with second primary carcinoma were excluded from this series,
because the endometrioid type and the others are referred to as
type 1 and type 2 endometrial cancer are considered to originate
from different mechanisms and exhibit different clinical
behaviors.!"”

We also examined 12 sections of normal cyclic endometria
derived from surgically resected specimens for benign uterine
diseases, six ol which were in the proliferative phase and six of
which were in the secretory phase. The average age of these
patients was 38.7 £ 4.9 and 40.3 £ 6.1 years, respectively. All
specimens were routinely processed (i.e. 10% formalin fixed for
2448 h), paraffin embedded, and thin sectioned (3 pm),

Immunohistochemical staining and scoring of immunoreactivity.
We performed immunohistochemical staining for vasohibin,
VEGFR-2, CD34 as a marker for vascular endothelial cells, and
D2-40 as a lymphatic vessel marker. Ki-67 and VEGF-A were
investigated in endometrial carcinoma cells, Paraffin-embedded
tissue sections from human endometrial cancers were
deparaffinized, rehydrated, and incubated with 3% H,0, for
10 min to block endogenous peroxidase activity. Sections were
incubated for 30 min at room temperature (RT) in a blocking
solution of 10% goat serum (Nichirei Biosciences, Tokyo,
Japan), and then stained for 12 h at 4°C with primary antibodies,
followed by staining for 30 min at RT with secondary
antibodies. The primary antibodies were all mouse monoclonal
antibodies and were used as follows: 2 pg/mL antihuman
vasohibin monoclonal antibody, anti-VEGFR-2 (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) diluted 1:100, anti-CD34
(Dako, Copenhagen, Denmark) diluted at 1:200, Ki-67 (Dako)
diluted 1:100, anti-D2-40 (Dako) diluted 1:100, and anti-
VEGF-A (Lab Vision, Fremont, CA, USA) diluted 1:100. We
have previously described a mouse monoclonal antibody against
a synthetic peptide corresponding to the 286-299 amino acid
sequence of vasohibin.'" The positive control slide for CD34
antigen was prepared from paraffin-fixed breast cancer tissue
that was known to contain a high microvessel density. Nuclei
were counterstained with hematoxylin,

Three investigators (A.T., H.T., M.K.) independently evalu-
ated the immunohistochemical staining of the tissue sections,
They were blinded to the clinical course of the patients and the
average of the numbers counted by the three investigators was
adopted for subsequent analysis. We carefully selected for inves-
tigation areas where cancer cells came into contact with or
invaded into the stroma. First, microvessels were counted by
searching for CD34-positive signals after scanning the immu-
nostained section at low magnification. The areas with the great-
est number of distinctly highlighted microvessels were selected.
Any cell clusters with CD34-positive signals were regarded as a
single countable microvessel, regardless of whether a lumen was
visible or not. Unstained lumina were considered artifacts even
if they contained blood or tumor cells, Microvessel density
(MVD) was assessed by light microscopy in areas of invasive
tumor containing the highest numbers of capillaries and small
venules per area (neovascular hot spots) according to the origi-
nal method."” In endometrioid adenocarcinoma, the ratio of
stroma per total area (as neovascular hot spots) decreased signif-
icantly with poorer histological differentiation. Thus, we meas-
ured the ratio of stroma per total area using National Institute of
Health imaging (200 x magnification hot spot picture captured
with Nikon imaging) and revised the true vessel counts per
1 mm? of stroma (microvessel density) for each case.

Investigation of lymphatic vessel density (LVD) was per-
formed using the same procedure described as above, by search-
ing for D2-40-positive signals.

Next, immunostaining for vasohibin and VEGFR-2 was eval-
uated in serial thin sections. Positive immunoreactive signals for
vasohibin and VEGFR-2 in the CD34-positive microvessels
were counted and calculated as positive ratios of vasohibin and
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VEGFR-2 in microvessels. Evaluation of Ki-67 immunoreactiv-
ity was performed at high-power field (400X) and used as a
marker of cell proliferation. More than 500 tumor cells from
each of three different representative fields were counted and the
percentage of the number of positively stained nuclei relative to
the total numbers of cells were determined as a labeling index
(LI). The protein expression of selected angiogenic factor
(VEGF-A) was examined by immunohistochemistry using
an cstablished antibody. For this marker, cytoplasmic staining
intensity and the proportion of positive tumor cells were
recorded and a staining index (values of 0-9) was calculated as
the product of staining intensity (0-3) and the area of positive
staining (1, <10%; 2, 10-50%; 3, > 50%).2%

Statistical analysis. Statistical analysis, such as the Student's
i-test ‘and Peason’s correlation coefficient test, were performed
using StatView (version 4.5; SAS Institute Inc., Cary, NC, US).
The results were considered significant when the P-values were
<(.05.

Results

Microvessel density of endometrioid adenocarcinoma. CD34-
positive microvessel density (counts per mm?) were 41.1 + 3.1,
369423, and 29.7% 1.7 in Gl1, G2, and G3, respectively;
352270 in the proliferative phase; and 36.3 + 1.83 in the
secretory phase (Figs 1 and 2). We measured the ratio of
the stromal area per total hot spol area in the location with
the greatest number of distinctly highlighted microvessels.
In G1, the ratio was 32.7% + 0.24; in G2, 27.5% * 0.19; in G3,
5.8% £0.05; 73.29% +2.70 in the proliferative phase; and
70.0% + 1.83 in the secretory phase. The ratio of the stromal
area per total area of G3 was significantly lower than that of G1
and G2. CD34-positive microvessel density (counts per mm?),
as revised by the ratio of the stroma per total area, was
141.65 £ 13.2 in G1, 168.62 £ 19.38 in G2, and 788.94 + 105.8
in G3, respectively; 48.71 £ 2.70 in the proliferative phasc; and
5245+ 1.83 in the secretory phase. The MVD of G3 was
significantly higher than the MVD of G1 and G2 (Fig. 3a).

Lymphatic vessel density of endometrioid adenocarcinoma. D2-
40 positive lymphatic vessel density (counts per mm?) was
4.73+£0.70 in G1, 8.83 +£2.24 in G2, and 2,88 + 0.54 in G3,
respectively;  1.80+0.20 in the proliferative phase; and
6.10 £ 0.50 in the secretory phase (Figs | and 2). D2-40 positive
lymphatic vessel density (counts per mm?), as revised by
the ratio of stroma per total area, was 15.90+2.30 in GI,
9.47%£195 in G2, and 91.01 £23.06 in G3, respectively;
2.53 £0.36 in the proliferative phase; and 8.83 £0.82 in the
secretory phase. The LVD of G3 was significantly higher than
the LVD of G1 and G2 (Fig. 3b).

Vasohibin expression in microvessels in endometrial tissues. The
positive ratios of vasohibin in microvessels were 31.4% and
43.1% in the proliferative and secretory phases, respectively
(Fig. 2). The positive ratios were significantly different between
the two phases (Fig. 4a). In addition, the endothelium of the
spiral - arteries characteristically exhibited positivity in the
secretory phase; the positive ratio of vasohibin was 95.4% and
the positive ratio of VEGFR-2 was 87.4%. (Fig. 2).

The positive ratio of vasohibin in  microvessels was
56.6% % 12.8 in the endometrioid adenocarcinoma cases exam-
ined. Interestingly, the positive ratios differed according to
grade: 52.5 £ 13.9 in G1 (well differentiated), 57.8% + 13.5 in
G2 (moderately differentiated), and 59.9% + 10.0 in G3 (poorly
differentiated) (Fig. 1). The positive ratio of vasohibin in micro-
vessels in G3 was significantly higher than that in G1 (Fig. 4a).
Positive ratios of vasohibin in microvessels in each histlogical
grade were significantly higher than that of the proliferative
phase (P < 0.05). Positive ratios were compared in clinical
stages: 56.2% x11.2 in stage 1, 61.9% *15.5 in stage 2,
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Fig. 1. (a) Immunohistochemistry in well-differentiated endometrioid
adenocarcinomas. All sections stained positively for CD34 (upper left,
original magnification 200x), vascular endothelial growth factor
receptor-2 (VEGFR-2) (upper middle, original magnification 200x),
vasohibin (upper right, original magnification 200x and lower right,
original magnification 400x), and vascular endothelial growth factor-
alpha (VEGF-A) (lower left, original magnification 200x). D2-40 (lower
middle, original magnification 200x). (b) Immunohistochemistry in
moderately differentiated adenocarcinoma. All sections stained
positively as for (a). (¢) Immunohistochemistry in poorly differentiated
adenocarcinoma. All sections stained positively as for (a).

56.7% + 12.9 in stage 3, and 57.7% + 21.3 in stage 4. There was
no significant difference between each group.

VEGFR-2 expression in microvessels in endometrial tissues. The
VEGFR-2 positive ratio of the microvessels was 8.6% + 1.0
and 22.5% +3.0 in the proliferative and secretory phases,
respectively (Fig. 2). VEGFR-2 positive vessel ratio in the
proliferative phase was significantly higher than in the secretory
phase (Fig. 4b).

VEGFR-2 positive ratios in Gl, 2, and G3 were
22.3% 2 13.0, 39.8% £ 12.8, and 47.6% x 11.5, respectively
(Fig. 1). The VEGFR-2 positive ratio in G2 was significamly
higher than in G1 and cyclic endometria. The VEGFR-2 positive
ratio in G3 was significantly higher than those of G1 and

916

Fig. 2. (a) Immunohistochemistry in proliferative phase of cyclic
endometria. All sections stained pasitively for CD34 (upper left, original
magnification 200x), vascular endothelial growth factor receptor-2
(VEGFR-2) (upper middle, original magnification 200x), vasohibin
(upper right, original magnification 200x and lower right, original
magnification 400x), and vascular endothelial growth factor-alpha
(VEGF-A) (lower left, original magnification 200x). D2-40 (lower
middle, original magnification 200x). (b) Immunohistochemistry in
secretory phase of cyclic endometria. All sections stained positively as
for (a). Immunapositivity was significantly different between the two
phases for vasohibin and VEGFR-2. The endothelium of the spiral
arteries exhibited characteristic positivities in the secretory phase.

G2 (Fig. 4b). Positive ratios were compared between clinical
stages: 32.8% + 15.4% in stage 1, 33.9% + 19.0 in stage 2,
37.5% + 15.1 in stage 3, and 46.4% + 16.8 in stage 4. There was
no significant difference between each group.

VEGF-A expression in endometrial tissues. VEGF-A expression
was detected in the cytoplasm of epithelial cells. The staining
index of VEGF-A is shown in Figure 5. The VEGF-A positive
ratio of cytoplasmic staining intensity was 0.67 £0.49 and
2332076 in the proliferative and secretory phases,
respectively (Fig. 5). In endometrioid adenocarcinomas VEGF-
A positive ratios of cytoplasmic staining in grades 1, 2, and 3
were 3.85+0.39, 42£037, and 5.88+0.37, respectively
(Fig. 5). The VEGF-A positive ratio in G3 was significantly
higher than in G1 and 2. The VEGF-A posilive ratio in the
proliferative phase was significantly lower than G1, G2, and G3,
respectively, and the VEGF-A positive ratio in secretory phase
was significantly lower than G2 and G3, respectively.

Correlation between vasohibin and VEGFR-2 positive ratios in
microvessels, and cell proliferation and expression of angiogenic
factor. A strongly positive correlation was found between
vasohibin and VEGFR-2 positive ratios in microvessels in
endometrioid  adenocarcinomas (P < 0.0001, ~=0.591)
(Fig. 6).

We then analyzed vasohibin and VEGFR-2 positive ratios in
comparison to cell proliferation and expression of angiogenic
factor. The ratios of both vasohibin- and VEGFR-2-positivity
did not correlate significantly to the L1 of Ki-67 (data not

doi: 10.1111/1.1349-7006.2008.00777 .x
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Fig. 3. (a) Microvessel density of cyclic endometria and endometrioid
adenocarcinoma. Microvessel density of G3 was significantly higher
than that of G1 and G2. G1, well-differentiated adenocarcinoma; G2,
moderately differentiated adenocarcinoma; G3, poorly differentiated
adenocarcinoma, *P<0.05. (b) Lymphatic vessel density of cyclic
endometria and endometrioid adenocarcinoma. Lymphatic vessel
density of G3 was significantly higher than that of G1 and G2, G1,
well-differentiated adenocarcinoma; G2, moderately differentiated
adenocarcinoma; G3, poorly differentiated adenocarcinoma, *P < 0.05.

shown). No significant correlation was observed between the
vasohibin- and VEGFR-2-positive ratios and VEGF-A expres-
sion in endometrioid adenocarcinoma (data not shown).

Discussion

Here we examined the vascular density of endometrial cancer
and compared it with that of normal endometrium. Some reports
have previously indicated that MVD of endometrial cancer
increases from well differentiated to poorly differentiated
adenocarcinomas*'** but this relationship is not universally
accepted.”” Moreover, most of them have failed to consider the
vessel numbers in normal endometrium and to compare it with
those of adenocarcinoma. In the present study, we confirmed
that the vessel number increased from normal endometrium to
endometrial cancer, and that this increase was significantly
augmented in poorly differentiated adenocarcinoma,

Recently, focus has been given to the importance of lym-
phangiogenesis for tumor metastasis.™** Here. we investigated

Yoshinaga et al.

[HE

6oL :
At
']
(]
1y
L
ihi . s
I
<y
HE
:\) +
i |
1t}
[ .
Cid
Fig. 4. (a) Proportion of wvasohibin/CD34-positive vessels in cyclic

endometria and  endometrioid  adenocarcinoma.  Vasohibin-
immunopositivity in microvessels in G3 was significantly higher
than that in G1. S, secretory phase; P, proliferative phase; G1, well-
differentiated adenocarcinoma; G2, moderately differentiated
adenocarcinoma; G3, poorly differentiated adenocarcinoma, *P < 0.05.
(b) Proportion of vascular endothelial growth factor receptor-2 (VEGFR-
2)/CD34-positive vessels in cyclic endometria and endometrioid
adenocarcinoma. VEGFR-2-immunopositivity of vessels in the pro-
liferative phase was significantly higher than in the secretory phase. S,
secretory phase; P, proliferative phase; G1, well-differentiated
adenocarcinoma; G2, moderately differentiated adenocarcinoma;
G3, poorly differentiated adenocarcinoma, *P < 0.05.

LVD in normal endometrium and endometrioid adenocarcinoa-
mas. Our analysis revealed that LVD increased significantly in
poorly differentiated adenocarcinoma, similar to MVD, Some
studies have reported the presence of peritumoral lymphatic ves-
sels in 40% of the cases in endometrial cancer and demonstrated
that high LVD was strongly associated with the features of
aggressive endometrial carcinomas, including high histolog-
ical grade, presence ol necrosis, and vascular invasion by
tumor cells.*** Although it was expected that frequent LVD
correlated with lymph node metastasis, there was no significant
correlation between LVD and lymph node metastasis. In the present
study, only two cases out of 78 cases exhibited lymph node
metastasis. Therefore, investigation of a greater number of cases
with lymph node metastasis in endometrioid adenocarcinoma
will be necessary to further elucidate this correlation. The
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Fig. 5. Vascular endothelial growth factor-alpha (VEGF-A) staining
indexes of the cytoplasm of the tumor cell and cyclic endometrial
glands, *P < 0.05.

mechanism of the alteration of lymphangiogenesis from cyclic
endometria to endometrioid adenocarcinoma remains unclear.
Our analysis of MVD and LVD demonstrated that the secretory
phase is similar to well differentiated and moderately differenti-
ated endometrioid adenocarcinomas, which suggests that the
function of cyclic endometria may be retained until adenocarci-
nomas become moderately differentiated.

We then examined the expression of vasohibin, Vasohibin is
an endogenous endothelium-derived angiogenesis inhibitor that
we have previously isolated."” Here we confirmed that the
expression of vasohibin was restricted to vascular endothelium,
and further observed that the ratio of vasohibin-positive vessels
increased from normal endometrium to poorly differentiated
adenocarcinomas. This is the first study to profile the expression
of vasohibin in human gynecologic malignancy.

Several clinicopathologic studies have demonstrated a direct
association between VEGFE expression and increased MVD in
human solid twmors, including breast™ lung """ and gastric'™!
malignancies. A similar association has been reported for nor-
mal®” and malignant endometrium.” " Between the two
VEGEF signal transducing receptors, YEGFR-2 transduces most
of the angiogenesis-related signals in ECs, The VEGF/VEGFR-
2 signaling pathway is also important for the induction of
vasohibin in ECs.'" We previously revealed that the VEGF-A-
mediated induction of vasohibin was preferentially mediated via
the VEGFR-2 signaling pathway.''®

Our present analysis revealed that the ratio of VEGFR-2-
positive vessels, as well as the ratio of vasohibin-positive vessels,
also increased from normal endometrium to poorly differentiated
endometrial adenocarcinomas. In addition, a significantly posi-
tive correlation existed between the positive ratios of vasohibin
and VEGFR-2 expression in endometrioid endometrial carcino-
mas. This is the first study to elucidate this correlation between
expression of these factors in human cancer. This result sug-
gested the value of vasohibin as a biomarker of angiogenesis at
least in endometrial cancer.

Angiogenesis is determined by the local balance between ang-
iogenic stimulators and inhibitors. Therefore, one may anticipate
the application of angiogenesis inhibitors towards antiangiogenic
therapy for the treatment of human malignancics including
endometrial cancer. A number of angiogenesis inhibitors have
been investigated and identified, including pigment epithelium-
derived factor (PEDF), angiostatin, endostatin, and throm-
bospondin-1 (TSP-1). Vasohibin is a newly identified negative
feedback regulator for angiogenesis. We previously reported that
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Fig. 6. Correlation between vasohibin and wascular endothelial

growth factor receptor-2 (VEGFR-2). A strongly positive correlation was
found between vasohibin- and VEGFR2-pasitive ratios in microvessels in
endometrioid adenocarcinomas (P < 0.0001, r# = 0.591).

transfection of Lewis lung carcinoma (L.CC) cells with the vaso-
hibin gene did not affect the proliferation of cancer cell in vitro,
but did inhibit tumor growth and tumor angiogenesis i vivo,"™"
The growth of vasohibin-producing LLC cells in mice was
significantly attenuated. [n addition, tumors of mock-transfectants
contained large luminal vessels, whereas those of vasohibin-
producing LLC cells contained very small vessels, even when the
size of umors did not differ extremely."" These results suggest
that vasohibin may play a very important role in regulating tumor
angiogenesis,

Among the various angiogenesis inhibitors, thrombospondin-
1 (TSP-1) has been extensively studied in cancers, although the
role of TSP-1 in endometrial tumor angiogenesis and progres-
sion still remains controversial.'*' The expression of TSP-1 in
epithelial cells and/or caner cells is up-regulated by the tumor
suppressor gene p53, and down-regulated by oncogenes such as
Myc and Ras. Thus, the mutation of p53 or activation of mye
and ras results in the down-regulation of TSP-1, which may
alter tumor growth by modulating angiogenesis in a variety of
tumor types. Herein, we demonstrated that the expression of
vasohibin increased in ECs of endometrial cancer. As the
expression of vasohibin was restricted to normal ECs, the alter-
ation of tumor suppressor gene and/or oncogenes in tumor cells
would not influence the expression of vasohibin, However,
angiogenesis nhibitors may function in a concerted manner.
Therefore, vasohibin alone may not be sufficient to control
tumor angiogenesis, if other inhibitors become deregulated.

Nevertheless, since the expression of vasohibin increased in
correlation with that of VEGFR-2, vasohibin could be an impor-
tant biomarker of angiogenesis in both normal endometrium and
endometrial cancer, However, further investigations are required
to clarify the precise roles of vasohibin in regulating antiang-
iogenic activity in normal endometrium and its disorders.
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Blood vessels change their caliber to adapt to the demands
of tissues or organs for oxygen and nutrients. This event is
mainly organized at the capillary level and requires a size-
sensing mechanism. However, the molecular regulatory
mechanism involved in caliber size modification in blood
vessels is not clear. Here we show that apelin, a protein
secreted from endothelial cells under the activation of Tie2
receptor tyrosine kinase on endothelial cells, plays a role
in the regulation of caliber size of blood vessel through its
cognate receptor APJ, which is expressed on endothelial
cells. During early embryogenesis, APJ is expressed on
endothelial cells of the new blood vessels sprouted from
the dorsal aorta, but not on pre-existing endothelial cells
of the dorsal aorta. Apelin-deficient mice showed narrow
blood vessels in intersomitic vessels during embryo-
genesis. Apelin enhanced endothelial cell proliferation in
the presence of vascular endothelial growth factor and
promoted cell-to-cell aggregation. These results indicated
that the apelin/APJ system is involved in the regulation of
blood vessel diameter during angiogenesis.
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Introduction

The vascular svstem of vertehrates has a highly organized
and hierarchical structure, ranging from large hlood vessels
down to finely sized capillaries. The intraluminal cavity of
bload vessels is lined almost exclusively with endothelial
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cells (ECs). The formation of blood vessels is initiated by
the assembly and tube formation of ECs, or EC progenitors.
This process is termed vasculogenesis and is followed by
angiogenesis, which results in the emergence of new vessels
through sprouting and elongation from, or the remodelling
of, pre-existing vessels (Risau, 1997).

Many genes involved in these processes have been iso-
lated and their roles in the specification of vascular lineage
from mesodermal cells and vascular morphogenesis have
been analysed (Wang er al, 1998; Adams et al, 1999; Gale
and Yancopoulos, 1999; Oettgen, 2001; Zhang et al, 2001;
Carmeliet, 2003; Gerhardt and Betsholtz, 2003; Simon, 2004 ).
Amang many molecules, vascular endothelial growth factors
(VEGFs) and their cognate receptors (VEGFRs) play central
roles in the differentiation (arterial), proliferation, migration
and survival of ECs in phvsiological and pathological condi-
tions (Ferrara et al, 2003). Based an the diverse functions of
VEGFs in blood vessel formation, the VEGF/VEGFR system
has proved effective in the clinical management of cancer
patients by negatively regulating angiogenesis (Ferrara and
Alitalo, 1999; Jain, 2005). Therefore, these results indicate
the importance of developmental studies for understanding
blood vessel formation.

[n the maturation process involved in blood ve
tion, the ECs, which form the tube, recruit supporting mural
cells (MCs) such as periendothelial cells (pericytes) or vascular
smooth muscle cells, by releasing platelet-derived growth tactor
(PDGF)-BB (Lindahl et al, 1997). MCs subsequently adhere to
ECs resulting in the formation of a structurally stable blood
vessel. It has been proposed that this cell adhesion between
ECs and MCs is induced when angiopoietin 1 (Angl), produced
from MCs, stimulates Tie2, a receptor tvrosine kinase on ECs
(Dumont er al, 1994; Sato et al, 1995; Suri et al, 1996)

During angiogenesis, blood vessels need to be able 1o
adjust their caliber, in order to allow them to respond
adequately to the changes in demand for oxygen and nutri
ents made by the organs and tissues. This caliber adjustment
is invalved in the maturation process during angiogenesis;
however, the molecular mechanism involved in the determi-
nation of blood vessel size has not been elucidated. A patent
regulator of the enlargement of blood vessel caliber is the
Angl/Tie2 system, because lransgenic overexpression of
Angl in the keratinocyte-induced enlarged blood vessels in
the dermis (Suri et al, 1998) and administration of a potent
Angl variant were also reported to induce enlargement of
blood vessels (Cho er al, 2005; Thurston et al, 2005). There-
fore, the analysis of the precise molecular mechanism of how
the Angl/Tie2 system induces enlargement of blood vessels
would allow us to understand the process of determination of
blood vessel size during angiogenesis.

In this report, by the analysis of downstream signalling of
Angl/Tie2 in ECs, we found that apelin, a recently isolated
bicactive peptide from bovine gastric extract working as a

:sel forma
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ligand for APJ, is upregulated by Angl stimulation of human
umbilical vein endothelial cells (HUVECs). A sequence of
apelin cDNA encodes a protein of 77 amino acids, which can
generate Lwo active polypeptides: the long (42-77) and the
short (65-77) forms of apelin (Tatemoto et al, 1998; Kawamata
et al, 2001; Masri er al, 2005). Both forms activate API

APJ is a G protein-coupled receptor, which has been reported
to be expressed in the cardiovascular and central nervous
systems (O'Dowd er al, 1993; Devic er wf, 1999). [n brain tissues,
API expression is observed in neurons (Edinger et al, 1998) as
well as in oligodendrocytes and astrocytes (Croitoru-Lamoury
et al, 2003). In the brain, the apelin/AP] system plays a role in
maintaining body fluid homeostasis and regulating the release af
vasopressin from the hypothalamus (De Mata et al, 2004). In the
cardiovascular system, APJ 1s expressed in an endothelial lineage
in various species such as amphibian. mouse and human (Devic
et al, 1996, 1999 Katugampola et al, 2001). In the mouse and
human, the expression of the receptor has also been detected by
immunocytochemistry in vascular smooth muscle cells and
cardiomvocytes (Kleinz and Davenport, 2004). Apelin/APJ func-
tion in cardiomyoeytes is thought to be associated with a very
strong inotropic activity (Szokodi et al, 2002; Ashley et al, 2005).
The function of apelin/AP] in EC lineage is reported to be
associated with the hypotensive activity of apelin (Ishida et al,
2004), as the activation of APJ leads to nitric oxide (NO)
production by the ECs (Tatemoto et al, 2001), and this possibly
plays a role in the relaxation of smooth muscle cells.

Using the morpholino antisense oligonucleotide, requisite
roles of the apelin/APJ system have been reported in the
cardiovascular system of Xenopus laevis (Cox et af, 2006; Inui
et al, 2006) and zebrafish (Scott et al, 2007). Xenopus apelin
(Xapelin) was detected in the region around the presumpltive
blood vessels during early embryogenesis and overlapped
with the expression of Xmsr. the Xenopus homolog of APJ,
Overexpression of Xapelin disorganized the expression of the
endothelial precursor cell marker XIFli at the neurula stage.
Knockdown of Xapelin or Xmsr induced abnormal heart
morphology and atlenuated the expression of Tie2, resulting
in the disruption of blood vessel formation in the posterior
cardinal vein, intersomitic vessels (ISVs) and vitelline ves-
sels. By contrast, apelin protein has been shown to induce
angiogenesis in the chicken chorioallantoic membrane assay
(Cox et al, 2000). Although the involvement of apelin/API in
angiogenesis and the regulation of proliferation of ECs has
been suggested, the precise function of apelin/APRI in the
morphology of blood vessels in mammals is not clear.

Here, using various in vitro and in vivo assays, we show that
apelin induces enlargement of blood vessels, Moreover, the
physiological function of apelin has been studied through the
generation of apelin-mutant mice and the relationship of Angl/
Tie2 signalling to apelin has been studied by mating apelin-
mutant mice with Angl transgenic mice. Finally, using the
para-aortic splanchnopleural mesoderm (P-Sp) organ culture
system that mimics in vivo vasculogenesis and angiogenesis
and various in vitre HUVEC culture systems, we have studied
how apelin regulates the enlargement of blood vessels.

Results

Ang1 induces apelin expression on ECs
To elucidate the molecular mechanism by which Tie2 regu-
lates the caliber change of blood vessels from small to larger

© 2008 European Molecular Biology Organization
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ones, and in order to isolate the genes encoding proteins that
are involved in caliber change and specifically expressed in
HUVECs stimulated by Angl, we constructed a subtraction
library from HUVECs with Tie2 stimulated by Angl as a
tester, and HUVECs with no stimulation of Tiel as the driver
(Figure 1A). One ol these isolated ¢DNA clones was the
human gene encoding apelin (Figure 1B-D). Real-time poly
merase chain reaction (PCR] analysis revealed that apelin
mRNA was potently increased in HUVECs after stimulation
by Angl in a time-dependent manner (Figure 1B) and we
canfirmed that the expression of apelin protein was markedly
upregulated on HUVECs stimulated by Angl (Figure 1C).
Mareover, the dose-dependent effect of Angl on apelin pro-
duction from HUVECs was confirmed by enzyme immunoas-
say, using the culture supernatant of HUVECs (Figure 1D).

In order 1o confirm further the upregulation of apelin in
ECs in vivo, we analysed apelin expression in the dermis
ol Angl transgenic (AnglTg) mice, in which Angl was over-
expressed in the keratinocytes under the transcriptional
control of Kl4 promoter (Suri er al, 1998). As shown in
Figure 1E, apelin expression on ECs in the dermis at postnatal
day 7 was increased in AnglTg mice compared to that in
wild-type (WT) mice. We confirmed the overexpression of
apelin mRNA in AnglTg mice by quantitative real-time
RT-PCR using ECs fractionated from the dermis by a cell
sorter (Figure 1F). As it is well known that Angl is involved
in angiogenesis, next we observed the effect of other
proangiogenic molecules on the expression of apelin on
ECs. bFGF induced apelin expression on HUVECs; however,
VEGF, PDGF-BB or EGF did not affect apelin expression
(Supplementary Figure 1A and BJ.

Apelin with VEGF induces proliferation of ECs

With respect to the enlargement of blood vessels, it seems
likely that apelin causes the proliferation of ECs. To test this
ability, firstly we studied the proliferation of ECs using
HUVECs. As shown in Figure 2A, apelin was not effective
in inducing proliferation of HUVECs. However, upon stimula-
tion with VEGF, the expression level of AP) was upregulated
i HUVECs, at bath the mRNA and protein levels (Figure 2B-
D and Supplementary Figure 2). Cell surface expression of
APl aon HUVECs was confirmed by both cell surface bio-
tinylation experiment (Figure 2D) and confocal laser scan
ning analysis (Supplementary Figure 2). Consistent with this
result, VEGF-induced proliferation of HUVECs was enhanced
by the addition of apelin in a dose-dependent manner
(Figure 2A}. Among proangiogenic cytokines, such as Angl,
EGF, bFGF, PDGF-BB and VECGF, only VEGF induced AP
expression on HUVECs (Figure 2B-D and Supplementary
Figure 1C and D).

These results suggested that APJ is expressed and affects
ECs during angiogenesis in which VEGF levels are upregu
lated. Next we observed the proliferation of primary ECs from
the culture of the AGM region (dorla-gonad-mesonephros
region followed by P-Sp region at embryonic day (E) 10.5 to
E11.5) in which angiogenesis was actlively taking place. APJ
was highly expressed in the AGM region compared to other
tissues, such as E10.5 volk sac, head region and heart, and
adult heart (Figure 3A}. Furthermore, APJ was expressed
strongly in CD45 CD31 " ECs from the AGM region com
pared to those from E10.5 heart and adult heart. Although
ECs in E10.5 yolk sac and head region expressed API, the
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like formation of ECs and upregulation of cell-to-cell adhe-

In wvitro sheet

sion maolecules by apelin indicated the involvement of the
apelin/APJ system in the assembly of ECs. Next, we per-
formed the cord formation assay of HUVECs on Matrigel in

the presence or absence of apelin (Figure SA). After 20h of
HUVECs on Matrigel, they formed a cord-like
structure in the absence of apelin (Figure 5Aa). However, in

culture of
the presence of apelin, the HUVECs formed an enlarged cord
like structure (Figure 5Abd). In this assay, by using conlocal
laser scanning analysis, we confirmed that enlargement of this
cord-like structure was induced by cell aggregation, but not by
cell spreading (Supplementary Figure 6). This enlargement
was completely blocked by anti-VE-cadherin blocking anti
body (Figure 5Acd), suggesting that the enlarged cord-like
formation induced by apelin was initiated by cell-to-cell con-
tact. Moreover, in the spheroid assay (Korff and Augustin,
1998), HUVECs formed large spheroids in the presence of
apelin (Figure 5B) and this action was abrogated by anti-apelin
antibody. Therefore, these results strongly support the notion
that the apelin/APJ system induces EC-to-EC assembly.

APJ expression in ECs during early embryogenesis
As API expression was ohserved in ECs during early embry

ogenesis (Figure 3), we studied which vessels expressed

APJ in mouse embryos. At EB.5, cells commilted into the
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endothelial lineage formed the dorsal aorta (DA, from which
ECs started to sprout. As observed in Figlue oA, AP) expres
sion was observed in those ECs that had sprouted (rom the
AP

expressicn was observed in the migrating end region ol ISVs

DA but not in those that were forming the DA. At E9.5,

sprouting from the DA (Figure 6B). Besides the expression of
APJ in the ISVs, weak APJ expression was observed in the
somites. These expression profiles were not very different
from the results obtained by int sica hybridization analysis, as
reparted previously (Devic et af, 1999). In anather area of the
E9.5 embryo, we found that the anterior cardinal vein (ACV)
expressed AP). However, when compared to CD31 expression
APJ-positive ECs were observed in the migrating
ACV.

7). These expression profiles suggest that the apelin/

in ECs;

end of the but not in the base (Supplementary

Figure

APJ system may be associated with angiogenesis but not

with vasculogenesis. Moreover, when apelin expression was
observed in the somite region at E9.5, we found that apelin
protein in ISV Figure 8),

suggesting that the apelin/AP) system may be associated

detected (Supplementary

vas
with the [ormation of ISV

Narrow blood vessels are induced in

apelin-mutant mice

In order to understand the physiological function of apelin,

we generated apelin-mutant mice (Supplementary Figure 9)
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and observed blood vessel formation. Mice heterozygous for
apelin were intercrossed and their offspring were obtained.
The frequency of mutant homozygotes obtained in hetero-
zygote intercrosses was close to the expected 25%, suggest:
ing that apelin-deficient mice are not embryonically lethal.
Although a small population of apelin-mutant mice lacked
eves and lost a great deal of weight, for reasons that have
nat been determined as yet, generally, the mutant animals
appeared healthy as adults. Crosses between homozygous
apelin-mutant animals were also fertile, indicating that
implantation and embrvonic development can apparently
occur normally even when apelin is absent from both the
embryo and the mother.
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As apelin deficiency in Xenopus leads (o severe disorga
nized blood vessel formation (Cox et al, 2006; Inui et al,
2006) and might induce embryonic lethality, it is possible that
other unknown molecules compensate and rescue apelin
deficiency in mammals. Before a compensatory effect was
investigated, we studied the ISV at E9.5 (Figure 7A-C and
Supplementary Figure 10), because we found that AP ex
pression was clearly observed in vessels sprouted from the
DA into the somite (Figure 6). The results showed thal
hody size and number of somites were equivalent between
WTand apelin-mutant embryos at E9.5, but that the caliber of
ISVs was narrower in apelin-deficient embryos compared
with WT embryos. The expression of APJ was observed in
all ECs of ISV sprouted from the DA, ranging from the
base region of the sprout to the migrating end at E8.5; the
expression had disappeared in the base region near the DA at
E9.5 (Figure 0). This expression pattern in the phenotype of
apelin-deficient embryos suggests that AP} expression is
regulated by VEGF or ather unknown molecules in ECs at
the migrating end, in order to regulate the caliber size of
bload vessels.

General Angl administration has been reported 1o induce
enhancement of blood vessel formation in the trachea of
adult mice (Cho et al, 2005). This indicates that tracheal
hload vessels are active in angiogenesis in adulthood and it is
possible that apelin deficiency affects blood vessel tormation
in this region. As expected, the blood vessels observed in the
trachea of apelin-deficient mice were narrower than those in
WT mice and, in addition, the capillary density was lower
(Figure 8). Moreover, the blood vessels observed in the
dermis (Figure 9 and Supplementary Figure 11) and heart
(data not shown) of apelin-deficient mice were narrower than
those in WT mice.

Through the use of the i sitw hybridization method of APJ
expression, it has been reported that AP) is not expressed on
larger vessels such as DA, except for the posterior cardinal
vein during early embryogenesis at around E9.5 (Devic et al,
1999). This result is consistent with our immunohistochem-
ical analysis. The caliber sizes of the aorta and vena cava,
and their major branches such as brachiocephalic, subclavian
and common ihiac arteries and veins, were not atlected by the
lack of apelin (data not shown). Therefore, this suggests
that apelin may not be involved in the regulation of caliber
size of larger vessels. Moreover, although apelin deficiency
in Xenopus led to severely disorganized blood vessels in the
vitelline (Cox et al, 2006; Inui et al, 20006), it did not affect the
remodelling of blood vessels in the yolk sac (Supplementary
Figure 12),

In order to analyse precisely the function of the exogenous
apelin in the in vitro culture system, il was necessary to
exclude from the analysis any confounding effects of the
contaminating apelin from the culture serum, as well as the
endogenous apelin produced from cultured cells. In order to
achieve this, we tried to culture the aorta ring from apelin-
deficient mice under quite low serum-containing conditions
(Figure 7D and E). Although VEGF induced sprouting of ECs
from the aorta, apelin on its own did not. However, the
caliber size of VEGF-induced sprouts was enlarged upon
the addition of apelin. Most of the sprouts induced by
VEGF plus apelin contained large luminal cavities (data not
shown). Therefore, we confirmed that apelin regulates caliber
change in angiogenesis and this effect is induced in the
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Figure 8 Lectin staining of tracheal blood vessels. (A-D) Comparison of tracheal blood vessels in 8§ week-old WT (A, B) and a
(C, D} mice stained by intravenous injection of fluorescein-labelled lectin

of the area indicated by the box in (A) and (C),
icient (KO) ve
(F) Quantitative evaluation of vascular size of blood vess

evaluation of vascular density from apelin-de

Role of apelin in AngT-induced enlargement
of capillary size
We isolated apelin {rom ECs under the ¢

vation of Tie2 by

Angl. Next, using apelin-deficient mice, we observed
whether Angl-induced enlargement of blood vessels is sup-
pressed in the absence of apelin. In this experiment, we
mated apelin-deficient mice with AnglTg mice and observed
the caliber size of the capillaries in the dermis (Figure 9).
[n apelin-deficient mice, the caliber size of the capillary in
the dermis was namrewer compared with that in WT mice
(Figure 9A and B and Supplementary Figure 11). We con
firmed that CD31-positive cells are from blood vessels bul not
from lymphatic vessels, by double staining with LYVEI, a
specific marker for lymphatic ECs (Supplementary Figure 11).
As previously reported (Suri e al, 1998), AnglTg mice
showed enlarged capillary formation in the dermis, but this
effect of Angl was abolished by the lack of apelin (Figure 9A
and B). However, apelin deficiency did not completely sup

press Angl-induced enlargement of blood vessels, suggesting
that other molecules upregulated by Tie2 activation might

be involved in the caliber size determination of capillaries

m vivo., On the other hand, the neration of extremely

C
enlarged blood vessels, with a caliber size of more than
10 jum*, observed in AnglTg mice, was completely sup
pressed in the absence of apelin (Figure 9A and C).
Fherefore, we concluded that one of the molecules affected

by Angl for enlargement of the capillary was apelin in ECs.

Apelin induces an enlarged endothelial sheet

in P-Sp culture system

In vivo analysis suggested that apelin regulates the caliber
change of blood vessels. Next, we abserved blood vessel
formation by using fn vitro (P-Sp) organ culture system.
which has previously been shown to mimic in vivo vasculo-
genesis and angiogenesis (Takakura et af, 1998, 2000). P-Sp
explants from mice at £9.5 contain early developed DA. In the
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P-5p culture system, ECs show two different morphologies
One is a sheet-like structure (vascular bed) that develops in

the early stages of the culture. The other is a netwaork-like

structure, constructed from the ECs sprouting from the
vascular bed. Previously, we identified that the sheet like

formation mim vasculogenesis and the network formation

mimics angiogenesis, which is a process of capillary sprout

ing from pre-existing vessels (Takakura et af, 2000). There

's, which
were sprouted from the DA, this suggests that the P-Sp culture

fore, as apelin-mutant embryos showed narrow S

system can reproduce the in vive effects of apelin

In the P-Sp culture system, OP9 stromal cells were used as
feeder cells for P-Sp explants. We induced apelin expression
on OP9 cells (Figure 3B) and observed the effect. Compared
to the control culture (Figure 10Aab), network-forming ECs
hecame t

ick and the vascular density of the network area
was high (Figure 10Acd), although the amoeunt of branching
was the same. By contrast, the suppression ol apelin/APJ
function, by blocking antibody against apelin, induced thin
network farmation by ECs (Figure 10Aef), When the network-
forming area of E

s was evaluated, it was higher in apelin
expressing OP9 cells (OP9/apelin) than in control OP9 cells
(OP9/vector); this effect by apelin was completely blocked by
anti-apelin mAb (Figure 10Ag)

In the P-Sp culture system, we found that APJ is expressed
in the network-forming ECs sprouted [rom the vascular bed
as observed in the 1SVs, but not in the ECs forming the sheet
(Figure 10B). In vitre analysis indicated that the apelin/APJ

system mig

affect cell-to-cell

regation or assembly, and
therefore we stained network-forming ECs by anti-VE-cadher-
in antibody. As observed in Figure 10C, apelin enhanced the
assembly of ECs. Interestingly, in the control P-Sp culture, the
network-forming endothelial layer, composed of one or two
ECs, migrated in a peripheral direction along with the
ECs al the tip (Figure 10Cab). On the other hand, when
apelin was overexpressed on QP9 cells, many aggregated

oo
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Figure 9 Apelin/AP) system is involved in Angl-induced vascular
enlargement. (A) Sections of ear skin stained with anti-CD31 mAb,
Ear skin was prepared from S-week-old WT, apelin-defictent (apelin
KOJ, AnglTg mice, or apelin-deficient mice mated with AnglTg
mice [(apelin KO/Angl Tg). Secale bar indicates 30um. (B, C)
Quantitative evaluation of the number of enlarged blood vessels
composed of a luminal cavity of more than 5000 um* (B) or more
than 10" um® (C) in the skin from mice as described in (A). Thirty
random fields were observed {rom sections ot three independent
mice as described in [A]. *P=0.01.

ECs migrated along with the ECs at the tip (Figure 10Ccd),
and this effect was completely suppressed by anti-apelin mAb
(Figure 10Cef). These results indicated that apelin induces an
enlarged endothelial sheet when angiogenesis is taking place.

Discussion

The knowledge of how vascular cells commit from their
progenitor cells and generate a closed cardiovascular circu-
latory system has accumulated in recent years, mostly by the
isolation and functional analysis of molecules associated with
hlood vessel formation. However, little is known regarding
the molecular events that regulate EC morphogenesis, espe-
cially the caliber size determination of blood vessels. Data
documented here, from both in virro and in vive analysis,
showed that apelin regulates the enlargement of newly
developed blood vessels during angiogenesis.

The EMBO Journal VOL 27 | NO 3 | 2008

In angiogenesis, how blood vessels "decide’ their appro

priate size is verv important to the organization of the
adjustment of tissue and organ demand for oxygen and

nutrients. Our analysis clearly showed that AP expression

was induced by VEGF, which, in turn, is well known to be

induced bv tissue hypoxia (Liu et al, 1995). This indicates
that, under tissue hypoxia, blood vessels have an opportunity
to enlarge their size and the reduction of APJ expression
fitalizes the enlargement of blood vessel caliber under tissue
normoxia. Indeed, in the retina, APJ was observed temporally
i the radial vessels and the associated capillaries of reuna
from day 3 to day 12 after birth, but APJ expression on ECs
was attenuated in the later stage (Saint-Geniez et al, 2002).
As reported in the retina, we also found that APJ expression
was observed in ECs sprouted from the DA and ECs on blood
vessels in the neonatal dermis of mice (data not shown), but
that it gradually disappeared with maturity. These expression
patterns strongly suggested that AP plays a spatio temporal
role in the maturation of blood vessels by lransient expres
sion on ECs of blood vessels where angiogenesis is taking
place. Therelore, we concluded that one of the molecules
associated with the regulation of blood vessel diameler was
apelin in the ECs

Based on our results presented here, it appears that VEGF,
Angl and apelin regulate caliber size in a concerted fashion,
VEGF, ECs sprouted trom

as follows. Upon stimulaton by

pre-existing vessels may express APJ. Subsequently, Angl
stimulates these sprouted ECs to induce apelin expression. In
the presence of both VEGF and apelin, the ECs start 1o
proliferate, adhere and form contacts with each other through
junctional proteins, and construct enlarged blond vessels.
Apelin has been reported to induce angiogenesis in the

Matrigel plug assay (Kasai er al, 2004) and also chemotaxis
(Cox et ¢, 2006). In our experiments using the Matrigel plug
assay, we lfound that apelin induced migration, rather than
proliferation, of ECs (Supplementary Figure 14). Moreover,
we confirmed that like VEGE, apelin modified the cytos
keleton structure (Supplementary Figure 15). Therefore, ape-
lin may induce mobilization of ECs in the process of EC to EC
assembly.

As we found, apelin deficiency suppressed the enlarge-
ment of ISVs during early embryvogenesis. Furthermore, it has
been reported elsewhere that Angl and VEGF are expressed
n intersomitic or somitic tissues (Davis ef al, 1996; Lawson
et al, 2002) and that apelin is coexpressed with APJ-positive
ECs in ISVs. Indeed both Tie2 and Angl mutant embryos
showed impaired 1SV formation (Dumont et af, 1994; Salo
et al, 1995), Therefore, it appears that these three compo-
nents may be involved in the regulation of caliber size change
of the ISVs.

Transgenic overexpression of Angl in the keratinocyte
induced enlarged blood vessels in the dermis (Suri et af,
1998) and administration of a potent Angl variant was also
reported to induce enlargement of blood vessels (Cho et al,
2005; Thurston et al, 2005). Therefore, Angl expression may
be a key determinant of caliber size during dangiogenesis.
Angl is usually produced from MCs in cells composing blood
vessels (Davis et al, 1996], However, we previously reported
that hematapoietic stem cells (HSCs) producing Angl migrate
into avascular areas before the ECs starl to migrate, and that
this Angl from HSCs induces angiogenesis by promoting the
chemotaxis of ECs (Takakura er al, 2000). Moreover, recently,
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Figure 10 Effect of apelin on the P-Sp culture system, (A) Effect of apelin on the network-like structure of ECs in the P-Sp culture system. P-Sp

explants from E9.5 mouse embryos were cultured for 7 davs on OP9/vector

inti-apelin mAbs (e, f), and then stai
ind (), respectively. Arrows indical

d with anti-CD31 mAb, (b)), |

etwork-formi

the vascular ne
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xpression of APJ in ECs of P-Sp culture. Cells

ithodies. Tip. tip EC. Dotted line indicates the border of the vascular bed (vh). Nate APJ e
scale bar indicates 100 um. (€C) Network-forming ECs derived [rom P-Sp explants cullured on O
nAbs (e, ) tor
nguish the nuclei of
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ontrol B220 mAbs (¢, d) or OPY/apelin in the presence of
scale b
was revealed. Therefore, the EC-to-EC bound

indicated by the arrow.

i indicates 20 pm. Because nuclear staining cannot disti

y expressed by

we found that HS5Cs induce enlargement of blood vessels

observed in the fibrous cap surrounding tumors {Okamoto

et al, 2005) and Angl from HSCs in embryos, as well as
adults, induces structural stability ol newly developed
blood vessels as a physiological function during angio

genesis  (Yamada and Takakura, 2006). Therefore, il is

possible that Angl from the HSC population, which are
frequently observed in ischemic regions, is the one source
of Tie2 activation and results in the production of apelin
Irom ECs

It has been suggested that apelin mediates phosphoryla
tion and activation of endothelial NO synthase in ECs, caus-
ng NO release [rom ECs (Tatemoto er ai, 2001; Ishida et al,
2004). NO is well

resulting in dilation of blood vessels. Therefore, it is possible

known to induce relaxation of MCs,

that apelin causes endothelium-dependent vasodilatation by
triggering the release of NO from ECs. In our analy

however,
formation of HUVECs on Matrigel, and enlarged spheroids

we observed that apelin induced enlarged cord

of HUVECs in the liquid culture. These culture conditions do
not contain MCs, which indicates that apelin can induce

enlargement of blood vessels without affecting MCs.
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ECs [rom those of OP9 cells, only VE-cadherin expres 1
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Knockout studies of the apelin gene suggested that mole
cular cues other than apelin rescue the narrow caliber size of
blood vessels by compensational upregulation, because in the
early stage of embrvogenesis the narrow caliber ol [SVs,
observed in apelin-mutant embryos, was rescued in the
later stage (data not shown). As observed in apelin knockaut
mice, APJ mutant mice appeared healthy as adults (Ishida
et al, 2004); however, the requisite role of the apelin/AP]
system in blood vessel formation was reported in Xenopus
I'he reason of this discre

(Cox et al, 2006; Inui et al, 2006)

pancy is not known, but functionally redundant ligand/
receplor or signalling pathways may be present in mice.

Tube forn

1ition is a fundamental mechanism for organ and
tissue generation in most major organs, such as lung and
kidney, as well as the vasculature. The molecular mechanism
involved in tube generation is not clearly understood.
During angiogenesis, neovessels must be generated by both
single cell hollowing and cord hollowing methods. Through

the analysis of the precise functional relationship between the

molecules described above including the apelin/APJ syster
anatomically described diverse tube formation of the vascu-
lature will be further clarified al the molecular level.
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Materials and methods

Animals

CSIBL/O mice and KR muee were purchased from Japan SLC
(Shizuoka, Lapan] at 8 weeks of age and used between & amd 12
weels of age, Angl Tg mice (Suni et e, 1998) with 3 C57BL/6 back
ground  were provided by Dr GIY Yanchopoulos (Regeneron
Pharmaceuticals [ne.. Tarrytown, NY). Animal care in our labe
ratory was in accordance with the guidelines of Kanazawa and
Osaka University for animal and recombinant DNA experiments.

Plasmids and transfection

Fhe mouse Apefin gene was cloned into the pCAGSIH expression
vectar, Lipofectamine Plus reagent (Invitrogen Life Technologies,
Catlshad, CA) was used o transiect cells with this plasmid and
clomes ot cells exhibiting stable transtection were obtained by anti-
biatic resistance selection using G418 (Gibeo, Grand Island, NY).
Primer pairs tor PCR to detect transfected gene are listed
supplementary Table S1

Tissue preparation, immunohistochemistry and flow
cytometry
Tissue fixation, preparation of tissue sections and staimng of
sections or cultured cells with antibodies were performed as
deseribed previously (Takakura et @l, 2000). An biotin-conjugated
anti-CM3l mAb (Pharmingen, San Diego, CAJ, anti-apelin Ab (4G5
Kawamata er al, 2000] and anti-APJ polyclonal Ab were used in the
stainimg of tissue sections or cultured cells. To obtain a specific
antibody against mouse APl a rabbit was immunized with a
synthetic peptide (CHERSIPYSQETLVD) derived from the
terminal region of APL Antisera were altinity purified with the
same peptide. Preimmunized rabbit immunoglobulins were used as
negdtive control 1o conhrm specific staiming. Sections were
counterstained with hematoxylin or propidivm iodide. The sections
woere observed using an Olympus 1X-70 microscope (Olympus,
Tokyo, Japanj and images were acquired with a CoolSnap digital
camera (Roper Scientific. Trenton. N1 Whole-mount immunohis-
tochemistry using anti-CD31 mAb or anti-AP] was performed as
previously deseribed (Takakura et al, 1998, Stamed embryos were
observed under a Leica MZ16FA stereomicroscope |Leica, Solms,
Germany | and photographed with a DCL20 digital camera (Pixera,
Los Gatos, CAL In all assavs, we nsed an isotype-matched control 1g
as a negative control and confirmed that the positive signals were
not derived  from nonspeciiic background. Investigation of the
density and maorphology of microvessels in lectin-stamed whaole
moeunt of tracheal blood vessels was performed as described
(Yamada and Takakura, 2006). In bref, after anaesthesta with
sodium pentobarbital, mice were iniected into the tail vemn with
fluorescem-labelled Lycopersicon esculentum lectin |Vector Labora-
taries, Burlingame, CAJ, which binds uniformly o the Tuminal
surface of ECs and adherent leukocvies. Lectin-stained tracheas
were removed [rom apelin-deficient and WT mice and analysed
under a Huorescence microscope. Images were processed using
Adobe Photoshop 6.0 software (Adobe Svsiems, San Jose, CA)
Flow cyvtometric analvsis was performed as previously described
(Yamada and Takakura, 2006). FITC-conjugated anti-CD45 mAb and
PE-comugated anti CD31 mAb  (Pharmingen) were used The
stained cells were analysed by FACS Calibur (Becton Dickinson,
Franklin Lakes, NJ) and sorted by EPICS flow cvtometer (ALTRA;
Jeckman Coulter, Fullerton, CA).

Cell culture

4 - 10" HUVECs were cultured in six-well plates for 12 h in Humedia
EG2 (Kurabo, Osaka, Japan). Cells were then incubated in M199
medium supplemented with 1% fetal bovine serum (FBS). After 3h
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af serum deprivation, cells were incubated with basal medium
contaiming S00ng/ml ol Angl (R&D Systems, Minneapolis, MN],
100 ng/ml of apelin (Bachem, Bubendorl. Switzerland) sr 20 ng/ml
of VEGF-Ay,s (Peprolech, Racky Hill, NJ11.

The culture of P-Sp explant was perfarmed as previously
reported (Takakura e 2/, 2000). QP9 cells stably transtected with
a pCAGSIH expression vector carryving the cDNA for mouse apelin
ur mock vector were used as feeder cells (0P9/apelin or OP2
vector, respectively] in the presence or ahsence of anti-apelin
monoclonal blocking antibody (4G5: see Supplementary Figure 16
tor functional analysis of this antibody o the mhibition of the
apelin/API system] or control anti-B220 mAb, Atter 7 davs of
culture, the cultured colls on OPY cells were fixed and stained with
mAbs. For the culture of dissaciated ECs from the AGM region, the
regions were excised from E11.5 ICR embrvos and dissociated by
dispase 1l (Boehringer Mannheim, Mannheim, Germany) as pre-
viously described  (Yamada and Takakura. 2006). Cells were
suspended in DMEM supplemented with 15% fetal call serum
and cultured in OP9/vector ar OP9,/apelin seeded on 24-well plates
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cultured fer 24 h in medium plus growth supplements and then
for an additional 48 b tnmedivm with or without apelin (10-100 ng,
ml). VEGF (10 ng/ml) or apelin plus VEGFE. Cell proliferation was
then evaluated by directly counting the cell number

Aortic ring culture for angiogenesis assay

Descending thoracie aortas were isolated from apelin-deficient
mice. Under a stereomicroscope, multple I-mm-thick aortic rings
were prepared. Rings were then placed berween two lavers of type |
collagen gel (Cellmatrix Type 1A, Nitta Zeratin, Osaka. Japan),
supplemented with Medium 199, 20% FBS in the presence or
absence of VEGF (20ng/ml) or apelin (200 ng/ml). The culures
were kept al 37 C in a humidified environment for a week and
examined every second day under an Qlympus nucroscope (IX70].

Statistical analysis

All data are presented as mean zstandard deviation (s.d.). For
statistical analvsis, the statcel2 software package [OMS) was used
with analysis ol vanance performed on all data followed by Tukey-
Kramer multiple comparison test. When only two groups were
compared, two-sided student’s frest was used.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(hitp://www embojournal.org).
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Differential function of Tie2 at cell-cell contacts and
cell-substratum contacts regulated by angiopoietin-1

Shigetomo Fukuhara'®, Keisuke Sako', Takashi Minami®, Kazuomi Noda', Hak Zoo Kim’, Tatsuhiko Kodama®,
Masabumi Shibuya®*, Nobuyuki Takakura®, Gou Young Koh® and Naoki Mochizuki'®

Tie2 belongs to the receptor tyrosine kinase family and functions as a receptor for Angiopoietin-1 (Angl). Gene-targeting analyses

of either Angl or Tie2 in mice reveal a critical role of Angl-Tie2 signalling in developmental vascular formation. It remains elusive
how the Tie2 signalling pathway plays distinct roles in both vascular quiescence and angiogenesis. We demonstrate here that Angl
bridges Tie2 at cell-cell contacts, resulting in frans-association of Tie2 in the presence of cell-cell contacts. In clear contrast, in
isolated cells, extracellular matrix-bound Angl locates Tie2 at cell-substratum contacts. Furthermore, Tie2 activated at cell-cell

or cell-substratum contacts leads to preferential activation of Akt and Erk, respectively. Microarray analyses and real-time PCR
validation clearly show the differential gene expression profile in vascular endothelial cells upon Angl stimulation in the presence or
absence of cell-cell contacts, implying downstream signalling is dependent upon the spatial localization of Tie2.

Vascular development is coordinated by endothelial-specific receptor
tyrosine kinases and their ligands: vascular endothelial growth factor
(VEGF)-VEGF-receptor (VEGFR), ephrin-Eph receptor, and angiopoi-
etin (Ang)-Tie receptor . The Tiel and Tie2 receptors constitute the Tie
receptor family. Gene-targeting analyses have revealed the essentiality
of these vascular endothelial receptor tyrosine kinases for vascular for-
mation '. Even after the establishment of vascular network, neavessel
[ormation is observed in ischemic diseases and tumours.

l'ie2 maintains the vascular integrity of mature vessels by enhancing
endothelial barrier function” * and inhibiting apoptosis of endothelial
cells™". Tie2 functions as a receptor tor Ang family proteins (Angl-4).
Mice averexpressing Angl develop vessels resistant to inflammatory
agent-induced leakage''. Thus, quiescence of blood vessels is thought
to be mediated by Angl-Tie2 signalling. Tie2 signalling is also sug-
gested to promote cell migration and to be involved in VEGF-induced
neovascularization and pathological angiogenesis, as opposed to the
maintenance of cell quiescence* . Consistently, Tie2 is not only tyro-
sine phosphorylated in the endothelium of normal adult tissues, but is
also highly expressed i the endothelium of neovessels of regenerating
organs and tumours'.

In the quiescent vessels, the endothelial cells tightly contact cach other
and do not proliferate’™. On the other hand, during angiogenesis, the
cells that lose cell-cell contacts are allowed to proliferate and migrate,
thereby resulting in sprouting and branching from the pre-existing

vessels to form neovasculature™. At present, it is unknown how Tie2
signalling is mvolved in both vascular quiescence and angiogenesis.
Thus, we investigated Angl-Tie2 signalling in the presence ar absence
of vascular endothelial cell-cell contacts.

RESULTS

Angl induces the translocation of Tie2 at cell-cell contacts

To first clucidate how Tie2 signalling controls vascular quiescence, we
examined the localization of Tie2 in confluent human umbilical vein
endothelial cells (HUVECs). Tie2 was broadly expressed on the plasma
membrane i unstimulated cells. After stimulation with either cartilage
oligomeric matrix protein (COMP)-Angl, a patent Angl variant "', or
native Angl, Tie2 was accumulated al the cell-cell contacts marked by
vascular endothelial cadherin (VE-cadherin) (Fig. 1a and Supplementary
Information, Fig. Sla). Similar relocation of Tie2 was observed in
human arterial endothelial cells (Supplementary Information, Fig. S1h)
The relocation of Tie2 was ohserved within 5 min after the stimula-
tion, becoming more prominent during 15-45 min (Supplementary
Information, Fig. S1c). Tie2 was then gradually endocytosed and dis-
appeared [rom cell-cell contacts. Re-exposure to COMP-Angl 6 hafter
the first stimulation re-induced accumulation of Tie2 at cell-cell contacts
(Supplementary Information, Fig. S1d-f). These findings indicate that
Angl induces relocation of Tie2 to cell-cell contacts, which s also sup-
ported by time-lapse imaging of cells expressing Tie2 carboxy-terminally

'Department of Structural Analysis, National Cardiovascular Center Research Institute, 5-7-1 Fujishiredar, Suita, Osaka 565-8565, Japan. “The Research Center far
Advanced Science and Technology, University of Tokyo, Laboratory for System Biology and Medicine, 4-6-1, Komaba, Meguro, Takyo, 153-8904, Japan “Biomedical
Research Center and Department of Biological Sciences, Korea Advanced Institute of Science and Technology, Guseong-dong. Dagjeon, 305-701, Korea. “Division of
Genetics, Institute of Medical Science, University of Tokyo, 4-6-1 Shirokane-dai, Minato-ku, Tokyo 108 8639, Japan. “Departmenl of Signal Transduction, Research
Institute of Microbial Diseases - Osaka University, 3-1 Yamada-oka, Suita, Osaka, b65-0871, Japan.

“Correspondence should be addressed to S.F. or N.M. (e-mails: Tuku@ri.ncve.go,jp; nmochizu@ri.ncve .go.jp)

Received 3 December 2007; accepted 29 February 2008; published online 20 April 2008, DOI: 10.1038/ncb1714

NATURE CELL BIOLOGY VOILUME 10 | NUMBER 5 | MAY 2008 513
© 2008 Nature Publishing Group

==



adherin

f Control COMP-A

Figure 1

va

514 NATURE CELL BIOLOGY \ ) | NUMBER N

© 2008 Nature Publishing Group

118—



