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Expression of vasohibin as a novel endothelium-
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We have previously reported on vasohibin as a novel endothelium-
derived vascular endothelial growth factor (VEGF)-inducible
inhibitor of angiogenesis. The aim of our present study was
to define the role of vasohibin in endometrioid endometrial
adenocarcinoma. We collected 78 sections of endometrial carcinoma
for assessment using immunohistochemistry. Twenty-seven were
well differentiated (G1), 25 were moderately differentiated (G2),
and 26 were poorly differentiated endometrioid adenocarcinomas
(G3). We also included 12 sections of normal cyclic endometria, six
of which were in the proliferative phase and six were in the
secretory phase. We investigated the expression of vasohibin, and
compared it to VEGF receptor-2 (VEGFR-2: KDR/flk-1), CD34, Ki-67,
VEGF-A, and D2:40 (as a lymphatic vessel marker). We assessed the
ratio of vasohibin- and VEGFR-2-positive vessels in the stroma
of endometrial carcinoma. Immunohistochemical assessment
was classified as negative or positive based on staining intensity.
Vasohibin was selectively expressed on vascular endothelial cells in
both cyclic endometria and endometrial carcinomas. Vasohibin was
highly expressed in the normal functional endmetrium of the
secretory phase, especially in the spiral artery, and was highly
expressed in all grades of endometrioid adenocarcinomas. The
stromal endothelial cells in G3 expressed vasohibin and VEGFR-2
more frequently than these in G1. In endometrioid adenocar-
cinomas, there was a significant correlation between the expression

" percentage of vasohibin and that of VEGFR-2 (P < 0.0001, 7 = 0.591).
This is the first study to elucidate the correlation between
expression of vasohibin in the stromal endothelial cells and that of
VEGFR-2 in human carcinomas. (Cancer Sci 2008)

Endometrial carcinoma is one of the most common
= gynecologic malignancies in women worldwide, and its
incidence, especially that of endometrioid endometrial
carcinoma, has recently increased.” The morbidity of
endometrial cancer is rapidly increasing in Japan. In order to
predict the behavior of aggressive tumors, various factors and/or
phenomena associated with endometrial cancer have been
studied extensively. It is well recognized that angiogenesis, the
process of formation of new vessels, is requisite for tumor
growth and enables hematogenous spread of tumor cells
throughout the body. Several studies have documented the
association between the microvessel density (MVD) and/or
the extent of endothelial proliferation and tumor stage, as well
as recurrence of endometrial cancer.”™” Angiogenesis is
determined by the local balance between angiogenic stimulators
and inhibitors. The expression of various angiogenesis
stimulators, such as vascular endothelial growth factors
(VEGFs), angiopoietins, and thymidine phosphorylase, has been
described in endometrial cancer.®'? However, the significance
of endogenous angiogenesis inhibitors in endometrial cancer is
poorly documented.

We recently isolated a novel angiogenesis inhibitor, vaso-
hibin, which is specifically expressed in endothelial cells (ECs).

doi: 10.1111/5.1349-7006.2008.00777.x
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Its basal expression in quiescent ECs is low, but it is induced in
response to angiogenic stimuli, such as VEGF-A and fibroblast
growth factor (FGF)-2, and inhibits angiogenesis in an autocrine
manner.!>Y We therefore propose that vasohibin inhibits angio-
genesis as a negative feedback regulator. Among the VEGF
family members, VEGF-A is the most important factor for ang-
iogenesis, and most of the VEGF-A-mediated signals for
angiogenesis are transduced via VEGF receptor-2 (VEGFR-
2).19 We observed that the VEGF-A-mediated induction of
vasohibin was preferentially mediated via the VEGFR-2 signal-
ing pathway.('®

In the present study, we aimed to elucidate the significance of
vasohibin in human endometrium and its disorder(s). We also
studied MVD and lymphatic vessel density (LVD). Physiologi-
cal periodic angiogenesis is observed in functional endometfia.
We therefore enrolled. functional endometria and endometrioid
adenocarcinoma, as endometriotic-type endometrial adenocarci-
noma, and compared the expression of vasohibin and VEGFR-
2. Our analysis revealed a significantly positive correlation
between vasohibin and VEGFR-2 in endometrial cancer. This is
the first study to profile the expression of vasohibin, a negative
feedback regulator of angiogenesis, in gynecologic malignancy.

Materials and Methods

Tissue specimens and dlinical data. Seventy-eight endometrioid
endometrial carcinomas (27 well differentiated, 25 moderately
differentiated, 26 poorly differentiated; 50 stage I, 3 stage II, 20
stage HI, 5 stage IV) were retrieved from the surgical pathology
files of Tohoku University Hospital, Sendai, Japan. The average
age of the patients was 55.6 * 10.7 years. The protocol for this
study was approved by the Ethics Committee at Tohoku
University School of Medicine (Sendai, Japan). Each patient
provided written informed consent before her surgery. None
of the patients examined had received irradiation, hormonal
therapy, or chemotherapy prior to surgery. The clinico-
pathological findings of the patients, including age, histology,
stage, grade, and preoperative therapy was retrieved by
extensive review of the charts. A standard primary treatment for
endometrial carcinoma at Tohoku University Hospital was
surgery consisting of total abdominal hysterectomy, salpingo-
oopholectomy, pelvic and/or para-aortic lymphadenectomy,
and peritoneal washing cytology. The lesions were classified
according to the Histological Typing of Female Genital Tract
Tumors by the World Health Organization, and staged according
to the International Federation of Gynecology and Obstetrics
system.('"!® Patients with subtypes other than endometrioid or
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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 of 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
24-48 h), paraffin embedded, and thin sectioned (3 um).

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 30min at RT with secondary
antibodies. The primary antibodies were all mouse monoclonal
antibodies and were used as follows: 2pg/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 microvessél 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 patiénts 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

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 riuclei 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 established 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%).20

Statistical analysis. Statistical analysis, such as the Student’s
t-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
<0.05.

Results

Microvessel density of endometrioid adenocarcinoma. CD34-
positive microvessel density (counts per mm?) were 41.1+3.1,
36.9+23, and 29.711.7 in Gl, G2, and G3, respectively;
35+2.70 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 spot area in the location with
the greatest number of distinctly highlighted microvessels.
In Gl, the ratio was 32.7% % 0.24; in G2, 27.5% +0.19; in G3,
5.8% +0.05; 73.2% +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 phase; and
52.45+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; 1.8020.20 in the proliferative phase; and
6.10 £ 0.50 in the secretory phase (Figs 1 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,
9471195 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 Gl (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% *+11.2 in stage 1, 61.9% + 15.5 in stage 2,

doi: 10.1111/j.1349-7006.2008.00777.x
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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% +13.0, 39.8% £ 12.8, and 47.6% t 11.5, respectively
(Fig. 1). The VEGFR-2 positive ratio in G2 was significantly
higher than in G1 and cyclic endometria. The VEGFR-2 positive
ratio in G3 was significantly higher than those of G1 and

Yoshinaga et al.

Fig. 2. (a) Immunohistochemistry in proliferative phase of cyclic
endometria. 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) Immunchistochemistry in
secretory phase of cyclic endometria. All sections stained positively as
for (a). Immunopositivity 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% t 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
233+0.76 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 3.8510.39, 42+0.37, 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 positive 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, r2=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 LI of Ki-67 (data not
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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.

Reécently, focus has been given to the importance of lym-
phangiogenesis for tumor metastasis.®? Here, we investigated
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Fig. 4. (a) Proportion of vaschibin/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 of 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 VEGF expression and increased MVD in
human solid tumors, including breast® lung,®® and gastric®V
malignancies. A similar association has been reported for nor-
mal® and malignant endometrium.®*3% Between the two
VEGEF signal transducing receptors, VEGFR-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 malignancies 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

Yoshinaga et al.
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Fig. 6. Correlation between vasohibin and vascular endothelial
growth factor receptor-2 (VEGFR-2). A strongly positive correlation was
found between vasohibin- and VEGFR2-positive ratios in microvessels in
endometrioid adenocarcinomas (P < 0.0001, 2 = 0.591).

transfection of Lewis lung carcinoma (LCC) cells with the vaso-
hibin gene did not affect the proliferation of cancer cell in vitro,
but did inhibit tumor growth and tumor angiogenesis in vivo.!?
The growth of vasohibin-producing LLC cells in mice was
significantly attenuated. In 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 tumors 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 myc
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 inhibitors 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 endomettium 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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VEGFR1 for Lymphangiogenesis
An Alternative Signaling Pathway?

Yasufumi Sato

he lymphatic vascular system is a conduit for interstitia}

fluid extravasated from blood vessels and also plays
tmportant roles in maintaining immune responses, lipid up-
take, and tissue homeostasis. In recent years, much attention
has been given to lymphangiogenesis, a formation of new
lymphatic vessels, because lymphangiogenesis has been
shown to be involved in lymph node metastasis of tumors.!

See accompanying article on page 658

The development of blood and lymphatic vascular systems is
primarily regulated by vascular endothelial growth factor
(VEGF) family members. This family consists of 5 members:
VEGF-A, VEGF-B, VEGF-C, VEGF-D, and placenta growth
factor (PIGF). There are 3 members of VEGF receptor
(VEGFR) tyrosine kinases: VEGFR1, VEGFR2, and
VEGFR3. Members of the VEGF family show different
affinities for these receptors. VEGFR1 is able to bind
VEGF-A, VEGE-B, and PIGF. VEGFR2 is activated primar-
ily by VEGF-A, but cleaved forms of VEGF-C and VEGF-D
may also activate this receptor. VEGFR3 is activated by

VEGF-C and VEGF-D. Vascular endothelial cells (ECs)

express VEGFR1 and VEGFR2, whereas lymphatic ECs
express VEGFR2 and VEGFR3 in the adult. The most
important molecule in the VEGF family that controls angio-
genesis is VEGF-A, and VEGFR?2 is the major mediator of
VEGF-A driven responses in vascular ECs. VEGFRI, on the
other hand, has a higher affinity for VEGF-A but weaker
tyrosine kinase activity. Thus, VEGFR1 on vascular ECs may
act as a counter-regulator of VEGFR2. VEGFRI1 is also
expressed by morocytes/macrophages and hematopoietic
stem cells, and in those cases, VEGFRI transduces signal for
the migration of those cells. Therefore, VEGFR-1 has a dual
function, acting in a positive or negative manner in different
cell types or circumstances. The most important molecule in
the VEGF family that controls lymphangiogenesis are
VEGF-C and VEGF-D, and VEGFR3 is the major mediator
of VEGF-C and VEGF-D driven responses in lymphatic ECs.
However, VEGF-A may stimulate VEGFR2 on lymphatic
ECs and induce lymphangiogenesis directly.?

The induction of VEGF-A is important for the initiation of
angiogenesis. The principal trigger of angiogenesis is hypox-
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ia, which induces the expression VEGF-A in various cell
types. This induction in hypoxia is mediated by a transcrip-
tion factor known as hypoxia-inducible factor 1 (HIF-1), a
heterodimeric complex of HIF-la and HIF-18 subunits,
which binds to hypoxia responsive element (HRE) in the
promoter of VEGF-A gene. Under normal oxygen tension,
the expression of VEGF-A is suppressed by the product of a
tumor suppressor gene known as the von Hippel Lindau
(VHL) gene, which is involved in the degradation of HIF-1a
through the ubiquitin proteasome system.? Angiogenesis is
normally associated with, or followed by, lymphangiogen-
esis, because defective lymphangiogenesis should cause tis-
sue edema. However, little is known about the trigger of
lymphangiogenesis. The abérrant expression of VEGF-C or
VEGF-D and its correlation with lymph node metastasis was
described in various tumors.! Nevertheless, only a few studies
have focused on the regulation of the expression of VEGF-C
or VEGF-D. A transcription factor known as nuclear factor-

- kappa B (NF-«B) or an enzyme known as cycloxygenase-2

(COX-2) is involved in the upregulation of VEGF-C in
certain cancer cells.3-S

In this issue of Arteriosclerosis, Thrombosis, and Vascular
Biology, Murakami et al propose that the signal via VEGFR1
promotes angiogenesis in parallel with lymphangiogenesis
through the récruitment of macrophages. To test the function
of VEGFRI, they use K14 Vefg-A Tg mice, Vegfrl tk™'~
mice, and a double mutant of K14 Vefg-A Tg Vegfrl tk™'~
mice. K14 Vefg-A Tg Vegfrl tk™'~ mice show a significant
decrease in angiogenesis and lymphangiogenesis in subcuta-
neous tissue where VEGF-A is overexpressed. To address the
mechanism underlying this decrease of angiogenesis and
lymphangiogenesis in K14 Vefg-A Tg Vegfrl tk™'~ mice, they
focus on the recruitment of macrophages into subcutaneous
tissue. VEGF-A augments the recruitment of macrophages
through the activation of VEGFR1 on macrophages. This
recruitment of macrophages is reduced in K14 Vefg-A Tg
Vegfrl tk™'~ mice. Moreover, K14 Vefg-A Tg mice that
receive bone marrow transplantation from Vegfrl tk™'~ mice
show the reduction of macrophage recruitment as well as the
decrease of angiogenesis and lymphangiogenesis. Thus, they
conclude that VEGF-A stimulates mobilization and recruit-
ment of macrophages from bone marrow through VEGFR1,
and that is required for angiogenesis and lymphangiogenesis.

The role of macrophage recruitment in angiogenesis has
been well documented.® In addition, several recent articles
described the involvement of macrophage recruitment in
lymphangiogenesis as well. Schoppmann et al showed that, in
certain human cancers, the density of lymphatic microvessels
was significantly increased in peritumoral stroma, and that a
subset of cells in peritumoral stroma, namely tumor-
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associated macrophages (TAMs), expressed VEGF-C and
VEGF-D. Their data indicated that the density of TAMs
producing VEGF-C and VEGF-D correlated with peritumoral
inflammatory reaction, peritumoral lymphangiogenesis, and
frequency of lymph node metastasis.”® Cursiefen et al re-
ported the relationship between VEGF-A stimulated lym-
phangiogenesis and macrophage recruitment in the suture-
induced inflammatory corneal model of mice. Administration
of VEGF Trap, a receptor-based fusion protein that neutral-
ized VEGF-A but not VEGF-C or VEGF-D, completely
inhibited both angiogenesis and lymphangiogenesis after
corneal injury. Moreover, either systemic depletion of bone
marrow-derived cells by irradiation or local depletion of
macrophages in the cornea by clodronate liposome signifi-
cantly inhibited angiogenesis and lymphangiogenesis in the
cornea.® Maruyama et al revealed that the decreased number
of macrophages correlated with the reduced lymphangiogen-
esis in the diabetic skin wound healing model.'® These reports
together with the present Murakami’s work point out the
involvement of macrophage recruitment in lymphangiogen-
esis in certain conditions.

The scenario of angiogenesis and associating (or follow-
ing) lymphangiogenesis may be as follows. The trigger of
these phenomena should be the induction of VEGF-A.
VEGF-A stimulates vascular ECs via VEGFR2 and that
initiates angiogenesis. Simultaneously, VEGF-A induces the
mobilization of bone marrow cells including monocytes via
VEGFR1. Monocytes recruit to the area of angiogenesis,
differentiate to macrophages, and produce both angiogenesis
and lymphangiogenesis stimulators. Angiogenesis stimulators
include VEGF-A, whereas lymphangiogenesis stimulators
include VEGF-C and VEGF-D. Accordingly, VEGF-A from
macrophages potentiates angiogenesis via VEGFR2 on vas-
cular ECs, whereas VEGF-C and VEGF-D from macro-
phages induce lymphangiogenesis via VEGFR3 on lymphatic
ECs. Of course, this scenario is drawn from data obtained by
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the models of pathological conditions. It is still unclear how
physiological lymphangiogenesis is regulated. What cell type
is the main source of VEGF-C and VEGF-D in the physio-
logical condition? How is the expression of VEGF-C and
VEGF-D regulated? Further studies are expected to resolve
these questions,
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