together, these results indicate that, in
addition to the well-known effect of Ang1 on blood ves-
sels in inflammation,?® Ang1 has a distinctive functional
role in lymphatic vessels of inflamed tissue, serving to
modulate lymphatic integrity.

How is lymphatic integrity regulated in inflammation?
Lymphatic hyperplasia, together with lymphatic enlarge-
ment, is found in several models of inflammation.®2 Sur-
prisingly, loss of the tight junction molecule claudin-5 was
found in inflamed lymphatic capillaries, as well as collect-
ing vessels. In inflamed skin, lymphatic vessels could be
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pulled open by anchoring filaments that connect lym-
phatic endothelial cells with elastic fibers in the extracel-
lular matrix, presumably to wash out increased interstitial
tissue fluid resulting from the increased vascular perme-
ability.®* However, overextension of lymphatic endothe-
lial cells also can cause edema formation.?® Our results
showed that overextension of lymphatic endothelial cells
in capillaries as well as collecting vessels was caused by
loss of tight junction molecules, claudin-5 and ZO-1 at
cell-cell junctions, resulting in lymphatic impairment and
prolonged edema and inflammation.

Recent results have indicated that VEGF-A induces
disruption of claudin-5 in the blood-brain barrier.?® Fur-
ther, up-regulation of VEGF-A was detected in keratino-
cytes after UVB exposure in vitro as well as in vivo, and
VEGF-A was identified as a mediator of skin inflammation
after UVB exposure.’®27 |t would be of interest to see if
VEGF-A up-regulation after UVB also mediates de-
creased expression of tight junction proteins in lymphatic
vessels, followed by lymphatic impairment in inflamed
skin. Furthermore, we found that activation of Ang1/Tie2
signaling increased the TJPs in vivo and in vitro. Adre-
nomedullin has been shown to control murine lymphatic
development by stabilizing the lymphatic endothelial bar-
rier,?®2% and its receptor-modulator, receptor activity
modifying protein—2 (RAMP2), modulated vascular integ-
rity in mice.®® We also confirmed that an endothelial-
specific TP, claudin-5, is a key modulator of the lym-
phatic endothelial barrier in vitro. However, in contrast to
adrenomedullin, no obvious change of TJPs was found in
K14-Angt mice under physiological conditions in vivo,
whereas inflamed lymphatic vessels showed TJPs at
cell-cell junctions in vivo, suggesting a distinct role of
Ang1/Tie2 signaling in maintaining the lymphatic integrity
of inflamed tissue.

In conclusion, we have identified a regulatory pathway
that serves to maintain lymphatic integrity during inflam-
mation by controlling TJP components. Ang1, or small
molecules that directly activate Tie2, may have potential
for the treatment of lymphatic dysfunction during inflam-
mation.
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Abstract Blood vessels clearly act as conduits for blood
flow, but recently the concept that they are also involved in
organ maintenance, especially by providing a niche for
organ-specific stem cells, has begun to emerge. Moreover,
several lines of evidence suggest that hematopoietic stem
cells can differentiate directly into cells composing blood
vessels. Recently, cancer stem cells (CSCs) have also been
assigned these roles in the cancer microenvironment.
Although anti-angiogenic drugs have been developed and
are utilized in the clinic for their anti-tumor activity, their
suppressive effects on tumor growth have been disap-
pointing. This may be caused by transferring drug resis-
tance from CSCs to endothelial cells. It has been suggested
that CSCs localize in the peri-vascular niche. Therefore, it
is extremely important to know how the vascular niche
maintains CSCs, as such knowledge may enable us to
develop promising new approaches to cancer treatment.

Keywords Endothelial cells - Hematopoietic stem cells -
Angiogenesis - Vasculogenic mimicry - Cancer stem cell

Introduction

Blood vessel formation takes place by two main processes
[1]. “Vasculogenesis” is mainly observed in the embryo,
where angioblasts derived from mesodermal cells give rise
to endothelial cells (ECs) which form vascular tubes
(Fig. 1). Blood vessels generated in this way are immature,
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but gradually mature via several additional processes col-
lectively termed “remodeling.” These include interactions
of ECs with mural cells for stabilization of the new blood
vessels, fusion of blood vessels resulting in bore enlarge-
ment, intussusceptions that increase vascular density, and
regression of surplus vessels. The second main process,
unlike vasculogenesis, results in the generation of new
blood vessels from pre-existing vessels and is termed
“angiogenesis” (Fig. 2a). Blood vessel formation is closely
associated with the progression of many diseases, including
cancer, retinopathy, inflammation, and atherosclerosis,
which are classified as vascular diseases. Angiogenesis
is the main contributor to new blood vessel formation
in vascular diseases. For this reason, the mechanisms
responsible for angiogenesis have been extensively ana-
lyzed at the molecular and cellular levels with the aim of
developing novel strategies to regulate angiogenesis.

For the past two decades, investigations of the molecular
mechanisms of blood vessel formation have focused
especially on receptor tyrosine kinases, such as vascular
endothelial growth factor (VEGF) receptors (VEGFRI, 2,
and 3), platelet-derived growth factor (PDGF) receptor beta
(PDGFRp), and the Tie2 receptor for angiopoietin (Ang)
[2]. VEGFs regulate development, tube formation, and
proliferation of ECs, PDGF-BB induces recruitment of
mural cells near ECs, the Tie2 agonist Angl mainly
induces EC-EC and EC-mural cell adhesion for stabil-
ization of blood vessels, and another Tie2 antagonist,
Ang2, inhibits EC~mural cell adhesion, thereby enabling
the initiation of sprouting angiogenesis. Prolonged disso-
ciation of mural cells from ECs mediated by Ang2 also
induces blood vessel regression. Efforts to target these
pathways have resulted in the development of many
VEGF/VEGEFR inhibitors that are already utilized clini-
cally [3].
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Angiogenesis inhibitors effectively prevent blood vessel
formation and tumor growth in mouse models, but it is
widely accepted that these drugs are not effective in humans
when used individually as single agents. However, they do
improve permeability by normalization of abnormally leaky
blood vessels with the result that a combination of angio-
genesis inhibitor with anti-cancer drugs does have an effect
on tumor growth in humans [4]. Clinical application of
angiogenesis inhibitors is of course usually aimed at dis-
rupting the blood supply to tumors to starve them of
nutrients and oxygen. If blood vessels cannot be destroyed
by means of a strategy based on knowledge of physiological
angiogenesis, it is clear that research on tumor-specific
processes of blood vessel formation is required.

vasculogenesis

tube formation

A

mesoderm  angioblast EC

vasculogenic mimicry
tub

cancer {stem} cells

Fig. 1 Schema of vasculogenesis by endothelial cells (ECs) and
vasculogenic mimicry by cancer (stem) cells. See text for details
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Recently, several mechanisms indicating a direct con-
tribution to blood vessel formation by cancer cells them-
selves, particularly cancer stem cells (CSCs), have been
described [5, 6]. Here, we will review new data on the
contribution of CSCs to blood vessel formation, in addition
to the classical function of hematopoietic stem cells (HSC)
in promoting angiogenesis.

Roles of hematopoietic stem cells in promoting blood
vessel formation

Much attention has been focused on the source of ECs
derived from bone marrow (BM; endothelial progenitor
cells, the so-called “EPC”). These are characterized as
non-hematopoietic immature ECs that can differentiate into
mature ECs. However, it has also been reported that BM
hematopoietic cells can act as a source of ECs as well. We
have also determined that CD45-positive BM HSCs can
differentiate into ECs [7]. Moreover, we found that HSCs
in adult BM, as well as in the embryo, can transdifferen-
tiate into mural cell populations via CD11b-positive mye-
loid progenitor cells (Fig. 2b). HSCs from mouse
embryonic brain can differentiate into mural cells in vitro
under the usual culture conditions in serum-containing
media, without the addition of specific factors [7]. How-
ever, TGFf stimulation is required for transdifferentiation
of adult BM HSCs into mural cells. Recently, it was
reported that conversion of ECs into mesenchymal stem
cells can be induced by TGFf or BMP4 [8]. Therefore, it is
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Fig. 2 Intimate interactions of hematopoietic stem cells with vascu-
lar cells. a In several situations, angiogenesis, new blood vessel
formation from preexisting blood vessels, can be induced. During
angiogenesis, hematopoietic stem cells (HSCs) produce angiogenic
factors to induce angiogenesis by affecting proliferation and

migration of endothelial cells (ECs). MC mural cells. b HSCs have
the ability to differentiate into MCs via myeloid progenitors and thus
to enhance the stability of newly developed blood vessels. ¢ Vascular
cells such as ECs and MCs support stemness of HSCs in the vascular
niche

@ Springer



140

N. Takakura

possible that the emergence of a mural cell population from
HSCs is the result of differentiation of ECs derived from
HSCs into mesenchymal stem cells. As previously sug-
gested, Crisan et al. [9] recently showed that pericytes
(mural cells observed in capillaries) expressing CD146,
NG2, and PDGFRf§ are mesenchymal stem cells possessing
osteogenic, chondrogenic, and myogenic properties. It is
possible that a certain population of pericytes is derived
from HSCs.

AML1/Runx1 is a transcription factor required for the
development of HSCs; AMLI1-deficient mice show com-
plete lack of definitive (adult)-type HSCs. Abnormal
blood vessel structure, and subsequently massive hemor-
thage in the ventricles of the central nervous system,
causes lethality in AML1 mutant embryos. Mural cell
development in the brain of AML1 mutant embryos is
deficient. In the brain of wild-type mice at the same stage,
HSCs first appear in the parenchyma, adhere to ECs, and
start to expressing smooth muscle actin, a marker of
mural cells. Because we found that transdifferentiation of
HSCs into mural cells was possible, we concluded that
disruption of the blood vessels observed in AML mutant
mice was caused by their instability due to the absence of
mural cell development from HSCs. In terms of the bio-
logical significance of differentiation of HSCs into vas-
cular cells, we failed to unequivocally demonstrate a
crucial role for HSC-derived ECs, but we did show that
mural cell-lineage cells physiologically derived from
HSCs at least promote the maturation/stabilization of
blood vessels [7].

Another role of HSCs in blood vessel formation is to
guide the direction of migration of blood vessels sprouting
from pre-existing vessels (Fig. 2a). Indeed, HSCs are
frequent in peripheral blood and organs in adults as well
as embryos. AML]1-deficient mice also provide a good
tool to analyze interactions between HSCs and ECs
because the former are totally absent, as described above.
We found that sprouting of capillaries generated during
angiogenesis is retarded in the brain, pericardium, and
other organs. During embryogenesis, HSCs migrate into
the parenchyma of the brain first and subsequently ECs
migrate toward the HSCs. We found that Angl, which is
produced in large amounts by HSCs, induces EC migra-
tion in vitro in the manner of a chemoattractant. There-
fore, we concluded that Angl produced by HSCs
stimulates Tie2 on ECs; this results in recruitment of ECs
near HSCs, and thus in promotion of sprouting angio-
genesis (Fig. 2a) [10]. The main role of HSCs remains the
production of all types of mature hematopoietic cells, but
another role for these cells may be in blood vessel for-
mation closely associated with stem cell vascular niche
formation, i.e., HSCs themselves generate their own niche
for maintenance of stemness (Fig. 2c).
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Vasculogenic mimicry

In less evolutionarily derived species, especially small
animals, diffusion is sufficient for supplying fluids (carry-
ing oxygen and nutrients) to all parts of the body. However,
as body size increases, this becomes inefficient at supply-
ing blood to all tissues and active pumping of some kind
becomes a requirement. Moreover, the space between
organs/tissues provides an initial space for development of
tubes which formed an open circulatory system for blood
flow coming from the heart. As far as we have been able to
determine, in Halocynthia roretzi (the common sea squirt),
there are no ECs in the space between organs but fluid from
the heart flows through these spaces. Therefore, in this case
at least, this space without ECs is indeed utilized in the
same manner as blood vessels.

In mammals, blood vessel-like tubes as observed above
are induced in the tumor environment. Maniotis et al. [11]
reported that melanoma cells themselves generate tube-like
structures which might be involved in microcirculation.
They designated this process ‘“vasculogenic mimicry”
(Fig. 1). When typically highly invasive melanoma cells
were cultured in three-dimensional collagen gels or
Matrigels, they were found to form tubes. In this culture
system, co-culture with ECs and/or fibroblasts is not
required. It has been suggested that the very malignant
cancer stem cell-like melanoma cells with the ability to
form tubes express laminin 5 and matrix metalloprotein-
ases 1, 2, and 9 which might be involved in tube formation.

It has been known for some time that tumor cells can
form sac-like structures connecting to blood vessels, as
shown by their being filled with red blood cells. However,
it had not been demonstrated that the tubes generated by
tumor cells themselves were actually involved in tumor
microcirculation. Therefore, when this concept was pub-
lished, several questions arose, such as: Are red blood cells
to be found in these tubes? Where is the interface between
tumor cells and ECs forming these so-called “blood ves-
sels”? What is the biological significance of this tube
formation by tumor cells for tumor microcirculation? [12].
Based on electron microscopy, subsequent reports sug-
gested that other tumors can also generate tube-like struc-
tures (e.g., ovary and breast cancer) [13]. Researchers who
first documented “vasculogenic mimicry” have further
analyzed the features of tumor cells constructing tubes
more precisely and found that they express vascular
endothelial (VE)-cadherin. It is well established that
VE-cadherin is specifically expressed in ECs, and is
required for the formation of adherent junctions in ECs.
Hence, it seems to function to facilitate tube formation in
tumor cells [14].

After publication of this work, it was reported that ECs
in the tumor environment frequently exhibit chromosomal
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abnormalities [15]. Moreover, these were sometimes
common between tumor cells and ECs in the same tumor
environment [16]. Therefore, it was tempting to conclude
that the tumor cells had directly differentiated into ECs,
resulting in the hypothesis that CSCs have the ability to
give rise to ECs. Thus, “vasculogenic mimicry” leads to a
similar concept: that tumor cells themselves adapt to the
absence of blood vessels by differentiating into ECs.

Cancer stem cells as source of ECs in tumors

Differentiation of normal tissue-specific stem cell popula-
tions into vascular cells such as ECs and mural cells had
already been reported for HSCs, as described above [7], as
well as for neuronal stem cells [17]. Recently, cancer stem
cell isolation has been greatly facilitated by the establish-
ment of CSC markers. Thus, it has been reported that CSCs
isolated from a cultured glioblastoma cell line can differ-
entiate into neuronal cells and glial cells [18]. Neuronal
stem cells were previously reported to differentiate into
ECs. Moreover, it is known that the density of vasculari-
zation in glioblastoma is higher than in other tumors.
Taken together, these findings support the notion that
glioblastoma CSCs can directly differentiate into ECs.

Wang et al. [5] reported that ECs from glioblastoma
showed aberrant overexpression of receptors for epidermal
growth factor (EGF) as observed in glioblastoma cells
themselves. The expression of VE-cadherin and CD133 (a
stem cell marker) by tumor cells has been examined and it
was concluded that VE-cadherin-positive cells were
already committed to ECs regardless of CD133 expression.
When candidate CSCs defined as VE-cadherin-negative
and CD133-positive were cultured once with cancer cells
in vitro and then transferred to collagen gels, they gener-
ated tube-like structures and began to express the EC
marker CD31. ECs derived from CSCs in this case arose
via CD133 and VE-cadherin double-positive cells, possibly
EPC (Fig. 3). Interestingly, without prior co-culture with
cancer cells, CSCs could not differentiate into ECs. This
suggests two possibilities, i.e., cancer-derived factors
directly induce differentiation of CSCs into ECs, or an
autocrine loop of factors derived from CSCs affected by
co-culture with cancer cells is established which induces
transdifferentiation of CSCs to ECs.

CD133-positive CSCs have tumor initiation ability but
only those from the tumor that are VE-cadherin-negative
had the ability to differentiate into ECs. CSCs can produce
not only a multitude of cancer cells, resulting in large
masses, but may also participate in blood vessel formation
as ECs. In terms of anti-tumor angiogenesis blockade,
because CSCs originally show drug resistance, those ECs
derived from them may also show resistance against

5 incorporation

-

CD133-CSC  VE-cadherin'CD133 cell

cancer cel

Fig. 3 Differentiation of CD133" glioblastoma cancer stem cells
(CSCs) to ECs through VE-cadherin*CD133* endothelial progenitor
cells. It is not fully understood whether VE-cadherin*CD1337 cells
are cancer cells or differentiate into cancer cells

angiogenesis inhibitors. Therefore, it is important to design
a strategy for effectively inhibiting the growth of ECs from
CSCs. When notch signaling is suppressed in CSCs by
y-secretase inhibitors, differentiation of CD133 and
VE-cadherin double-positive endothelial progenitors from
CSCs is blocked. Moreover, neutralization of VEGF or
suppression of VEGF receptor expression inhibits differ-
entiation of CD133 and VE-cadherin double-positive ECs.
Such strategies may contribute to the development of anti-
angiogenic therapy targeting the CSC-EC transition.

Along the same lines, Ricci-Vitiani et al. have shown
that a comparable proportion of a cell population
expressing EC markers and a population of neighboring
tumor cells shared a mutated version of the oncogene
p53. This also strongly suggested that ECs in the tumor
had originated from the cancer cells [6]. Moreover, they
found that 30% of ECs express both the EC marker vWF
and the glial cell marker GFAP. As also observed by
Wang et al., they reported that CD133-positive CSCs
could differentiate into ECs both in vitro and in vivo.
This work also revealed the biological significance of
CSC-derived ECs for tumor growth. A suicide gene,
herpes simplex virus thymidine kinase (tk), was trans-
fected into neurosphere-forming CSCs retrovirally and
expressed under the transcriptional control of an endo-
thelial-specific gene (Tie2) promoter. In this model, ECs
derived from CSCs would be killed by treatment with
ganciclovir if it was the CSCs which had differentiated
into ECs. It was indeed found that tumor growth was
greatly suppressed by the death of CSC-derived ECs.
Therefore, it was concluded that ECs derived from CSCs
directly contribute to blood vessel formation at least in
their model of glioblastoma.
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Conclusion

Direct and indirect effects of stem cell populations on
blood vessel formation have been reviewed here. In terms
of stem cell function in promoting angiogenesis as acces-
sory components indirectly, probably both normal stem
cells and CSCs have such an ability in the context of blood
vessel formation. However, direct differentiation of CSCs
into ECs needs to be verified in cancer histotypes other
than glioblastoma, although the possibility of direct dif-
ferentiation of CD44-positive CSCs into ECs has already
been suggested [19].

In the tumor microenvironment, ECs originally play a
role in the formation of blood vessels. However, as the
stemness of HSCs is supported in the vascular region, the
so-called “vascular niche”, ECs in the tumor may also act
as a niche cell component to support maintenance of
stemness of CSCs as well. In terms of stromal cells, it has
been suggested that myofibroblasts, cancer-associated
fibroblasts, and vascular mural cells all support tumor
growth. Recently, it was even reported that ECs can
differentiate into mesenchymal stem cells by an endothe-
lial-mesenchymal transition, designated End-MT, when
stimulated with TGFf or BMP2 [8]. Therefore, it is
conceivable that ECs derived from CSCs may also differ-
entiate into mesenchymal cells, as above, to support growth
of tumor cells. In summary, it is important to understand
the molecular mechanisms of EC development from CSCs
to develop optimal strategies to inhibit tumor growth.
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Vascular biology has rapidly progressed in a molecular
level since the identification of growth factors regulating
blood vessel formation in the mid-1990s. In contrast to
hematology, in which cytokines involved in the develop-
ment and proliferation of hematopoietic cells (HCs) were
first identified and analyzed in the 1980s, vascular biology
has a short history, as analysis of the mechanisms under-
lying blood vessel formation were started at the molecular
level. Inhibitors of vascular endothelial growth factors
(VEGFs) or their cognate receptors have, however, already
entered clinical use in the treatment of cancer and reti-
nopathy. Moreover, therapeutic angiogenesis by such
methods as gene transfer, bone marrow cell injection, and
cytokine administration has also entered clinical use. It is
no exaggeration to say that translation from bench to bed
side has proceeded extremely rapidly in vascular biology.

Recognition of the intimate interaction between hema-
topoiesis and blood vessel formation emerged from histo-
logical analyses showing that hematopoietic cells and
vascular endothelial cells (ECs) originate from a common
ancestor, known as the hemangioblast. However, several
lines of evidence suggest that hematopoietic cells are
derived from cells which have already committed to ECs,
so-called hemogenic angioblasts, during embryogenesis.
In the adult, however, bone marrow hematopoietic cells
can differentiate into vascular cells, such as ECs and vas-
cular smooth muscle-like cells. Clearly, these two popu-
lations follow complex developmental routes. Moreover,
functionally, hematopoietic cells support angiogenesis as
an accessory cell component, and, conversely, blood
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vessels provide a niche for the maintenance of the stemness
of hematopoietic stem cells.

Clinically, bone marrow hematopoietic cell infusion
therapy to induce angiogenesis for ischemic diseases, such
as chronic lower extremity occlusive disease or ischemic
heart disease, is one example of the utilization of the
intimate interaction between hematopoiesis and vascular
development. Usage of the hematopoiesis-related cytokine,
G-CSF, in the mobilization of bone marrow hematopoietic
stem/progenitor cells into peripheral blood to facilitate the
recruitment of such cells to ischemic regions is one
example of a strategy that brings together the fields of
hematology and vascular biology.

In this PIH review series, a number of research
approaches linking hematopoiesis and vascular biology are
introduced. Dr. Beate Heissig overviews the mechanism of
fibrinolysis for bone marrow cell mobilization associated
with induction of angiogenesis, while Dr. Hideto Matsui
discusses a strategy for the treatment of congenital coag-
ulation defects using gene transfer into bone marrow
endothelial progenitors. It is widely accepted that sup-
pression of angiogenesis is a promising method for inhib-
iting tumor growth. By contrast, Dr. Yusuke Mizukami
argues that induction of angiogenesis in tumor may also
represent an effective alternative for tumor growth inhibi-
tion, as a means of providing routes of drug delivery. He
introduces new blood vessel formation in tumor using bone
marrow cells. Finally, the function of hematopoietic stem
cells in the promotion of angiogenesis is reviewed, along
with recent topics pointing to angiogenesis-related func-
tions in cancer stem cells. The function of stem cells in
promoting blood vessel formation may be closely associ-
ated with the formation of the vascular niche for stem cell
maintenance, and, therefore, stem cells themselves may
construct the foci needed to maintain their own stemness.
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It will be important to gain a better understanding of the
precise molecular mechanisms behind blood vessel for-
mation by stem cells, and to determine the vascular niche
component if we are to develop effective strategies in both
regeneration and cancer therapy.

Compared with research in hematology, in which
extensive molecular analyses of lineage commitment from
hematopoietic stem cells to well-differentiated mature
hematopoietic cells have been performed, lineage analysis
of the differentiation of vascular stem cells to mature ECs
is yet to be addressed in vascular biology. While hemato-
poietic stem cells can be identified using a profile of sur-
face molecules and isolated to analyze their differentiation,
there are still no molecular markers of endothelial stem
cells, and indeed, the endothelial stem cell itself has not
been definitively identified. It is still unclear whether
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endothelial stem cells are present in the adult; however, as
there are three different types of ECs during angiogenesis,
they may still await identification. Tip cells are sprouted
from pre-existing blood vessel in the initiation of angio-
genesis and located in front of new vascular branch;
however, these lack proliferative ability. Stalk cells situ-
ated behind the tip cells proliferate and induce the elon-
gation of new branches. Finally, phalanx cells emerge,
stabilize and mature into newly developed blood vessels.
This heterogeneity of ECs suggests that there may be
endothelial stem cells that produce different types of ECs.
Vascular biology may grow even further once endothelial
stem cells have been defined, and therapy for vascular
diseases, including the suppression and induction of blood
vessel formation, is improved.
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Abstract

While epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors improve the prognosis of
patients with EGFR mutant lung cancer, the prognosis of patients with nonmutant EGFR lung cancer,
especially those with metastases, is still extremely poor. We have assessed the therapeutic efficacy of E7080,
an orally available inhibitor of multiple tyrosine kinases including VEGF receptor 2 (VEGFR-2) and VEGFR-
3, in experimental multiple organ metastasis of lung cancer cell lines without EGFR mutations. E7080
markedly inhibited the in vitro proliferation of VEGF-stimulated microvascular endothelial cells. Intrave-
nous inoculation into natural killer cell-depleted severe combined immunodeficient mice of the small cell
lung cancer cell lines H1048 (producing low amounts of VEGF) and SBC-5 (producing intermediate amounts
of VEGF) resulted in hematogenous metastases into multiple organs, including the liver, lungs, kidneys, and
bones, whereas intravenous inoculation of PC14PES6, a non-small cell lung cancer cell line producing high
amounts of VEGF, resulted in lung metastases followed by massive pleural effusion. Daily treatment with
E7080 started after the establishment of micrometastases significantly reduced the number of large (>2 mm)
metastatic nodules and the amount of pleural effusion, and prolonged mouse survival. Histologically, E7080
treatment reduced the numbers of endothelial and lymph endothelial cells and proliferating tumor cells
and increased the number of apoptotic cells in metastatic nodules. These results suggest that E7080
has antiangiogenic and antilymphangiogenic activity and may be of potential therapeutic value in
patients with nonmutant EGFR lung cancer and multiple organ metastases. Mol Cancer Ther; 10(7); 1-11.
©2011 AACR.

introduction standard treatment for both small cell lung cancer (SCLC)

and non-small cell lung cancer (NSCLC) with metastases

Lung cancer is one of the most prevalent malignancies
and the leading cause of cancer-related deaths worldwide
(1). The high mortality of this disease is predominantly
due to the high metastatic potential of lung cancer.
Although platinum-based cytotoxic chemotherapy is
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(2), the median survival of these patients is only about 12
to 14 months. Recently, epidermal growth factor receptor
(EGFR) tyrosine kinase inhibitors have been shown to
prolong progression-free survival of lung cancer patients
with tumors containing mutated EGFR, extending the
median survival of these patients to 22 to 30 months (3, 4).
Nevertheless, the prognosis of patients with metastatic
SCLC and NSCLC with nonmutant EGFR lung cancer has
not yet been improved (5).

Angiogenesis is essential for tumor enlargement and
metastasis and is regulated by proangiogenic and anti-
angiogenic molecules (6). VEGF-related molecules
(VEGF, VEGF-B, VEGF-C, VEGF-D, and placental growth
factor) and receptors (VEGFR-1, VEGFR-2, and VEGFR-3)
play pivotal roles in angiogenesis and lymphangiogen-
esis (7). Binding of VEGF to VEGFR-2 is the critical signal
for tumor angiogenesis, as well as inducing vascular
hyperpermeability and promoting the production of
pleural effusion and ascites (8, 9). VEGF-C and VEGF-
D activate VEGFR-3 and are considered lymphangiogenic
factors, although the fully processed form of VEGF-C also
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activates VEGFR-2 (10). In addition, the binding of
VEGF-C to VEGFR-3 has been found to promote intra-
tumoral lymphangiogenesis and lymph node metastasis
in a preclinical study (11).

The anti-VEGF monoclonal antibody, bevacizumab,
has been used successfully to treat patients with several
malignant diseases including nonsquamous NSCLC (12,
13). However, the combination of bevacizumab and cyto-
toxic chemotherapy has been found to have marginal
effects on patient survival (12, 14), suggesting the need for
novel therapeutic modalities.

E7080 is an orally active inhibitor of VEGFR-2 and
VEGFR-3, with additional activity against other receptor
tyrosine kinases, including fibroblast growth factor
receptors (FGFR), platelet-derived growth factor recep-
tors (PDGFR), and c-Kit (15). E7080 shows potent anti-
tumor effects in xenograft models of various types of
tumors by inhibiting angiogenesis, especially through
VEGFR-2/3 suppression (16, 17). We have tested the
therapeutic efficacy of E7080 against lung cancer cell
lines expressing wild-type EGFR, using in vivo experi-
mental metastasis models.

Materials and Methods

Cell lines

The human SCLC cell line SBC-5 and a human NSCLC
cell line PC14PE6 were kindly provided by Drs. M.
Tanimoto and K. Kiura (Okayama University, Okayama,
Japan; ref. 18) in 2006 and Dr. I J. Fidler (M.D. Anderson
Cancer Center, Houston, TX; ref. 9) in 1999, respectively.
The human SCLC cell line H1048 and human NSCLC cell
line PC-9 were purchased from American Type Culture
Collection in 2004 and Immuno-Biological Laboratories
Co.; ref. 19) in 2007, respectively. Flow cytometric ana-
lyses revealed that H1048, PC14PE6, and SBC-5 cells
showed high, intermediate, and very low wild-type
EGFR protein expression, respectively (data not shown).
SBC-5 cells were maintained in Eagle’s Minimum
Essential Media (MEM) and HH1048, PCI14PE6, and
PC-9 cells were maintained in RPMI 1640 medium, each
supplemented with 10% heat-inactivated FBS, penicillin
(100 U/mL), and streptomycin (50 pg/mL). Human
dermal microvascular endothelial cells (HMVEC) were
purchased from KURABO in 2007 and maintained in
HuMedia-MvG with growth supplements (KURABO).
All cells were passaged for less than 3 months before
renewal from frozen, early-passage stocks obtained from
the indicated sources. Cells were regularly screened for
Mycoplasma with the use of a MycoAlert Mycoplasma
Detection Kit (Lonza). All cells were cultured at 37°Cina
humidified atmosphere of 5% CO; in air.

Reagents
4-[3-Chloro-4-(N'-cyclopropylureido)phenoxy]-7-me-
thoxyquinoline-6-carboxamide (E7080) was synthesized
by Eisai Co. Ltd., as described (15, 16). For in wvitro
experiments, a stock solution of E7080 (10 mmol/L)

was prepared in dimethyl sulfoxide, stored at —20°C,
and diluted with culture media before use. For in vivo
experiments, E7080 was dissolved in distilled water and
stored until use at 4°C. Recombinant human VEGF165
and recombinant human basic fibroblast growth factor
(bFGF) were purchased from Ré&D Systems. An anti-
mouse interleukin 2 receptor B-chain monoclonal anti-
body, TM-B1 (IgG2b), was supplied by Drs. M. Miyasaka
and T. Tanaka (Osaka University, Osaka, Japan; ref. 20).

Expression of VEGF, VEGF-C, VEGF-D, and VEGFR
mRNAs

Expression of VEGF, VEGF-C, VEGF-D, and VEGFR
mRNAs was measured by reverse transcriptase (RT)
PCR. Total cellular RNA was isolated using RNeasy Mini
kits and RNase-free DNase kits (Qiagen) according to the
manufacturer’s protocols. Total RNAs were reversely
transcribed using an Omniscript RT kit (Qiagen). PCRs
were carried out using Ex Taq Hot Start Version (Takara)
and the primers are shown in Supplementary Table S1.
RT-PCR products were electrophoresed on agarose gels,
and the bands were visualized by ethidium bromide
staining.

VEGF production

Tumor cells (1 x 10°) were cultured in RPMI 1640
medium with 10% FBS for 24 hours. The cells were
washed with PBS and incubated for 48 hours in RPMI
1640 medium with 10% FBS. The culture medium was
harvested and centrifuged, and the supernatants were
stored at —70°C until analysis. VEGF concentration was
assayed by ELISA as described by the manufacturer
(R&D Systems). All samples were run in triplicate, and
each assay was conducted 3 times independently.

Flow cytometric analysis

HMVECs and tumor cells were harvested and resus-
pended in PBS. After 2 washes with PBS, the cells were
incubated for 45 minutes at 4°C with phycoerythrin (PE)-
labeled anti VEGFR-1, VEGFR-2, and VEGFR-3 antibo-
dies or with PE-labeled mouse IgG1 antibody. The inten-
sity of fluorescence was measured by flow cytometric
analysis using FACScan (Becton Dickinson).

Cell proliferation assay

Cell proliferation was measured using the MTT dye
reduction method (21). Briefly, tumor cells (2 x 10° cells
per 100 uL per well), plated in triplicate in 96-well plates,
were incubated in medium containing 10% FBS for 24
hours. HMVECs (5 x 10° cells per 100 uL per well), plated
in triplicate in 96-well plates precoated with 1.5% gelatin,
were incubated in Eagle’s MEM containing 5% FBS for 24
hours. Tumor cells were incubated with several concen-
trations of E7080 for a further 72 hours. HMVECs were
incubated for 72 hours with E7080 in the presence or
absence of VEGF or bFGF. To each well was added 50
ul of MTT solution (2 mg/mL; Sigma), followed by
incubation for a further 2 hours. The media containing
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MTT solution were removed, and the dark blue crystals in
each well were dissolved in 100 uL dimethyl sulfoxide.
The absorbance was measured at test and reference wave-
lengths of 550 and 630 nm, respectively.

To determine the bioactivity of VEGF produced by the
tumor cells, WST assays were conducted using Cell
Counting Kit-8 (Dojindo). Briefly, HMVECs (5 x 10° cells
per 100 pL per well) were plated in triplicate in 96-well
plates precoated with 1.5% gelatin. After 24 hours,
HMVECs were incubated with cell culture supernatants
of tumor cells in the presence or absence of E7080 (10
nmol/L) for 72 hours. Following the addition of 10 uL of
WST-8 reagents, the cells were incubated for a further 2
hours, and absorbance was measured at 450 nm and
630 nm.

Western blot analysis

HMVECs were cultured until confluence in EBM med-
ium containing 0.5% FBS for 24 hours. Cells were treated
with E7080 at indicated concentrations for 120 minutes,
stimulated with VEGF165 (20 ng/mL) for 10 minutes,
and collected in Cell Lysis Buffer (Cell Signaling Technol-
ogy) containing 1 mmol/L phenylmethylsulfonylfluoride.
Protein concentrations were determined using a BCA pro-
tein assay kit (Pierce Biotechnology). For Western blot
analysis, 20 g of total protein was resolved by SDS-PAGE
(Bio-Rad) and transferred to polyvinylidene difluoride
membranes (Atto). After 3 washes, the membranes were
incubated with Blocking One (Nacalai Tesque Inc.) for 1
hour at room temperature and incubated overnight at 4°C
with 1:1,000 dilutions of primary antibodies to p-VEGFR-2
(Tyr 996; Cell Signaling Technology), VEGFR-2 (C-1158;
Santa Cruz Biotechnology), phospho-p44/p42 MAPK
(Thr202/Tyr204; Cell Signaling Technology), and p44/
p42 MAPK (Cell Signaling Technology). After washing,
the membranes were incubated for 2 hours at room tem-
perature with species-specific horseradish peroxidase—
conjugated secondary antibodies. Immunoreactive bands
were visualized using enhanced chemiluminescent sub-
strate (Pierce Biotechnology).

Animals

Male severe combined immunodeficient mice (SCID)
mice and athymic BALB/c nude mice, 5 to 6 weeks old,
were obtained from CLEA Japan and maintained under
specific pathogen-free conditions throughout this study.
All experiments were carried out in accordance with the
guidelines established by the Tokushima University
Committee on Animal Care and Use.

In vivo metastasis models

To facilitate metastasis formation, SCID mice were
pretreated with anti-mouse interleukin 2 receptor
B-chain antibody to deplete natural killer (NK) cells
(20). Two days later, the mice were inoculated with
SBC-5 or H1048 cells (1.0 x 10° per mouse) into the tail
vein. Nude mice were intravenously inoculated via the
tail vein with PC14PE6 cells (1.0 x 10° per mouse). As

we reported previously, micrometastases were detected
as early as 14 days after tumor cell inoculation (9). To
evaluate the therapeutic efficacy of E7080 against estab-
lished metastatic nodules, the mice were treated once
daily with 1, 3, and 10 mg/kg/d E7080 by oral gavage,
beginning 2 (SBC-5 and PCI14PE6 cells) or 4 weeks
(H1048 cells) after inoculation. Five (SBC-5 and
PC14PE6 cells) or 8 weeks (H1048 cells) after tumor cell
inoculation, the mice were anesthetized by intraperito-
neal injection of pentobarbital, and radiographs were
taken to determine bone metastases. The mice were
killed humanely under anesthesia and the major organs
were removed and weighed. The lungs were fixed in
Bouin’s solution (Sigma) for 24 hours. The number of
metastatic colonies on the surface of the organs and the
number of osteolytic lesions evident in radiograms were
counted by 2 investigators independently (H. Ogino
and M. Hanibuchi). To determine the effect of E7080
on survival, mice (10 per group) were treated once daily
with 10 mg/kg/d E7080 from day 14 until they became
moribund.

Immunohistochemical-immunofluorescent
determination of endothelial cells, proliferating and
apoptotic tumor cells, and VEGF production

Major organs containing metastases were fixed in 10%
formalin and embedded in paraffin, or TissueTek opti-
mum cutting temperature medium (Sakura) and frozen
immediately. The paraffin-embedded tissues were used
to quantitate in vivo cell proliferation using mouse anti-
human Ki-67 mAb (MIBI; 1:50 dilution; DAKO), apopto-
sis using the terminal deoxyribonucleotidyl transferase—
mediated dUTP nick end labeling (TUNEL) method with
the Apoptosis Detection System (Promega), and VEGF
production using mouse anti-human VEGF mAb (1:100
dilution; Pharmingen). To detect endothelial cells, frozen
tissue sections (10 wm thick) were fixed with cold acetone
and incubated with rat anti-mouse CD31/PECAM-1
monoclonal antibody (1:100 dilution; Pharmingen). To
detect lymph endothelial cells, frozen sections were fixed
with midl form and incubated with rabbit anti-mouse
LYVE-1 monoclonal antibody (1:100 dilution; Abcam).
Appropriate secondary antibodies conjugated with per-
oxidase and the 3,3'-diaminobenzidine tetrahydrochlor-
ide (DAB) Liquid System (DakoCytomation) was used to
detect immunostaining. To detect CD31 and LYVE-1
simultaneously, frozen sections were fixed with midl
form for 1 minute and incubated with rat anti-mouse
CD31 and rabbit anti-mouse LYVE-1 antibodies, followed
by incubation with anti-rat IgG conjugated to Alexa488
(green) and anti-rabbit IgG conjugated to Alexa594 (red;
1:100 dilution; Molecular Probes). In each analysis, the 5
areas containing the highest number of stained cells
within a section were selected for histologic quantifica-
tion under light microscopy or fluorescent microscopy
with a 200-fold magnification. The results were indepen-
dently evaluated by 2 investigators (H. Ogino and M.
Hanibuchi).

www.aacrjournals.org

Mol Cancer Ther; 10(7) July 2011

Downloaded from mct.aacrjournals.org on June 27, 2011
Copyright © 2011 American Association for Cancer Research



Published OnlineFirst on May 6, 2011; DOI:10.1158/1535-7163.MCT-10-0707

Ogino et al.
©
A ¢ B o
50
VEGF

B
o

VEGFR-1

VEGF production
N
o

(ng/1 x 10° cells/48 h)
w
o

VEGFR-2 ‘
VEGFR-3 [F5R

—
o

o

B-Actin

O

Figure 1. In vitro production of
VEGF by lung cancer cell lines
bearing nonmutant EGFR. A,
expression of mRNAs encoding
members of the VEGF and VEGFR
families in human lung cancer cell
lines and endothelial cells
(HMVEC) bearing nonmutant
EGFR as determined by RT-PCR.
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Statistical analysis

Differences were analyzed by l-way ANOVA, fol-
lowed when appropriate by Newman-Keuls multiple
comparison tests. Values of P < 0.05 were considered
statistically significant. All statistical analyses were con-
ducted using the GraphPad Prism Program Ver. 4.01.

Results

Expression of VEGF, VEGF-C, VEGF-D, and their
receptors in human endothelial cells and lung
cancer cell lines in vitro

We determined the expression of VEGF, VEGF-C,
VEGEF-D, and their receptors in HMVECs and 3 lung
cancer cell lines at both the mRINA and protein levels.
PC14PES6, SBC-5, and H1048 cells showed high, inter-
mediate, and low VEGF expression, respectively (Fig. 1A
and B). Although VEGFR-1 and VEGFR-2 were expressed
only in HMVECs, both SBC-5 cells and HMVECs
expressed VEGFR-3 mRNA and protein (Fig. 1A and
Q). However, we could not detect the production of its

ligands, VEGF-C and VEGF-D, in the 3 lung cancer cell
lines by ELISA (data not shown). Although these cell lines
expressed mRINA of several receptors, including FGFR-1,
FGFR-2, PDGFR-0, PDGFR-B, and c-kit, the level was
generally very low (Supplementary Fig. S1). We also
examined the production of ligands for FGFRs (acidic
FGF and bFGF), PDGFRs (PDGF-AA, PDGF-AB, and
PDGF-BB), and ¢-Kit (stem cell factor). The levels of these
ligands were much lower than that of VEGF (data not
shown).

E7080 inhibition of VEGF-induced proliferation and
VEGFR-2 phosphorylation of endothelial cells, but
neot tumor cells, in vitro

Chemical structure of E7080 was shown in Fig. 2A. When
we assayed the effect of the multiple tyrosine kinase inhi-
bitor, E7080, on the proliferation of tumor cells and
endothelial cells in vitro, we found that E7080 did not
inhibit the proliferation of the 3 human lung cancer cells
(ICsp > 1,000 nmol/L; Fig. 2B). In contrast, low-dose E7080
suppressed the proliferation of VEGF-stimulated HMVECs
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Figure 2, E7080 inhibition of VEGF-induced endothelial proliferation via inhibition of VEGFR-2 phosphorylation. A, chemical structure of E7080. B-D,
effect of E7080 on the proliferation of lung cancer cell lines bearing nonmutant EGFR (B), human endothelial cells (HMVEC) stimulated with

recombinant VEGF and bFGF (C), and HMVECs stimulated with culture medium from lung cancer cell lines bearing nonmutant EGFR (D) as determined by MTT
assays. E, effect of E7080 on VEGFR-2 phosphorylation as determined by Western blot analysis.

(ICs0 = 0.3 nmol/L), whereas high-dose E7080 suppressed
the proliferation of bFGF-stimulated HMVECs (ICsq = 100
nmol/L; Fig. 2C). The culture supernatants of SBC-5 and
PC14PE6 cells stimulated HMVEC proliferation, effects
abrogated by 10 nmol/L E7080, a dose sufficient to inhibit
the proliferation of HMVECs induced by VEGF but not by
bFGF (Fig. 2D). These results suggest that VEGF but not
bFGF may be the predominant tumor cell-derived growth
factor for HMVEC produced by these lung cancer cell lines.

E7080 also dose dependently suppressed the VEGF-
induced VEGFR-2 phosphorylation and activation of
downstream signaling pathways, such as the mitogen-
activated protein kinase (MAPK) pathway, in HMVECs
(Fig. 2E), suggesting that E7080 has potent activity against
VEGF-induced angiogenesis. We also confirmed that
E7080 inhibited VEGF-C—induced phosphorylation of

VEGFR-3 (Supplementary Fig. 52), in agreement with
previous results (16).

E7080 suppression of enlargement of metastases of
lung cancer cells expressing nonmutant EGFR in
immunodeficient mice

We next examined the effect of E7080 on metastasis
induced by lung cancer cells expressing nonmutant
EGFR. Intravenous inoculation of the SCLC cell line,
SBC-5, into NK cell-depleted SCID mice has been shown
to produce experimental metastases within 35 days (22—
24). These metastatic lesions were located primarily in the
liver where some were greater than 2 mm in diameter. In
addition, SBC-5 cells produce lung metastases (<2 mm in
diameter) and osteolytic bone metastases detectable by
radiography (Fig. 3 and Table 1). Treatment with E7080
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Figure 3. E7080 inhibition of the enlargement of hematogenous multiple organ metastases of lung cancer cells bearing nonmutant EGFR in immunodeficient
mice. SBC-5 and H1048 cells were inoculated intravenously into NK cell-depleted SCID mice, whereas PC14PE6 cells were intravenously inoculated
into nude mice. Mice received oral E7080 on days 14 to 35 after inoculation with SBC-5 or PC14PES6 cells and on days 28 to 56 after inoculation with
H1048 cells. Representative pictures of 5 to 8 mice per group are shown. D.W., distilled water.

reduced significantly the number of large liver metas-
tases (>2 mm in diameter) and total liver weight even at
low doses (1 mg/kg/d) but did not reduce the total
number of liver metastases (Fig. 3 and Table 1). At higher
doses (3 and 10 mg/kg/d), E7080 also significantly
reduced the number of osteolytic bone lesions but, inter-
estingly, did not affect the number of lung metastases.
E7080 treatment did not cause apparent adverse events,
such as loss of body weight (data not shown).

We found that a second SCLC cell line, H1048, also
produced metastatic nodules in multiple organs of NK
cell-depleted SCID mice, although its pattern of metas-
tases differed from that of SBC-5 cells. H1048 cells pro-
duced nodules in the liver, kidneys, and bones (Fig. 3).
Once daily treatment with high dose (10 mg/kg/d), but
not low dose (1 mg/kg/d), E7080 suppressed the number
of large metastases in the liver and kidneys, as well as
reducing the total weight of the liver and kidney and the
number of metastatic nodules in bone (Fig. 3 and Table 1).

In contrast, human lung adenocarcinoma cells,
PC14PE6, produced large colonies only in the lung and
induced large volumes of pleural effusion in nude mice
(Fig. 3 and Table 1; refs. 9, 25). Treatment with E7080
reduced significantly the number of large lung metastases
and total Jung weight even at low doses (1 mg/kg/d), as
well as completely suppressing the production of pleural
effusion (Fig. 3 and Table 1). These results suggest that
E7080 may prevent the enlargement of metastatic colonies
in multiple organs including the lungs.

E7080 inhibition of the growth of macroscopically
detectable metastatic nodules

We previously reported that intravenously inoculated
SBC-5 cells produce micrometastases and macroscopi-
cally detectable metastatic nodules within 14 and 21 days,
respectively (22). We therefore determined whether treat-
ment with E7080 could inhibit the growth of macrosco-
pically detectable metastases. Treatment of E7080, started

on day 14 or 21, inhibited the numbers of bone and liver
metastases larger than 2 mm in diameter (Supplementary
Table S2), indicating that E7080 has therapeutic activity
against not only micrometastases but macroscopically
detectable metastases.

E7080 inhibition of angiogenesis and
lymphangiogenesis in metastatic nodules

Histologic analysis showed that treatment with E7080
caused necrosis in liver metastases produced by SBC-5 cells
(Fig. 4A). Because E7080 has activity against VEGFR-2 and
VEGFR-3, which are crucial for angiogenesis and lymphan-
giogenesis, we evaluated the effects of E7080 on angiogen-
esis and lymphangiogenesis, as well as on proliferating and
apoptotic cells in the metastases. CD31-positive cells, pre-
sumably representing endothelial cells, were detected dif-
fusely in metastatic nodules, whereas LYVE-1-positive
cells, presumably representing lymph endothelial cells,
were detected predominantly in the periphery of the
nodules (Fig. 4A). Double staining for CD31 and LYVE-1
showed that a small population of cells in the periphery
was doubly positive for both (Fig. 4B), consistent with
previous findings (26, 27). Importantly, E7080 treatment
dramatically inhibited the numbers of CD31- and LYVE-1-
positive cells (Fig. 4A and C). Moreover, E7080 treatment
decreased the number of Ki-67-positive proliferating
tumor cells and increased the number of TUNEL-positive
apoptotic cells in liver metastases (Fig. 4A and C). There
was no discernible difference in VEGF production between
control and E7080-treated tumors (Supplementary Fig, 53).
These results indicate that E7080 can inhibit both angio-
genesis and lymphangiogenesis and therefore suppress the
growth of metastases.

E7080 prolengation of the survival of mice bearing

metastases of nonmutant EGFR lung cancer cells
We finally determined whether E7080 could prolong

the survival of mice bearing metastases. SBC-5 and
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Table 1. Therapeutic effect of oral treatment with E7080 on the multiple organ metastasis produced by non-EGFR mutant lung cancer cell lines
in immunodeficient mice

Cell line Treatment Liver Lung Kidney Bone
Weight, g No. of metastasis Weight, mg No. of metastasis Weight, mg No. of metastasis No. of
metastasis
All nodules >2 mm? All nodules >2 mm All nodules 2 mm
SBC-5 (N = 5) Control 2.0 (1.1-2.7)° 89 (58-95) 64 (35-73) 195 (162-212) 66 (46-101) All 0 N/A 11 (8-11)
E7080
1mg/kg 1.1 (0.9-1.4)° 59 (29-78) 30 (14-52)° 189 (176-204) 50 (37-85) Al 0 11 (8-11)
3mg/kg 1.1(0.8-1.3)° 50 (30-56) 20 (9-24)° 222 (140-276) 66 (41-89) Al0 6 (5-7)
10 mg/kg 1.1 (1.0-1.4° 71 (30-107) 12 (7-37)° 190 (183-206) 70 (46-85) Al O 6 (5-7)
PC14PE6 (N = 8) Control N/A 558 (477-740) 86 (85-108) 65 (54-76) N/A N/A
E7080
1 mg/kg 240 (208-311)° 77 (42-91) 20 (8-41)°
3 mg/kg 260 (206-285)° 79 (56-86) 19 (10-24)°
10 mg/kg 205 (195-232)° 69 (26-113) 11 (2-29)°
H1048 (N = 8) Control 1.6 (1.0-2.3) 77 (2-113) 24 (0-86) N/A 490 (300-1,020) 52 (18-85) 40 (19-77) 6 (3-10)
E7080
1mgkg 1.3(1.0-1.7) 59 (17-122) 17 (4-25) 485 (310-670) 67 (52-83) 45 (33-63) 7 (4-9)
10 mg/kg 0.9 (0.7-1.2) 33 (3-91) 6 (0-11)° 245 (200-450)° 47 (27-69) 15 (10-53)° 4 (0-8)°

Abbreviation: N/A, not applicable.

#Number of metastatic nodules larger than 2 mm in diameter.
PMedian (range).

°P < 0.05.
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