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During development, the formation and remodeling

of primary vascular networks occurs by vasculogen-

esis and angiogenesis. Recently, the term “vasculo-

genic mimicry” has been used by our laboratory and

collaborators to reflect the embryonic-like ability of

aggressive, but not nonaggressive, melanoma tumor

cells to form a pattern of matrix-rich networks (con-

taining channels) surrounding spheroids of tumor

cells in three-dimensional culture, concomitant with

their expression of vascular cell markers. Ovarian

cancer is usually diagnosed as advanced stage disease

in most patients when widespread metastases have

already been established within the peritoneal cavity.

In this study, we explored whether invasive ovarian

carcinoma cells could engage in molecular vasculo-

genic mimicry reflected by their plasticity, compared

with their normal cell counterparts. The data revealed

that the invasive ovarian cancer cells, but not normal

ovarian surface epithelial cells, formed patterned net-

works containing solid and hollow matrix channels

when grown in three-dimensional cultures contain-

ing Matrigel or type I collagen, in the absence of

endothelial cells or fibroblasts. Immunohistochemi-

cal analysis showed that matrix metalloproteinases

(MMP)-1, -2, and -9, and MT1-MMP were discretely

localized to these networks, and the formation of the

networks was inhibited by treatment with MMP inhib-

itors. Furthermore, the RNase protection assay re-

vealed the expression of multiple vascular cell-asso-

ciated markers by the invasive ovarian cancer cells. In

patient tumor sections from high-stage, high-grade

ovarian cancers, 7 to 10% of channels containing red

blood cells were lined by tumor cells. By comparison,

all vascular areas in benign tumors and low-stage

cancers were endothelial lined. These results may

offer new insights and molecular markers for consid-

eration in ovarian cancer diagnosis and treatment

strategies based on molecular vascular mimicry by

aggressive tumor cells. (Am J Pathol 2001,

158:1279–1288)

Understanding how blood vessels form in normal physi-

ological processes and malignant tumors has evolved

rapidly throughout the last several years. Unraveling

these mechanisms has the potential to result in the de-

velopment of novel therapeutics for a multitude of benign

conditions including coronary artery disease and claudi-

cation as well as a variety of malignancies. The traditional

mechanisms for development of tumor vasculature and

perfusion have been thought to be inextricably linked to

endothelial lined networks. However, our laboratory and

collaborators1 have recently generated data from a subset

of uveal and cutaneous melanomas that demonstrated that

the highly aggressive human melanoma tumors, but not

nonaggressive tumors, contained patterned, matrix-rich

networks containing channels (similar to embryonic vascu-

logenic-patterned networks) surrounding spheroids of tu-

mor cells—in the absence of tumor necrosis and classi-

cal angiogenesis. In addition, the cells lining some of the

tumor vessels varied from endothelial cells only to endo-

thelial cells and melanoma cells to only melanoma

cells,2,3 which corresponded with the overexpression of

endothelial-specific genes by molecular analysis; hence,

vasculogenic mimicry by aggressive melanoma tumor

cells. Vasculogenic mimicry has been described in both

uveal and cutaneous melanoma, cytotrophoblasts, and

Drosophila tumor models;1–8 however, the physiological

significance of these networks is unknown at this time.

Although mosaic vessels have recently been described

in human colon cancers implanted in mice that also dem-

onstrate vasculature lined by tumor cells and endothelial

cells,9 it is not known whether a similar phenomenon

occurs in other epithelial malignancies.

Ovarian cancer has the highest mortality rate of all

gynecological malignancies, which reflects the fact that

most patients are diagnosed with advanced cancer. Ex-

tensive metastatic deposits of tumor have been estab-

lished within the peritoneal cavity at the time of initial

diagnosis in most patients. The growth and spread of
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neoplasms depend, in part, on the formation of adequate

vascular support.10 As proposed by Folkman,11 neovas-

cularization of tumors is required to provide essential

nutrients to the growing tumor beyond the limit of simple

diffusion, and to allow for growth .2 mm. Based on this

concept, several different anti-angiogenic therapies have

been developed and are now in clinical trials.12,13 Al-

though angiogenesis and the associated factors have

been shown to occur in ovarian cancers14 and the de-

gree of vascularity in ovarian cancer correlates with poor

clinical outcome,15–19 the mechanisms involved in the

generation of this vascularity have not been well defined.

In a recent study, Orre and Rogers20 found that the

endothelial proliferation index in high-vessel density re-

gions of ovarian cancers relative to benign tumors was

significantly lower. Thus, we hypothesized that in a man-

ner similar to melanomas, aggressive ovarian cancer

cells may have the ability to generate matrix-rich, embry-

onic-like, patterned networks independent of endothelial

cells. In this study, we show experimental and clinico-

pathological evidence for the presence of molecular vas-

culogenic mimicry by invasive human ovarian cancer

cells. Ovarian cancer plasticity is reflected by their pluri-

potential ability to express a variety of phenotypes includ-

ing formation of endothelial-like matrix-rich networks.

These findings advance our present thinking concerning

the vascularization of ovarian cancers, and identify some

new, potential targets for therapeutic intervention.

Materials and Methods

Cell Culture

The five established ovarian cancer cell lines used in this

study were OVCAR3, SKOV3, 222, EG, and A2780-PAR.

The derivation and sources of these cell lines have been

reported previously.21 These cells were maintained and

propagated in vitro by serial passage in RPMI 1640 sup-

plemented with 15% fetal bovine serum and 0.1% gen-

tamicin sulfate (Gemini Bioproducts, Calabasas, CA).

The immortalized normal human ovarian surface epithe-

lial cell lines (HIO 1120 and HIO 180) were a kind gift from

Dr. Andrew Godwin at the Fox Chase Cancer Center,

Philadelphia, PA. These lines were maintained in Medium

199/MCDB 105/15% fetal bovine serum with 0.1% gen-

tamicin sulfate. All cell lines are routinely screened for

Mycoplasma species (GenProbe detection kit; Fisher,

Itasca, IL). All experiments were performed with 70 to

80% confluent cultures.

Invasion Assay

The membrane invasion culture system chamber was

used to measure the in vitro invasiveness of all cell lines

used in this study.22 Briefly, a polycarbonate membrane

with 10 mmol/L pores (Osmonics, Livermore, CA) was

uniformly coated with a defined basement membrane

matrix consisting of human laminin/type IV collagen/gel-

atin and used as the intervening barrier to invasion. Both

upper and lower wells of the chamber were filled with

serum-free RPMI containing 13 MITO1 (Collaborative

Biomedical, Bedford, MA). Single-cell tumor suspensions

were seeded into the upper wells at a concentration of

1 3 105 cells per well. After a 24-hour incubation in a

humidified incubator at 37°C with 5% CO2, cells that had

invaded through the basement membrane were col-

lected, stained, and counted by light microscopy.22 For

chemo-invasion assays, conditioned media from normal

skin fibroblasts (kindly provided by Dr. Gregory Gold-

berg, Washington University, St. Louis, MO) was added

to the lower wells. Invasiveness was calculated as the

percentage of cells that had successfully invaded

through the matrix-coated membrane to the lower wells

compared to the total number of cells seeded into the

upper wells and corrected for cell proliferation.

Three-Dimensional Cultures and in Vitro

Network Formation

Fifty ml of Matrigel (Collaborative Biomedical) was

dropped onto glass coverslips and allowed to polymerize

for 1 hour at room temperature, then 30 minutes at 37°C

in a humidified 5% CO2 incubator. Tumor cells (7.5 3

105) were then seeded onto the gels and incubated at

37°C with 5% CO2 and humidity. For experiments on a

collagen I matrix, 20 ml of undiluted rat-tail collagen I

solution (Collaborative Biomedical) were dropped onto

glass coverslips and polymerized for 5 minutes with

100% ethanol. The coverslips were then washed once

with 13 phosphate-buffered saline (PBS), rehydrated

with culture medium, then seeded with tumor cells. The

cultures were maintained in RPMI 1640 supplemented

with 15% fetal bovine serum, and 0.1% gentamicin sul-

fate. The culture medium was changed every 3 days.

Light Microscopy

Five-mm serial sections of paraffin-embedded, formalde-

hyde-fixed tissues were cut, stained with a hematoxylin

and eosin (H&E) stain and examined by light microscopy

using a Zeiss Axioskop 2 (Carl Zeiss, Inc., Thornwood,

NY), Spot 2 camera (Diagnostic Instruments; Inc., Ster-

ling Heights, MI) and Axiovision 2.0.5 software (Carl

Zeiss, Inc.). Companion serial sections were stained with

periodic acid-Schiff without a hematoxylin counterstain

and viewed through a green filter to visualize any extra-

cellularly derived structures.

Immunohistochemical Staining

Detection of laminin in the in vitro samples was performed

using a polyclonal anti-laminin antibody (Life Technolo-

gies, Inc., Gaithersburg, MD) at 1:200 dilution in PBS

containing 0.3% normal goat serum, and the Vectastain

Elite avidin-biotin-peroxidase complex (ABC) kit and

3-amino-9-ethylcarbazole (AEC) substrate kit for peroxi-

dase activity (Vector Laboratories, Inc., Burlingame, CA)

with a slight modification of the manufacturer’s protocol.

Briefly, after the samples were rinsed with PBS, an addi-
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tional step of incubating the samples with 0.1% Triton

X-100 in PBS for 5 minutes was added. After washing with

PBS, these samples were treated with 0.3% H2O2 in PBS

containing 0.3% normal goat serum for 5 minutes, washed,

incubated for 20 minutes with normal goat blocking serum,

then incubated with the anti-laminin antibody for 30 minutes.

These samples were then washed with PBS, incubated for

30 minutes with the biotinylated secondary antibody, PBS

washed, incubated with the Vectastain Elite ABC reagent

for 30 minutes, PBS washed, then incubated with the AEC

substrate for 10 to 30 minutes (or until adequate color

development). The samples were then washed with PBS,

rinsed with tap water, and mounted with an aqueous mount-

ing solution (Aqua-Mount; Lerner Laboratories, Pittsburgh,

PA) onto precleaned microscope slides. The AEC substrate

turns red in the presence of peroxidase activity.

Immunostaining for laminin in tissue sections was per-

formed using a monoclonal anti-laminin antibody (Sigma

Chemical Co., St. Louis, MO) at either 1:100 or 1:250

dilution. Briefly, the samples were treated with proteinase

K for 10 to 15 minutes, washed with deionized water, and

rinsed with Tris-buffered saline with Tween-20 (0.05%) for

10 minutes. Subsequent steps (3% H2O2 for 5 minutes,

avidin for 15 minutes, biotin for 15 minutes, protein block-

serum-free (DAKO, Carpinteria, CA) for 7 minutes, lami-

nin antibody for 45 to 52 minutes) were performed in the

automated DAKO stainer (DAKO). Tris-buffered saline

washes were performed between each step. The Vector

Universal Elite ABC ready-to-use kit (Vector Laboratories)

was used for secondary and tertiary reagents according

to manufacturer’s instructions. For chromagen, VIP sub-

strate (purple) (Vector Laboratories) was used for 7 min-

utes. Methyl-green counterstaining was performed for 15

to 20 minutes.

Inhibition of Network Formation

Inhibition of the network formation by tumor cells was

accomplished using Metastat (CollaGenex Pharmaceuti-

cals, Newton, PA) at 5 mg/ml added to the cultures daily

beginning either on day 1, day 7, or day 14.23

Ribonuclease Protection Assay (RPA)

Total RNA was hybridized with the desired 32P-labeled

multitemplate probe (hangio-1; BD Pharmingen, San Di-

ego, CA) for 16 hours. After this, RNase treatment and

purification of protected probes was performed accord-

ing to the manufacturer’s guidelines. The samples were

run on a 5% polyacrylamide gel containing urea at 50 W

constant power until the leading edge of the bromophe-

nol blue migrated 30 cm. The gel was dried under vac-

uum for 1 hour and exposed to Kodak Biomax MR X-ray

film (Eastman-Kodak, Rochester, NY) at 270°C .

Electron Microscopy

For scanning electron microscopy and transmission elec-

tron microscopy, tissue cultures were fixed in cold 2.5%

glutaraldehyde in 0.1 mol/L of sodium cacodylate buffer

and postfixed in osmium. Specimens were then either

embedded, sectioned, and stained by routine means for

transmission electron microscopy, or critically point-

dried, and sputter-coated with gold/palladium for scan-

ning electron microscopy, as previously described.24

Results

Invasive Potential

The membrane invasion culture system assay was used to

measure the in vitro ability of cells to invade a basement

membrane matrix—an important step in the metastatic cas-

cade. The invasion results are summarized in Figure 1. Both

HIO 180 and HIO 1120 were poorly invasive (2.3%),

whereas OVCAR3, EG, A2780-PAR, and SKOV3 were mod-

erately invasive (3.9 to 5.1%), and the 222 cell line was the

most invasive (8.3%). With the addition of chemoattractant

to the invasion assay, the percent invasive ability of

OVCAR3, SKOV3, EG, and 222 increased by 30 to 47%,

compared with the poorly invasive cell lines that remained

basically unchanged.

In Vitro Evidence of Vasculogenic Mimicry

All of the cell lines were assayed for their ability to form

tumor cell-lined, matrix-rich networks on three-dimen-

Figure 1. Invasion profile of ovarian cancer and immortalized normal human
ovarian surface-epithelial cell lines, based on their ability to invade a base-
ment membrane matrix in vitro in the presence (hatched bars) or absence
(solid bars) of a chemoattractant. Error bars represent SE.
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sional matrices, consisting of Matrigel or collagen I, in the

absence of endothelial cells or fibroblasts. The invasive

cancer cell lines formed networks on both matrices (rep-

resentative examples are shown in Figure 2, A–D) except

A2780-PAR that did not form networks even after 3 weeks

in culture. The tumor-formed networks initiated formation

within 3 days after seeding the cells onto the matrix with

optimal structure formation achieved by 3 weeks. Micro-

scopic analysis at regular intervals revealed that the net-

works consisted of tubular structures that continued to

evolve during the 3-week period with variations of tubular

and sinusoidal structures surrounding clusters of tumor

cells. There were no significant differences in the effi-

ciency of network formation between the highly invasive

Figure 2. Three-dimensional cultures of ovarian cell lines on Matrigel or collagen I matrix grown for 3 weeks: OVCAR3 (A and B), SKOV3 (C and D), HIO 1120
(E), HIO 180 (F). White arrowheads indicate tumor cell-lined, matrix-rich networks. Original magnifications: 3100 (A–C, E, and F), 3200 (D).
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and moderately invasive cell lines. During formation, the

tubular networks became channelized or hollowed, and

were stable through 6 weeks after seeding the cells onto

a matrix. However, the HIO 180 and HIO 1120 normal

surface epithelial cells did not form networks or channels

on either matrix (more than 3 weeks in culture; Figure 2,

E and F).

To further define the structure of the tubular networks,

scanning electron microscopy was performed on the

three-dimensional cultures. This approach confirmed that

the structures formed by tumor cells were indeed tubular

at 3 weeks and were lined externally by tumor cells

(Figure 3, A and B). Transmission electron microscopy of

the tubular structures revealed that the tubes consisted of

a matrix-rich central region (from the collagen gel) lined

by tumor cells externally (Figure 3C). Polarized tumor

cells were arranged with their basal aspects toward the

tubular lumen, and their microvillar apical surfaces facing

the opposite direction. Tumor cells lining the lumen were

connected by electron-dense cellular junctions.

In Vivo Evaluation of Ovarian Tumors

To evaluate the putative existence of tumor-lined net-

works or channels in ovarian cancer, nine ovarian can-

cers and four benign ovarian tumors were histologically

examined. Representative examples are shown in Figure

4, A–D, and the results are summarized in Table 1. En-

dothelial-lined blood vessels were identified in all cases

of low-stage (stage I) and low-grade (grade I or II) tu-

mors. However, tumor cell-lined channels containing red

blood cells were detected in three of five high-grade (III),

high-stage (III or IV) tumors. Representative tumor-lined

channels are shown in Figure 5, A and B. Pan-cytokeratin

Figure 3. Scanning (A and B) and transmission (C) electron micrographs of
ovarian cancer cell cultures grown on three-dimensional collagen I matrices.
At low magnification (A; original magnification, 3150) tubular profiles are
evident, which when fractured in preparation, are revealed to be hollow and
lined by flattened cancer cells (B; original magnification, 32,980). In such
profiles, it is difficult with scanning electron microscopy to distinguish the
limits of cells and matrix contributing to the tubule. However, it is clearly
evident from transmission electron microscopy examination of similar struc-
tures (C; original magnification, 37,300) that the lining epithelial cells en-
compass a matrix-containing central lumen. Note also the polarity of the
lining cells: the surface microvilli are directed outwardly, not toward the
lumen, as is observed in spheroidal or quasi-acinar cellular aggregates
formed occasionally by adenocarcinomas in culture. Electron-dense junc-
tions are evident between tumor cells (arrowheads).

Figure 4. Representative light microscopy pictures of benign ovarian tumors
(A and C) low-stage (I/II) ovarian cancer (B and D) from H&E-stained
histological sections of representative tumors. Black arrowheads point to
endothelial-lined vessels. Original magnifications, 3630.

Table 1. Pathological Features of Ovarian Tumors Based on
Presence of Tumor-Lined Networks and Channels
Containing Red Blood Cells

Tumor no. Stage Grade Histology

Tumor-lined networks

and channels

Benign

10763 2 2 Serous No

7653 2 2 Serous No

18597 2 2 Serous No

9959 2 2 Serous No

Low stage

12700 IA 2 Serous No

1967 IA 2 Mucinous No

22356 IB 2 Serous No

2892 IB 2 Serous No

High

stage

7369 IV 3 ANOS* Yes

3022 IV 3 Serous Yes

3471 IIIC 3 Serous Yes

18641 IV 3 Serous No

11252 IV 3 Serous No

*ANOS, Adenocarcinoma not otherwise specified.
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staining of high-grade cancers confirmed the presence

of tumor-lined channels (Figure 5C). Serial sections at 5

mmol/L were examined to ensure morphological continu-

ity through various thicknesses of the tissue. Among tu-

mors with evidence of tumor cell-lined channels, 10 high-

power fields were counted to estimate the proportion of

vessels that were nonendothelial-lined. The incidence of

these channels ranged from 7 to 10% in the three most

aggressive tumors that exhibited this phenomenon.

Molecular Determinants of Tumor Cell Plasticity

To explore the potential role(s) of key molecular determi-

nants of ovarian tumor cell plasticity with respect to the

formation of tubular networks, we focused on matrix met-

alloproteinases (MMPs) in the formation and remodeling

of the tumor-formed networks in vitro, as well as lami-

nin—an important basement membrane component. Im-

munohistochemical analysis revealed that MMPs-1, -2,

-9, and MT1-MMP were primarily localized to the net-

works in vitro (Figure 6, B–E). The extracellular matrix

molecule laminin also localized to these structures (Fig-

ure 6F). Treatment of the cultures with Metastat, an inhib-

itor of MMP activity, prevented network formation when

added to the culture on day 1 (Figure 6G), but did not

destroy established networks in separate cultures when

added on day 7 (Figure 6H).

Further validation of laminin expression in ovarian can-

cer tissue sections was performed by immunohistochem-

istry (Figure 7). In benign ovarian cysts, laminin staining

was seen in the subepithelial basement membrane and in

the walls of the blood vessels (Figure 7A). However, in

high-grade invasive ovarian cancer, laminin staining was

seen in the matrix surrounding spheroids of tumor cells

as well as in the cytoplasm of cancer cells (Figure 7B and

inset). The pattern formed by the laminin immunohisto-

chemical stain is reminiscent of a reticular meshwork.

Within these areas, in high-grade ovarian cancers, tumor

cell-lined channels were seen containing red blood cells

(Figure 7C and inset).

An RNase protection assay was used to evaluate the

expression of a series of well-characterized vascular-

associated markers by the ovarian cancer cells. All of the

tumor cell lines that formed tubular networks in vitro ex-

pressed several of the traditional endothelial cell markers

(Figure 8). The human umbilical vein endothelial cell line

was used as an internal positive control. All of the ovarian

cancer cell lines that formed matrix-rich networks ex-

pressed the thrombin receptor and three lines expressed

TIE2. EG and 222 showed strong expression of CD31

(PECAM) whereas SKOV3 showed weaker expression. In

addition, EG and 222 expressed other vascular-associ-

Figure 5. Representative H&E-stained (A and B) histological sections of
high-grade, high-stage ovarian cancers showing tumor cell-lined channels
(white arrowheads). C: Pan-cytokeratin stain of a high-grade ovarian cancer
demonstrating tumor cells lining a vascular channel (white arrowhead).
Original magnifications, 3630.

Figure 6. Immunohistochemical peroxidase staining of ovarian cancer cells
in three-dimensional cultures (A–F) showing: control (no primary antibody)
(A), MT1–MMP (B), MMP-1 (C), MMP-2 (D), MMP-9 (E), and laminin (F).
Ovarian cancer cell cultures grown on three-dimensional collagen I matrices
were treated with Metastat starting on day 1 (G) or day 7 (H). Network
formation did not occur when treatment was started on day 1, but established
networks were not destroyed when treatment was started on day 7. Original
magnifications, 3100.
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ated markers including endoglin and angiopoietin 1. All

of the cancer cell lines expressed vascular endothelial

growth factor (VEGF). The most invasive cell line, 222,

also expressed the VEGF receptor, FLT1 (VEGFR-1), and

TIE-1. Although A2780-PAR and HIO-180 both express

VEGF, neither showed significant expression of the other

vascular-associated markers.

Discussion

It is generally recognized that tumor growth and metas-

tasis requires a blood supply for survival and that inva-

sive cancers use several mechanisms to increase tumor

perfusion. In general, the formation of a microcirculation

(blood supply) can occur via the traditionally recognized

mechanisms of angiogenesis (the formation or sprouting

of endothelium-lined vessels from pre-existing vessels),

and vasculogenesis (the differentiation of precursor cells

to endothelial cells that develop de novo vascular net-

works).25 The earliest stages of vascular development

during embryogenesis include the differentiation, expan-

sion, and coalescence of vascular endothelial cell pre-

cursors into an initial vascular network that results in the

formation of interconnected vessels consisting of differ-

entiated endothelial cells.26 This primary plexus is then

remodeled, which results in the sprouting, branching,

and differential growth of blood vessels to form the ma-

ture vascular patterns. During embryonic and fetal devel-

opment, both angiogenesis and vasculogenesis occur

concomitantly. In the vascularization of tumors, traditional

angiogenesis is observed in addition to vascular chan-

nels, cords, and sinuses (without endothelial cell lining),

and mosaic vessels (endothelial and tumor-lined).25

Recent findings from our laboratory have shown that

aggressive melanomas, but not nonaggressive tumors,

contain patterns of matrix-rich networks surrounding

spheroids of tumors cells in the absence of tumor necro-

sis and classical angiogenesis.1,27 The presence of ma-

trix-rich networks in aggressive primary and metastatic

melanoma tumors from patients has been shown to cor-

relate with a poor clinical outcome.28 In vitro, aggressive

melanoma cells capable of generating similar matrix-rich

Figure 7. Immunohistochemical peroxidase staining for laminin demonstrating: benign ovarian cyst with laminin staining the subepithelial basement membrane
(A, arrowhead; original magnification, 3630); high-grade ovarian cancer (B; original magnification, 3630) with laminin staining the matrix-surrounding tumor
cells (cells were not counterstained). Inset shows ovarian cancer cells with laminin staining counterstained with methyl-green (original magnification, 3630). C:
H&E-stained invasive ovarian cancer tissue section visualized under DAPI filter (original magnification, 3200), highlighting the autofluorescent red blood cells.
The boxed area is shown at higher magnification in the inset (original magnification, 3630) demonstrating a column of red blood cells within a tumor cell-lined
channel. D: Benign ovarian cyst used as control (no primary antibody, counterstained with methyl-green; original magnification, 3630).
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networks with channels express inappropriate vascular mo-

lecular markers that include TIE-1 (an endothelial receptor

kinase), and more than a dozen other endothelial- and

vascular-associated genes, in addition to fibroblast- and

epithelial-related genes. This molecular profile suggests a

genetic reversion to an embryonic-like phenotype, which

may be capable of forming a primitive network in aggres-

sive tumors, as demonstrated experimentally in three-

dimensional cultures in vitro-– referred to as vasculogenic

mimicry.1 However, the physiological significance of

these networks has yet to be elucidated.

Before this study, it was not known whether epithelial

tumors such as ovarian cancer were capable of engag-

ing in vasculogenic mimicry. However, it has recently

been shown that human breast cancer metastasis occurs

via angiogenic- and nonangiogenic-characterized path-

ways, suggesting an important role for alternative vascu-

larization and dissemination of epithelial tumors.29 It has

also been shown that aggressive breast cancer cells

express vascular-associated markers.30 Most epithelial

ovarian cancers are thought to metastasize through the

process of exfoliation from the primary tumor followed by

dissemination of cells throughout the peritoneal cavity,

implantation, and subsequent growth. The majority of

patients succumb to their disease, ultimately dying from

bowel obstruction resulting from multiple metastatic tu-

mor deposits. For this mode of tumor spread, the tumor

cells must develop a vascular supply at the sites of

metastasis and tumors capable of rapid vascularization

would theoretically be able to rapidly increase their vol-

ume. In addition, we have previously shown that at least

22% of the epithelial ovarian cancer patients either

present with or develop distant metastases, most likely

through hematogenous spread.31 Our in vitro studies in-

dicate that invasive ovarian cancer cells are able to de-

velop matrix-rich tubular networks in a three-dimensional

matrix without the presence of fibroblasts or endothelial

cells. This pattern of tubular networks was not observed

with the normal, immortalized human ovarian surface ep-

ithelial cells, but may represent a primitive microcircula-

tory network for tumors to support blood flow similar to

embryonic microcirculatory vasculogenic networks. Al-

ternatively, these networks may represent receptacles for

vascular leakage previously reported in certain animal

models.32 We are actively pursuing this question in ap-

propriate ovarian cancer animal models.

In recent years, the vascular bed of human tumors has

been characterized extensively by performing microves-

sel density counts.15–19,33,34 These studies have re-

vealed that high microvessel density counts within vas-

cular hot spots of tumors correspond with a poor

prognosis for patients. Microvessel density studies using

endothelial markers may reflect the vascular status of a

tumor, but they may not be indicative of the nature of the

vascularity. In a recent study, Eberhard and colleagues35

demonstrated that counting microvessels in tumor vas-

cular hot spots resulted in a relatively uniform high mi-

crovessel density in the different tumor types, but showed

marked differences in the endothelial proliferation index

among the various tumor types. This suggested that there

is marked heterogeneity of vasculature in human tumors.

Similarly, Orre and Rogers20 found that the endothelial

proliferation index in high-vessel density regions of ovar-

ian cancers relative to benign tumors was significantly

lower. Thus, it is tempting to speculate that these findings

may be partially explained by the phenomenon of tumor

cell vasculogenic mimicry in the paucity of endothelial

cells.

Tumor vessels seem to differ from normal vessels in

many ways. Human colon tumors in mice were found to

contain mosaic vessels that are lined by tumor cells in

many areas and endothelial cells in other regions.9 In the

present study, ;10% of tumor vessels seemed to be

nonendothelial-lined. Interestingly, mosaic vessels com-

prised ;15% of colon tumor vessels in a mouse model.9

Another consideration with respect to red blood cells in

areas surrounded by tumor cells might be explained by a

recent report that tumor vessels are leaky because of

disorganized and loosely interconnected endothelial

cells.32

There is also strong evidence that even in normal

developmental processes, nonendothelial cells can

adopt a vascular-related phenotype.6,8 For example, it

has been shown that human cytotrophoblasts can adopt

an endothelial cell phenotype as they actively participate

in the dynamics of establishing the placenta and primor-

dial microcirculation, which has been designated “tro-

phoblast pseudo-vasculogenesis.”6–8 Cytotrophoblasts

were able to mimic the molecular phenotype of cells of

the vascular system by expressing adhesion molecules

characteristic of endothelial cells.6 In our study, we have

demonstrated that ovarian cancer cells forming networks

in vitro also display molecular vasculogenic mimicry. Our

Figure 8. RNase protection assay (RPA) analysis for vascular-associated
markers expressed by human ovarian cancer cell lines (OVCAR3, SKOV3,
EG, 222, and A2780-PAR), immortalized normal ovarian surface epithelial
cells (HIO 1120 and HIO 180), and normal endothelial cells (human umbil-
ical vein endothelial cells) as an internal positive control. Equal loading was
assessed by L32 and GAPDH expression.
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findings show that pure populations of ovarian cancer

cells can express aberrant endothelial- and other vascu-

lar-associated markers. As shown in Figure 8, all of the

invasive ovarian cancer cells except A2780-PAR express

several of the traditional endothelial markers. These in-

clude several members of the VEGF family that mediate

angiogenic signals to the vascular endothelium via high-

affinity receptors that have been thought to be specific for

endothelial cells.36 Endoglin (CD105) is a receptor for

transforming growth factor-b and has been used as an

endothelial cell-specific marker. It has been shown to be

important for developmental angiogenesis and plays a

significant role in capillary-like tube formation by endothelial

cells in three-dimensional collagen matrix cultures.37 The

endothelial cell-cell adhesion molecule, CD31, has also

been shown to play a critical role in migration and the

process of tube formation by endothelial cells.38,39 Thus,

our findings suggest that invasive ovarian cancer cells may

express a deregulated, embryonic-like phenotype and are

capable of forming primitive tubular networks in vitro,

thereby exhibiting tumor plasticity.

The ability to invade extracellular matrices plays an

important role in metastasis and in development of blood

flow to tumors. Matrix metalloproteinases have been

shown to play an active role in the neovascularization of

tumors through their ability to degrade the extracellular

matrix.40,41 Human cytotrophoblasts have also been

shown to up-regulate the expression of MMP-9 in the

process of invasion and when adopting a vascular phe-

notype.7,42 The thrombin receptor has been shown to

mediate an increase in matrix metalloproteinases in hu-

man endothelial cells during the processes of tissue re-

modeling and vessel development.43 Thrombin receptor

has also been shown to be expressed in human cancers

and play a role in increasing breast cancer invasive-

ness.44,45 Interestingly, the ovarian cancer cells capable

of generating tubular networks in vitro expressed both

thrombin receptor and MMPs in our study. These findings

indicate that secretion of MMPs may facilitate matrix-rich

network formation, which was inhibited by treatment

with an MMP inhibitor. Thus, MMP inhibitors might play

an important role in the treatment of ovarian cancer in

conjunction with other therapies. Our study also exam-

ined laminin, a major component of blood vessels that

has been shown to be a critical glycoprotein in tube

formation by endothelial cells in three-dimensional col-

lagen gels.46,47 Laminin was expressed in the tubular

structures formed by pure ovarian cancer cells.

Based on our cellular, molecular, and clinical findings,

we speculate that the tumor-generated, laminin-contain-

ing networks may represent either a primitive microcircu-

latory-like network or a remodeled vascularized portion of

a tumor and/or discrete areas of vascular leakage, which

is strictly associated with the aggressive tumors, but not

the low-stage/grade and benign tumors. Further experi-

ments and imaging data are required to elucidate issues

related to the physiological significance of these net-

works. The invasive ovarian cancer cells expressing a

molecular vasculogenic phenotype may serve as an im-

portant indication of tumor plasticity in a growing tumor

mass, signifying aggressive treatment management. Ad-

ditionally, these data may offer alternative targets for

therapeutic intervention.
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