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[CANCER RESEARCH 63, 3403-3412, June 15, 2003]

Tumor-derived Vascular Endothelial Growth Factor Up-Regulates Angiopoietin-2 in
Host Endothelium and Destabilizes Host Vasculature, Supporting Angiogenesis in

Ovarian Cancer?
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ABSTRACT

Vascular remodeling in host tissues surrounding growing tumors is
implicated in the successful development of tumor neovasculature. Coop-
eration between vascular endothelial growth factor (VEGF) and angio-
poietins (Angs) is considered to be critical in this context. However, the
mechanisms regulating the coordinated expression of these molecules
remain, to date, elusive. In this study, we used a murine ovarian cancer
angiogenesis model induced by overexpression of VEGF, as well as 52
human ovarian cancer specimens and 36 established cancer cell lines to
characterize the expression and regulation of Ang-2 in the context of
tumor angiogenesis. Using a combination of immunohistochemistry, laser
capture microdissection and real-time quantitative rever se transcription-
PCR, we showed that tumor-derived VEGF significantly up-regulated the
expression of Ang-2in host stroma endothelial cells, resulting in markedly
increased Ang-2/Tie-2 mMRNA copy number ratio in vivo. In vitro experi-
ments showed that VEGF directly up-regulated Ang-2, which is mediated
via VEGF receptor-2/flk-UKDR pathway, in cultured endothelial cells
through transcriptional activation rather than the enhanced mRNA sta-
bility. In human ovarian cancer, Ang-2 was primarily expressed in stroma
endothelial cells and detectable in tumor cells of only 12% tumor speci-
mens; however, it was not detected in the majority of established ovarian
cancer cell lines. In addition, a significant correlation was observed be-
tween VEGF and Ang-2 mRNA expression (P < 0.01) but not between
VEGF and Ang-1 or Tie-2 in human ovarian cancer specimens. In the
mouse ovarian cancer model, up-regulation of Ang-2 in host stroma
endothelial cells was significantly associated with pericyte loss and insta-
bility of the host vasculature surrounding the tumor. Our study suggests
a novel mechanism by which tumor-derived VEGF interacts with Angs/
Tie-2 system in host stroma endothelial cells and induces in a paracrine
manner theremodeling of host vasculatureto support angiogenesisduring
tumor growth.

INTRODUCTION

Tumor growth is angiogenesis dependent (1). Solid tumors cannot
grow beyond 1-3 mm? without being subject to hypoxia. The subse-
guent activation of hypoxia-inducible factor up-regulates the expres-
sion of vascular endothelial growth factor (VEGF),® which switches
on the angiogenic process by promoting endothelial cell proliferation

Received 12/19/02; accepted 4/16/03.

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance with
18 U.S.C. Section 1734 solely to indicate this fact.

1 Supported by grants by the American Association of Obstetricians and Gynecologists
Foundations, National Cancer Ingtitute Ovarian Grant SPORE P01-CA83638, institutional
funding from the Abramson Family Cancer Center and Cancer Research Indtitute, and the
Department of Obstetrics and Gynecology at the University of Pennsylvania.

2To whom requests for reprints should be addressed, at Center for Research on
Reproduction and Women's Health, 1355 Biomedical Research Building I1/111, 421 Curie
Boulevard, Philadelphia, PA 19104. Phone: (215) 746-7798; Fax: (215) 573-7627; E-
mail: gcks@mail.med.upenn.edu.

3 The abbreviations used are: VEGF, vascular endothelial growth factor; Ang, angio-
poietin; VEGFR, VEGF receptor; FBS, fetal bovine serum; HUVEC, human umbilical
vein endothelial cell; RT-PCR, reverse transcription-polymerase chain reaction; GAPDH,
glyceraldehyde-3-phosphate  dehydrogenase; IHC, immunohistochemistry; «-SMA,
smooth muscle actin «; LCM, laser capture microdissection; CM, conditioned media.

and migration (2—6). VEGF is regarded as one of the earliest signals
to stimulate the multistep cascade of tumor angiogenesis (6). Al-
though various molecules are involved in this angiogenic switch,
VEGF and the Ang family have been proposed to play a predominant
role (6) because they are the only known growth factors largely
specific for vascular endothelia cells.

Central to the successful development of tumor neovasculature
is the remodeling of preexisting vasculature in host tissues sur-
rounding the growing tumor mass. Such vessels enlarge and ac-
tively engage in sprouting and branching to meet the metabolic
demands of adjacent malignancy (2—6). The molecular mecha-
nisms underlying the remodeling of host vasculature remain, to
date, elusive. Tumor cells play a paramount role in altering the
balance of pro- and antiangiogenic molecules (3), and accumulat-
ing evidence indicates that the cooperation between VEGF and
Angs may play acritical role in this context. Ang-1 maintains and
stabilizes mature vessels by promoting the adhesive interactions
between endothelial cells and surrounding cells, whereas Ang-2
might serve as a natural antagonist of constitutive Ang-1 signaling
(2, 7). During development, VEGF promotes primitive vessel
formation, and Ang-1 remodels and stabilizes these vessels (8). In
adults, destabilization by Ang-2 in the absence of VEGF has been
proposed to result in vessel regression, whereas such destabiliza-
tion in the presence of high VEGF levels facilitates the angiogenic
response (9, 10). In fact, Ang-2 can cooperate with VEGF to
induce angiogenesis, whereas Ang-1 can offset VEGF-induced
angiogenesisin vivo (11). During tumor angiogenesis, both distinct
and overlapping expression patterns of VEGF and Angs have been
reported, and vessel destabilization by Ang-2 in the presence of
VEGF has been hypothesized to induce tumor angiogenesis (9, 12).

Such synergistic effect of VEGF and Angs in angiogenesis
implies certain hitherto unknown mechanisms regulating tempo-
rally and spatially the coordinated expression of both molecules,
affording their concurrent or sequential effect on tumor angiogen-
esis. Our current knowledge on the coordinated expression and
regulation of VEGF and Angs is very limited. Ang-2 is expressed
by endothelial cells of normal tissues or tumor (8, 12). The close
correlation observed between VEGFR-2/flk-1/KDR and Ang-2 in
tumor-associated endothelium (13) suggests that the VEGF/
VEGFR-2 system may be involved in the regulation of Ang-2.
Interestingly, both VEGF and hypoxia have been shown to up-
regulate the expression of Ang-2 in cultured bovine endothelial
cells (14, 15). Collectively, these reports indicate that tumor-
derived VEGF might be implicated in the regulation of Ang-2 in
endothelial cellsin tumors and, consequently, in the remodeling of
the host vasculature.

To investigate the role of tumor-derived VEGF in regulating the
expression of Ang-2 and promoting instability in tumor-associated
vessels in vivo, we used a syngeneic murine ovarian cancer model
overexpressing VEGF164, which was recently generated in our
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laboratory (16). Here, we demonstrate that tumor-derived VEGF
remarkably up-regulates Ang-2 expression in endothelial cells of
the tumor stroma and adjacent host tissues in a paracrine manner
and that this effect is mediated by VEGFR-2. Tumor-derived
VEGF also results in a relative increase of Ang-2 to Ang-1, and
this altered Ang balance in favor of Ang-2 in combination with the
VEGF expression is associated in vivo with the loss of pericyte
support, dramatically enhanced angiogenesis, and accelerated
tumor growth.

MATERIALS AND METHODS

Cell Culture. A total of 36 human cancer cell lines and H5V, a murine-
immortalized heart endothelial cell line (17), was cultured in DMEM supple-
mented with 10% FBS (Invitrogen, Carlsbad, CA). HUVECs (Clonetics, San
Diego, CA) were cultured on gelatin as described elsewhere (18) and used
between passages 2 and 6. D8 cells (19) were maintained in DMEM supple-
mented with 4% FBS.

Retroviral Vector Construction and Infection. Theretroviral vector con-
taining murine VEGF164/GFP as well as the ID8 cell line stably overexpress-
ing VEGF164/GFP or GFP were generated as described previously (16).

In Vitro Treatment of Endothelial Cells. H5V cells and HUVECs were
seeded in 6-well plates and cultured in the corresponding complete media.
Upon reaching 90% confluence, H5V cells and HUVECs were cultured in 0.5
and 5% FBS-reduced media, respectively, for 8 h to decrease the effect of
growth factors present in the complete media. In some experiments, H5V cells
and HUVECs were incubated for 6 h in the presence of recombinant mouse
VEGF164 (R&D Systems, Minneapolis, MN) or human VEGF165 (Peprotech,
Rocky Hill, NJ), respectively, in serum-reduced culture media with or without
SU1498 (15 wm; Calbiochem, San Diego, CA). In some experiments, H5V
cells and HUVECs were incubated for 6 h in supernatants of 1D8 cells
transfected by VEGF164/GFP or control GFP virus. CM were collected every
24 h from 80% confluent cultures. All experiments were repeated at |east three
times.

Animals and in Vivo Tumor Generation. Six to 8-week-old female
C57BL/6 mice were used in protocols approved by the Institutional Review
Board of the Wistar Institute and the University of Pennsylvania. Transplant-
able syngeneic ID8 ovarian cancer s.c. model was generated as described
previously (16).

Human Ovarian Cancer Specimens. Stage | (n = 9) and stage Il or IV
(n = 43) ovarian carcinoma specimens were randomly selected from the
human tissue bank existing in our laboratory (20). The specimens used in this
study have been collected at the University of Pennsylvania Medical Center
from 2000 to present after obtaining appropriate written informed consent
under Institutional Review Board-approved protocols or at the University of
Turin, (Turin, Italy) between 1991 and 1999 after obtaining appropriate verbal
informed consent under Institutional Review Board-approved protocols.

RNA Isolation and RT-PCR. Tota RNA was isolated from 1 X 10°
cultured cells or 100-500 mg of frozen tissue with TRIzol reagent (Invitro-
gen). After treatment with RNase-free DNase (Invitrogen), RNA was addi-
tionaly purified with RNeasy RNA isolation kit (QIAgen, Valencia, CA).
Total RNA was reverse transcribed using Superscript First-Strand Synthesis
Kit for RT-PCR (Invitrogen) under conditions described by the supplier.
Reverse-transcribed cDNA was amplified in 25 ul of PCR reaction system
with Tag core PCR kit (Roche, Indianapolis, IN).

Quantitative Real-Time RT-PCR. cDNA was quantified by rea-time
PCR on the ABI Prism 7700 Sequence Detection System (Applied Biosystems,
Foster City, CA). PCR was performed using Tagman PCR core reagents or
Sybr Green PCR core reagent (Applied Biosystems) according to manufactur-
er's instructions. Specific oligonucleotide primers and probes (Table 1) were
designed based on published sequences. To avoid false-positive results attrib-
utable to the amplification of contaminated genomic DNA in the cDNA
preparation, al primers were designed to reside on exons separated by an
intron. A novel set of primers and Tagman probe for quantification of all
murine VEGF isoforms by real-time RT-PCR were used as described previ-
ously (21, 22). PCR amplification of the housekeeping gene, GAPDH, was
performed for each sample as control for sample loading and to allow nor-
malization among samples. A standard curve was constructed with PCR-I|

Table1 Primer sequences

Sequence

GAA GTC CCA TGA AGT GAT CAA G
TCA CCG CCT TGG CTT GTC A
GCC AGC ACA TAG AGA GAA TGA GC

Primer name

mVEGF outer F
mVEGF outer R
mVEGF common F

mVEGF120 R CGG CTT GTC ACA TTT TTC TGG
mVEGF164 R CAA GGC TCA CAG TGA TTT TCT GG
mVEGF188 R AAC AAG GCT CAC AGT GAA CGC T
mVEGF common probe ACA GCA GAT GTG AAT GCA GAC CAA AGA AAG
mGAPDH F CCT GCA CCA CCA ACT GCT TA
mGAPDH R TCA TGA GCC CTT CCA CAA
mMGAPDH probe CCT GGC CAA GGT CAT CCA C
mCD31 F GTT CAC CTT CTG TGA GGA GAT GG
mCD31 R ATC TCC AGC GCA CTCTTGCTA T
mflt-1 F ACC TGT CCA ACT ACC TCA AGA GC
mflt-1 R CTGGTT CCAGGCTCTCTTTCT T
mKDR/flk-1 F CGA CAT AGC CTC CAC TGT TTA TG
mKDR/flk-1 R TTT GTT CTT GTT CTC GGT GAT GT

ATT TGA AGT TTA TGG CTG CAA GA
ATT GGA TGC TGT AAT CTG GGA GT

mNeuropilin-1 F
mNeuropilin-1 R

mAng-1 F CCA TGC TTG AGA TAG GAA CCA G
mAng-1 R TTC AAG TCG GGA TGT TTGATT T
mAng-2 F AGC AGA TTT TGG ATC AGA CCA G
mAng-2 R GCT CCT TCA TGG ACT GTA GCT G
mTie-l F TGG AGT CCA CTG TGA AAA GTCA
mTie-l R GCA TCG TCC CTA TGT TGA ACTC
mTie-2 F CGG CTT AGT TCT CTG TGG AGT C
mTie-2 R GGC ATC AGA CAC AAG AGG TAG G
hVEGF F AAC CAT GAA CTT TCT GCT GTC TTG
hVEGF R TTC ACCACT TCGTGA TGA TTC TG
hAng-1 F GTT AAT GGA CTG GGA AGG GAA C
hAng-1 R GCT GTC CCA GTGTGA CCT TTT A
hAng-2 F AGA TTT TGG ACC AGA CCA GTG A
hAng-2 R GGA TGA TGT GCT TGT CTT CCA T
hTie2 F GTT CTGTCT CCCTGA CCCCTA T
hTie-2 R TAA GCT TAC AAT CTG GCC CGT A
hGAPDH F CCT GCA CCA CCA ACT GCT TA
hGAPDH R CAT GAG TCC TTC CAC GAT ACC A
hGAPDH probe CCT GGC CAA GGT CAT CCA C

TOPO cloning vector (Invitrogen) containing the same inserted fragment and
amplified by the real-time PCR. Each sample was run twice, and each PCR
experiment included two nontemplate control wells. PCR products were con-
firmed as single bands using gel electrophoresis. The absolute copy number of
some target genes were calculated as described previously (21).

mRNA Stability Assay. After incubation with VEGF or VEGF plus
SU1498 for 2 h, the transcription inhibitor actinomycin D (Sigma, St. Louis,
MO) was added to the culture media at a concentration of 7.5 ug/ml. Tota
mMRNA was isolated at 0, 2, 4, 6, and 8 h as above, and Ang-2 mRNA levels
were quantified by real-time quantitative PCR and normalized against GAPDH
(21). The haf-life of Ang-2 mRNA was caculated using the Sigmaplot
software (SPSS, Chicago, IL).

IHC and Image Analysis. IHC was performed using the Vectastain ABC
kit as described by the manufacturer (Vector, Burlingame, CA). All primary
antibodies, rat antimouse CD31 (1:200; Pharmigen, San Diego, CA), mouse
antihuman CD31 (1:30; Dako, Carpinteria, CA), goat anti Ang-2 (1:60; Santa
Cruz Biotechnology, Santa Cruz, CA), Cy3-labeled mouse anti-a-SMA sub-
unit (1:1200; Sigma) were incubated on sample sections for 1 h. CD31 staining
density and vessel diameter were analyzed using Image-Pro Plus 4.1 software
(Media Cybernetics). Immunofluorescent double staining was performed as
described previously (16). The avidin-labeled Texas Red and 7-amino-4-
methylcoumarin-3-acetic acid were purchased from Vector.

LCM. LCM was performed with the uCUT Laser-MicroBeam System (SL
Microtest, Jena, Germany). LCM was performed as previously described (23),
implementing minor modifications suggested by the manufacturer. RNA was
isolated by Micro RNA Isolation kit (Refs. 23, 24; Stratagene, La Jolla, CA).
IHC-assisted LCM (immuno-LCM) of endothelial cells was performed as
described by others (24, 25) using CD3L1 rapid IHC staining with the avidin-
biotin complex method.

Statistical Analysis. Data analysis was performed using SPSS statistics
software package (SPSS). Statistical significance was determined by the two-
tailed Student’s t test. P < 0.05 was used for significance. The data were
shown as mean + SE or mean * SD, as described in figure legends.
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Fig. 1. A mouse model to study VEGF-induced angiogenesis in ovarian cancer. A, wild-type (WT) ID8 cells express three major murine VEGF isoforms, as well as VEGF
receptor-1/flt-1 and coreceptor neuropilin-1 but not Angs or their receptors. Control murine immortalized endothelial cell line H5V expresses Ang-2, Tie-1, and Tie-2 but not Ang-1.
B, aremarkably higher density of CD31-positive capillaries (red: CD31-positive capillary, Texas Red; green: GFP-positive tumor cell; blue: 4',6-diamidino-2-phenylindole) is seen
in atypica VEGF/GFP tumor as compared with the control GFP tumor. Numbers indicate the relative density (mean + SE) of CD31-positive capillaries in tumor islets, as assessed
by computer-aided image anaysis. Capillary density is significantly higher in VEGF/GFP tumors than in control GFP tumors (P < 0.05).

RESULTS

A Mouse Model to Study VEGF-induced Angiogenesisin Ovar -
ian Cancer. A murine ovarian cancer angiogenesis model induced by
overexpression of VEGF164 (16) was used in this study. To test
whether this model is suitable for investigating the mechanisms im-
plicated in the regulation of Ang-2 in host stroma endothelial cells by
tumor-derived VEGF, we first examined the expression in vitro of
VEGF, Angs, as well as their receptors in 1D8 epithelial ovarian
cancer cells (Fig. 1A). It is noteworthy that 1D8 cells do not express
Angs or their receptors and will therefore be a most unlikely source
of Ang production (Fig. 1A). As previously described (16), tumor-
derived VEGF overexpression significantly enhanced tumor angio-
genesis and accelerated tumor growth in vivo. Tumors overexpressing
VEGF164 exhibited a significantly higher density of capillaries as
compared with control tumors (P < 0.05; Fig. 1B). In addition, we
analyzed molecular profiling of genes implicated in angiogenesis in
the whole tumor specimens from this model, including VEGF iso-
forms VEGF120, VEGF164 and VEGF188; the VEGFR-1 flt-1; the
VEGFR-2 flk-1/KDR; the VEGF164 coreceptor neuropilin-1; as well

as CD31, by quantitative real-time RT-PCR. VEGF164 was overex-
pressed in VEGF164/GFP tumors as 3.5-fold compared with the GFP
tumors, whereas other VEGF isoforms were not significantly differ-
ent. All angiogenesis-associated genes tested were up-regulated in
VEGF/GFP tumors as expected (data not shown). CD31 and
VEGFR-2 flk-1/KDR levelsin VEGF164/GFP tumors were 3.23- and
1.55-fold higher, respectively, compared with GFP tumors.

Ang-2 Expression and Ang-2/Tie Ratio Are Significantly In-
creased in VEGF-overexpressing Tumors. We quantified the ab-
solute mMRNA copy numbers of Ang-1, Ang-2, and Tie-2 in VEGF-
overexpressing and control tumors by quantitative real-time RT-PCR.
All following gene expression values are in numbers of gene copies/
10,000 copies of GAPDH. Expression of Ang-1 was not significantly
different between VEGF-overexpressing tumors (22.7 + 6.5) and
control tumors (14.7 = 4.3; P = 0.334; Fig. 2A). Expression of Ang-2
was significantly up-regulated in VEGF-overexpressing tumors
(23.1 + 6.9) as compared with control tumors (5.3 = 2.5; P = 0.041;
Fig. 2B). The increased fold (4.40-fold) of Ang-2 was higher than that
of the endothelial cells marker, CD31 (3.23-flod). Expression of Tie-2

A B C
o0 —

=3 f‘w e f«n- - P=0.804 w T
B 5 —P<0.001 g E A 3 é - —___P<0.001
Egm 1P<0.001 E ot i P=0.198 E | ;
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gs™ g3 ., f P=0.041 Sfé
&g, P=0.334 og, T o= P=0.180
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EZS Ang-1| E < # Ang2| ETZ v e EEEmTE D

D E
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Fig. 2. Ang-2 expression and Ang-2/Tie ratio are significantly increased in VEGF-overexpressing tumors. The absolute mMRNA copy numbers of Ang-1, Ang-2, and Tie-2 in tumors
and 15 normal mouse tissues were quantified by a real-time RT-PCR strategy described in “Materials and Methods.” A-C, mMRNA copy numbers of Ang-1 (A), Ang-2 (B), and Tie-2
(C) in normal organs as well as GFP and VEGF/GFP tumors. D and E, ratios of mRNA copy number of Ang-1/Tie-2 (D) and Ang-2/Tie-2 (E) in normal organs and tumors. All gene

expression values are in numbers of gene copies/10,000 copies of GAPDH.

3405

Downloaded from cancerres.aacrjournals.org on February 21, 2013
Copyright © 2003 American Association for Cancer Research


http://cancerres.aacrjournals.org/
http://www.aacr.org/

TUMOR-DERIVED VEGF UP-REGULATES ANG-2 IN ENDOTHELIUM

Table2 Expression of Angs/Tie-2 system in normal organs and ID8 tumors mRNA copy number (target gene/10,000 GAPDH)

Spleen (n = 8) Heart (n = 6) Liver (n = 11) Kidney (n = 6) GFP tumor (n = 5) VEGF/GFP tumor (n = 5)
Ang-1 147.57 + 28.08 314.60 + 214.05 25.30 + 17.55 98.54 + 26.71 14.70 + 9.53 22.67 * 14.46
Ang-2 19.96 + 9.86 8.08 = 3.28 5.84 + 2.64 19.55 + 4.94 5.26 + 550 23.15 + 551
Tie-2 132.45 + 35.47 288.36 + 177.64 222.03 £ 98.03 183.40 + 70.58 2554 + 12,53 38.80 = 15.84

in VEGF-overexpressing tumors (38.8 = 7.0) was not significantly
different from control tumors (25.5 + 5.6; P = 0.180; Fig. 2C).

Because Ang-1 and Ang-2 compete for binding to Tie-2 and their
molar ratio might determine the balance of Angs/Tie-2 system (26).
Next, we computed the ratios of Ang-1 to Tie-2 (Ang-U/Tie-2) and
Ang-2to Tie-2 (Ang-2/Tie-2) mRNA copy numbers. It was found that
the Ang-1/Tie-2 ratio was not significantly different between VEGF-
overexpressing tumors and control tumors (P = 0.816; Fig. 2D).
However, the Ang-2/Tie-2 ratio was significantly higher in VEGF-
overexpressing tumors (0.649 =+ 0.397) as compared with control
tumors (0.175 = 0.156, P = 0.027; Fig. 2E). The above results
collectively show that tumor angiogenesis triggered by VEGF is
associated with significantly increased expression of Ang-2, aswell as
a dramatic increase of Ang-2/Tie-2 but not Ang-1/Tie-2 ratio.

To gain more insight on the alterations of the Angs system asso-
ciated with malignancy, we examined the expression of Ang-1,
Ang-2, and Tie-2 in 15 normal organs, including spleen, heart, kidney,
liver, ovary, bladder, nasal-associated lymph tissue, colon, stomach,
uterus, muscle, eye, fat, tongue, and brain by quantitative real-time
RT-PCR. A marked variability was noted in the expression of Ang-1,
Ang-2, and Tie-2 in normal organs (Table 2). Overal, normal organs
expressed significantly higher Ang-1 and Tie-2 levels compared with
tumors (both P < 0.001; Fig. 2, A and C). Although several organs
expressed markedly lower levels of Ang-2 than tumors, averaged
Ang-2 levels in normal organs were not significantly different from
those detected in tumors (Fig. 2B). Relatively high Ang-2 levels were
detected in kidney and spleen (Table 2). The Ang-2/Tie-2 ratio was
significantly higher in tumors as compared with average normal
organs (P < 0.05), and the highest levels were seen in VEGF-
overexpressing tumors (P = 0.027; Fig. 2E), whereasthe Ang-1/Tie-2
ratio was not significantly different between tumors and normal
organs (al P > 0.05; Fig. 2D). These results collectively show that
malignant angiogenesis is characterized by an increased Ang-2/Tie-2
ratio compared with normal organs and that VVEGF overexpression by
the tumor is associated with an additional increase in the Ang-2/Tie-2
ratio.

Ang-2 Is Up-Regulated in Stroma Endothelial Cellsin Vivo.
We next sought to identify the cell type of origin of Ang-2 invivoin
ID8 tumors. By IHC, Ang-2 was immunolocalized to the vessels
located in the stroma among tumor islets (Fig. 3A), as well as the
stroma connecting tumors to the underlying skeletal muscles. Double
immunofluorescent staining revealed that Ang-2 was exclusively ex-
pressed in CD31-positive endothelial cells (Fig. 3B) but not in
a-SMA-positive pericytes surrounding tumor-associated vessels
(Fig. 3C). No immunoreactive Ang-2 was detected in D8 tumor cells.

To assess whether the observed increase in Ang-2 in vivo in
VEGF-overexpressing tumors was related to an increase in the endo-
thelial mass alone or also to up-regulation of Ang-2 in individual
endothelial cells, we quantified Ang-2 in microdissected endothelial
cells. A highly pure population of CD31-positive endothelial cellswas
procured by immuno-LCM from tumor stroma (Fig. 3D). The expres-
sion of Ang-2 in microdissected endothelia cells was confirmed by
regular RT-PCR (Fig. 3E). Quantitative real-time RT-PCR reveaed
that Ang-2 expression was 4.6-fold higher (P < 0.05) in endothelial
cells from VEGF-overexpressing tumors compared with control tu-
mors (Fig. 3F). Because the only difference between these two tumors
was the amount of VEGF released by tumor cells, we hypothesized
that tumor-derived VEGF up-regulated Ang-2 expression in individ-
ual endothelial cells in vivo.

VEGF Increases Ang-2 Transcription in Cultured Endothelial
Célls via KDR. To investigate whether tumor-derived VEGF can
directly regulate the expression of Ang-2 in endothelia cells, we
treated cultured HUVECs and immortalized murine endothelial
H5V cells with CM from VEGF/ GFP and GFP-transfected 1D8 cells.
HUVECs incubated with CM from VEGF/GFP D8 cells expressed
significantly higher levels of Ang-2 compared with cells incubated
with CM from control GFP 1D8 cells (Fig. 4A). Furthermore, CM
from VEGF/GFP 1D8 cells induced a markedly higher up-regulation
of Ang-2 mRNA levelsin H5V cells compared with CM from GFP
ID8 cells. This effect could be entirely abrogated by the selective
tyrosine kinase inhibitor SU1498 (27), which specifically inhibits
VEGFR-2-dependent activation (Fig. 4B). To additionaly test

§T °|
0
E g5 s|F P<0os -
28 .
oo |
2 s
82
Ang-2 &
1200P m— § 1 i
g i
Control VEGF

Fig. 3. Tumor-derived VEGF up-regulates Ang-2 expression in individual stroma endothelial cellsin vivo. A, Ang-2 is expressed in blood vessels of the stroma located between
tumor and adjacent skeletal muscles. M: skeletal muscle, S: stroma, Star: vessel. B, Ang-2 (red, Texas Red) is expressed in CD31-positive endothelial cells (blue, AMCA). C, Ang-2
(blue, AMCA) is absent in a-SMA-positive pericytes (red, Cy-3). D, microdissection of CD31-positive endothelial cells from the tumor stroma by LCM. Star: CD31-positive vessel.
E, Ang-2 is detected by regular RT-PCR in total RNA extracted from endothelial cells procured by LCM. A single and clear band representing Ang-2 is noted at ~120 bp. F, real-time
RT-PCR performed on microdissected endothelia cells reveas significantly higher levels of Ang-2 in VEGF/GFP tumors compared with control GFP tumors. Data are shown as

mean = SE.
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B [ +P<0.05 H5V T H5V Ang-2, Tie-2 expression is not dependent on VEGF but isregulated by
g . I E’ alternate paracrine factors released by tumor cells.
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Fig. 4. VEGF increases Ang-2 transcription in cultured endothelial cells via KDR.
mRNA level of Ang-2 or Tie-2 in cultured endothelia cells was quantitated by real-time
RT-PCR. A, HUVECs were cultured in CM from GFP- (control-CM) or VEGF/GFP-
transfected (VEGF-CM) 1D8 cells for 6 h. B, H5V cells were cultured in regular media
(control), control-CM, or VEGF-CM with or without SU1498 for 6 h. C, HUVEC cells
were treated with human VEGF165 with or without SU1498 (15 um) for 6 h. D, H5V cells
were treated with murine VEGF164 with or without the presence of VEGFR-2 inhibitor
SU1498 (15 um) for 6 h. E, H5V cells were treated with murine VEGF164 for 1-12 h.
Ang-2 mRNA is up-regulated by VEGF in a time-dependent manner. F, VEGF or VEGF
plus SU1948 treatment does not significantly affect the mRNA stability of Ang-2in H5V.
Log-linear regression lines of mMRNA degradation of Ang-2 are shown. G, H5V cellswere
cultured in regular media (control), in control-CM, or VEGF-CM for 6 h. H, H5V cells
were treated with murine VEGF164 for 6 h. All experiments were repeated at least three
times. Data are shown as mean = SD.

whether VEGF can directly induce Ang-2 expression in endothelial
cells and to identify the VEGF receptor(s) mediating this process, we
treated HUVECs and H5V cells with recombinant human VEGF165
and murine VEGF164, respectively. Ang-2 mRNA levels were up-

3
Py

and medium caliber blood vessels in human ovarian carcinoma sam-
ples (Fig. 6A). Ang-2-positive blood vessels were predominantly
localized in tumor stroma. In agreement with recent reports that tumor
cells may express Ang-2 (28—30), Ang-2-positive tumor cells were
detected in tumor islets of 12% samples analyzed (Fig. 6B), and
double IHC staining confirmed the coexpression of Ang-2 and cyto-
keratin, indicating that select tumor cells may produce Ang-2 in vivo
(Fig. 6C). To confirm that tumor cells indeed express Ang-2, we
examined 36 human cancer cell lines and detected Ang-2 mRNA
clearly in 7 of 14 ovarian, 9 of 13 colon, 3 of 5 breast, and 3 other
tumor cell lines (Fig. 6D). However, quantitative rea-time RT-PCR
revealed that only 4 of 36 cell lines, including ovarian cancer line
OVCARS5, had Ang-2 mRNA levels comparable with the average
Ang-2 mRNA levels observed in human tumor samples, whereas the
remainder lines displayed 100-1000-fold lower levels of Ang-2
mRNA compared with the average levels detected in human tumor
samples (Fig. 6E). To additionally address the origin of Ang-2 pro-
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Fig. 5. Ang-2 and VEGF mRNA levels correlate in human ovarian carcinoma. mRNA was isolated from 52 human ovarian carcinoma samples and quantitated by real-time RT-PCR.
Significant correlation is noted between the mRNA levels of Ang-2 and VEGF (P < 0.01; B) but not between VEGF and Ang-1 (P = 0.974; A) or Tie-2 (P = 0.728; C).
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Fig. 6. Ang-2 is primarily expressed in stroma endothelial cellsin human ovarian carcinoma. A-C, immunohistochemical staining of Ang-2 in human ovarian carcinoma specimens.
Ang-2 is highly expressed by endothelial cells in the stroma (A and B) as well as the tumor islets of 12% patients (B). Double staining shows Ang-2 (red, AP) coexpressed in
cytokeratin-positive tumor cells (brown, 3,3'-diaminobenzidine) in select specimens (C). V: vessel, T: tumor islet. D, mMRNA expression of Ang-2 in human cancer cell lines studied
by RT-PCR. Ang-2 mRNA is detected clearly in ovarian (7 of 14), colon (9 of 13), breast (3 of 5), and other (3 of 4) cancer cell lines cultured in vitro. E, quantitation of Ang-2 mRNA
in human cancer cell lines by real-time RT-PCR. Only 4 of 36 cell lines exhibit high levels of Ang-2 (comparable with the average Ang-2 mRNA levels detected in human tumor
specimens), whereas 11 of 36 cell lines show Ang-2 levels at ~1/100—1/1000 of the average level detected in human tumor samples. F and G, tumor islets and surrounding stroma
were microdissected from 10 advanced stage ovarian tumors by LCM (F). mRNA levels of Ang-1, Ang-2, and Tie-2 in each pair of the microdissected islet and stroma were quantitated
by real-time RT-PCR. Ang-1 mRNA level is higher in 4 of 10 stroma samples and lower in 6 of 10 stroma as compared with matched islet samples; Ang-2 is higher in 8 of 10 stroma
and slightly lower in 2 of 10 stroma versus matched islet samples, and Tie-2 is significantly higher in 10 of 10 stroma versus matched islet samples.

duction in human ovarian carcinoma, 10 stage |1l ovarian carcinoma in 2 of 10 as compared with the matched tumor islet specimens (Fig.

samples were subject to LCM to isolate tumor islets and matched 6G). However, Ang-2 mRNA level was higher in 7 of 10 stroma

surrounding stroma (Fig. 6F). Ang-1 mRNA level was higher in 3 of  specimens, lower in 2 of 10 stroma specimens, and similar in 1 of 10

10 stroma specimens, lower in 5 of 10 stroma specimens, and similar  stroma specimens ver sus the matched tumor islet specimens (Fig. 6G),
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suggesting that Ang-2 is primarily produced by stroma-derived host
cells. Interestingly, Tie-2 mRNA levels were significantly higher in
stroma as compared with the matched idlets in all 10 samples tested
(Fig. 6G). The above data collectively indicate that in human ovarian
carcinoma Ang-2 is primarily expressed in stromal vascular endothe-
lial cells but not tumor cells.

Up-Regulation of Ang-2 in Endothelium Induced by Tumor-
derived VEGF |s Associated with Pericyte Loss and Vascular
Instability. Tumor microvasculature displays immature features, ex-
hibiting a discontinuous or entirely absent pericyte layer (31, 32). The
mechanisms underlying the disruption of pericyte layer are not un-
derstood, but recent evidence has implicated a cooperation between
VEGF and Ang-2 (2, 33). To investigate how VEGF overexpression
and consequent up-regulation of Ang-2 in stroma endothelial cells
affect pericytes in vivo, we studied the prevalence of pericytesin the
vasculature surrounding tumors. a-SMA was used as a marker for the
identification of pericytes by immunostaining. We first examined host
vasculature associated with tumors but at relatively distant sites, i.e.,
within the skeletal muscles underlying flank tumors. Large and me-
dium caliber vessels residing in skeletal muscles next to GFP tumors
were surrounded by a continuous layer of «-SMA-positive pericytes.
However, vessels examined in skeletal muscles adjacent to flank
tumors overexpressing VEGF exhibited a more destabilized pheno-
type, with a disarrayed pericyte layer (Fig. 7C). Next, we examined
the host vasculature closer to tumors, i.e., located in the stroma
connecting tumor nodules adjacent to skeletal muscles. A great num-
ber of large vessels could be seen in this location (Fig. 7A). Although
destabilized features with disorganization of the pericyte layer was
observed in both tumor groups, pericyte loss was markedly more
prominent—and even complete in some cases—in the stroma sup-
porting VEGF/GFP tumors compared with control GFP tumors (Fig.
7E). The percentage of blood vessels lacking >50% of the pericyte
layer was significantly higher in the VEGF164/GFP group
(72.1 = 5.6%) than the control GFP group (39.4 * 7.9%; P < 0.05;
Fig. 7B). These differences were specific only for large and medium
caliber vessels. In both tumor types, capillaries located within skeletal
muscles (Fig. 7C) the stroma (Fig. 7E) or within the tumors (Fig. 7D)
were barely covered by a-SMA-positive pericytes, in keeping with
previous reports that pericytes are absent in capillaries (32). These
data collectively provide the evidence that tumor VEGF overexpres-
sion is associated with distant paracrine effects on the supporting host
vasculature, inducing a destabilized phenotype with loss of the peri-
cyte layer.

To investigate whether similar vascular instability also occurs in
human ovarian carcinoma, we examined 51 human ovarian carcinoma
samples in seria sections using IHC for «-SMA and CD31. The
distribution of pericytes in human samples was very similar to what
was observed in the mouse model. A remarkable loss of pericytes was
observed in 25.5% (13 of 51) of ovarian carcinoma specimens. Large
and medium caliber vessels were detected within tumor stroma, which
displayed a severely disrupted pericyte layer, with some tumors en-
tirely lacking pericytes around stroma vessels (Fig. 7G).

DISCUSSION

Central to the successful development of tumor neovasculature is
the remodeling of preexisting vessels in host tissues surrounding the
growing tumor mass. Cooperation between VEGF and the Ang system
is considered to be critical in this context. In this study, we showed
that endothelial cells of tumor-associated host vasculature are the
primary source of Ang-2 in tumors and demonstrated that the coor-
dinated expression of VEGF and Ang-2 in the context of tumor
angiogenesisis because of a paracrine mechanism mediated by tumor-

derived VEGEF in vivo. In addition, the in vitro experiments demon-
strated that this effect is mediated via VEGFR-2/flIk-2/KDR, which is
dose- and time-dependent and resulted from transcriptional activation
rather than enhanced mRNA stability. In agreement with the demon-
strated interaction between VEGF and Ang-2 in the mouse model, we
found a significant, positive correlation between the two moleculesin
many human ovarian carcinoma specimens.

Remodeling of the tumor-associated host vasculature entails struc-
tural destabilization with disruption of the pericyte mantle (31, 32).
The important role of Ang-2 in inducing vascular stability in the
context of tumor angiogenesis has been suggested by histopatholog-
ical observations (29) and by a xenograft gastric cancer model over-
expressing Ang-2 (33). Importantly, the angiogenic response requires
concomitant activity by Ang-2 and VEGF because Ang-2 alone may
result in vessel regression (9, 10). In keeping with these reports, we
found that VEGF overexpression in the tumor led to increased vas-
culature destabilization in surrounding host tissues. A significantly
higher prevalence of pericyte loss was seen in the stroma surrounding
VEGF-overexpressing tumors compared with control tumors. In ad-
dition, these vascular abnormalities were more extensive in host
tissues associated with VEGF-overexpressing tumors, reaching into
the adjacent flank muscles, whereas they could not be detected in
muscle underlying control tumors. Importantly, these effects were
associated with a concomitant up-regulation of Ang-2 both within the
tumor in general, as well as within tumor endothelium of host stroma.

Thus far the mechanism by which Ang-2 promotes the disruption of
the pericyte layer remains elusive. However, evidence indicates that
Ang-2 may be a natural antagonist of Ang-1 and that pericyte loss
induced by Ang-2 may be the result of competitive inhibition of
Ang-1 binding to the shared receptor Tie-2 (2, 8). Because the balance
between Ang-1 and Ang-2 appears to hold the switch to vascular
remodeling, we used quantitative real-time RT-PCR to measure the
absolute copy numbers of Ang-1, Ang-2, and Tie-2 in the mouse
tumor model. VEGF overexpression was associated with a significant
increase in Ang-2 but not Ang-1 or Tie-2 copy numbers. As a result,
in tumors with VEGF overexpression, the mRNA copy number ratio
of Ang-2/Tie-2 is significantly higher than control tumor. This was
associated with increased vascular instability, supporting the notion
that the dynamic balance between Ang-1, Ang-2, and Tie-2, rather
than the expression level of individual genes, may be critical for the
regulation of vascular stability.

The effect of Ang-2 on tumor growth has been extensively studied
(28, 33-36), but the reported results have not been consistent. Impor-
tantly, most of the above studies are based on the effects of exogenous
Ang-2 or overexpression of Ang-2 by tumor cells (28, 33-36). Al-
though at physiological concentrations Ang-2 may antagonize Ang-1
promoting vascular instability (5, 8), in vitro data have shown that at
high concentrations Ang-2 can function as an agonist (37). Therefore,
it is questionable whether tumor models examining the effects of
Ang-2 overexpression in vivo after transfection of tumor cells can
accurately recapitulate the effects of a physiological Ang-2 increase.
Various reports have shown that Ang-2 may be expressed in human
solid tumors (12, 28, 29, 35, 36, 38—40). Interestingly, hypoxia may
up-regulate Ang-2 expression in certain cancer cell lines (29), sup-
porting its role in promoting angiogenesis in tumors. Our data show
that a small proportion of established ovarian cancer cells express
Ang-2 and that in vivo Ang-2 mainly derives from stroma endothelial
cells rather than tumor cells. Only in select cases, Ang-2 was also
expressed at high levels in tumor cells. Our tumor model, therefore,
accurately recapitulates molecular events occurring in human ovarian
cancer, where tumor cell-derived VEGF drives the expression of
Ang-2.

On the basis of our findings, an integrated model of VEGF-Ang-2
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Fig. 7. Up-regulation of Ang-2 in endothelium induced by tumor-derived VEGF is associated with pericyte loss and vascular instability. A and B, summary of vascular stability in
mouse tumors as assessed by pericyte immunostaining with amonoclona antibody against a-SMA. A, H& E-staining depicts the three areas investigated for the distribution of pericytes
(from right to left): tumor, surrounding stroma and adjacent skeletal muscle. B, quantitative evaluation of the pericyte layer in stroma vessels. A significantly larger fraction of stroma
vessels lack >50% of the pericyte layer in VEGF-overexpressing tumors compared with control tumors. Data are shown as mean + SE. C—F, pericyte detection in mouse tumors. C,
in skeletal muscles underlying control GFP tumors, medium caliber vessels are surrounded by a continuous layer of a-SMA-positive pericytes, whereas in skeletal muscles underlying
VEGF164/GFP tumors, the pericyte layer is disrupted (arrowhead). a-SMA-negative capillaries are noted (arrows). D, abundant a-SMA-negative capillaries are seen in a tumor islet
in VEGF-overexpressing tumors (or control tumors, data not shown). E, in stroma surrounding control GFP tumors, large and medium caliber vessels are surrounded by a continuous
layer of pericytes. Arrows show capillaries. In stromasurrounding VEGF164/GFP tumors, large and medium caliber vessels exhibit disrupted a-SMA-positive pericyte layer or complete
loss of pericytes. Arrows show capillaries. F, CD31 immunostaining depicting a longitudina section of a medium caliber blood vessel in the stroma of a VEGF164/GFP tumor. a and
b are high-power fields of two different loci on this vessel. Endothelial cell crowding is noted with an inner layer of longitudinally oriented cells and an outer layer of CD31-positive
cuboidal cellswith nuclei orientated perpendicularly to the vessel axis. @ and b’ are areas matched to a and b, respectively, from an adjacent section. Disruption of the a-SMA-positive
pericyte layer is noted in these areas. G, pericyte detection in human ovarian carcinomaby a-SMA immunostaining. A typica medium caliber vessel is shown in the stroma of a human
ovarian carcinomasample. CD31 immunostaining defines the endothelial cell layer (top). The pericyte layer isamost entirely lost, as assessed by a-SMA immunostaining of an adjacent
section (middle). Few a-SMA-positive pericytes are seen in a high-power field (bottom). Blue (AMCA) = CD31; red (Cy-3) = «-SMA; green (GFP) = tumor cells; brown = 3,3'-
diaminobenzidine.
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Fig. 8. Proposed model of enhanced tumor angiogenesis viaVEGF-induced up-regulation of Ang-2 in host endothelium. A, in endothelial cells of the normal host tissues, the balance
of Ang-1 and Ang-2 in the microenvironment affords microvasculature stability. Growing nearby tumors undergo hypoxia, up-regulating VEGF, which induces in a paracrine fashion
up-regulation of Ang-2 in the endothelium of adjacent host vessels. Increased Ang-2 secretion by the endothelium acts to perturb the preexisting interactions between Ang-1 and
endothelial Tie-2, resulting in loss of pericytes and destabilization of the vascular walls, a sine qua non for the support of angiogenesis in the developing tumor. B, the hypothesized
molecular events underlying vascular stability are depicted. Ang-1 and Ang-2 compete for binding to Tie-2. Excess of Ang-1, partly derived from the pericyte layer, ensures vascular
integrity. C, tumor-derived VEGF up-regulates endothelial Ang-2 in proximal host vessels via VEGFR2/flk-1/KDR, which in an autocrine fashion results in competitive perturbance

of the Ang-1/Tie interactions.

cooperation could be hypothesized (Fig. 8). In thismodel, normal host
tissues exhibit stable microvasculature, which is afforded by excess
Ang-1 production in the microenvironment, partly derived from the
pericyte layer (41). Tumor-derived VEGF produced in response to
hypoxia, growth factors, and/or genetic alterations (42) induces—via
VEGFR-2/KDR—up-regulation of Ang-2 in the endothelium of host
vessels adjacent to the tumor. Increased Ang-2 secretion by the
endothelium acts in an autocrine manner to perturb the preexisting
interactions between Ang-1 and endothelial Tie-2. This resultsin loss
of pericytes and destabilization of the vascular walls, according to
current views (2, 7). Therefore, VEGF, in its function as a master
regulator of the angiogenic switch, promotes angiogenesis through
multiple and complementary mechanisms. Not only does it promotes
the recruitment and proliferation of endothelial cells and their precur-
sors within the tumor, but it also furnishes nearby host vessels the
necessary plasticity to support angiogenesis in developing tumors.
The fact that VEGF can up-regulate flk-1/KDR (43) and neuropilin-1
(44) in cultured endothelial cells provides additional evidence of the
complexity of the molecular events constituting the angiogenic
switch.

Many questions still remain to be addressed concerning the inter-
actions of VEGF and Ang-2 in the context of tumor angiogenesis. For
example, the role of other VEGF isoforms in this process needs to be
investigated because different isoforms may play distinct roles in
tumor angiogenesis (45, 46). Furthermore, additional tumor-derived
factors may contribute to the destabilization of host vasculature
through the down-regulation of endothelial Tie-2, as our in vitro and
in vivo findings suggest. In addition, we investigated these interac-
tions during the growth of established tumors (i.e., 10 weeks after
tumor inoculation); whether similar mechanisms apply to the tumors
at avery early stage of development is not yet known. Expression of
Ang-2 before VEGF during the first weeks of tumor growth has been
reported (9). Importantly, in this study, we used an ectopic mouse
ovarian tumor model constructed with relatively rapidly growing
tumor cells. Although widely used in preclinical studies of tumor
angiogenesis, such models may not exactly replicate the cellular and
molecular events characterizing human tumors (4). Tumor growth in
the ectopic s.c. site may be different from orthotopic growth in the
peritoneal cavity. Additional investigation under conditions better

mimicking the natural environment of human ovarian tumorsis there-
fore highly desirable. Finally, in this study, overexpression of VEGF
could likewise lead to aberrant downstream activity and difficulty in
data interpretations.
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