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The clinical management of cutaneous and uveal
melanoma, and of many other types of cancer, would
benefit greatly from the identification of valid predictors
of disease progression and metastatic potential. Recent
studies aimed at characterizing the molecular ‘signature’
of melanoma tumour cells have resulted in a classifica-
tion scheme for malignant cutaneous melanoma1 and
uveal melanoma2. Microarray analyses comparing gene-
expression patterns between highly aggressive and
poorly aggressive human cutaneous and uveal
melanoma cell lines have shown that aggressive tumour
cells express genes that are associated with many cellular
phenotypes. These include genes that are usually
expressed by precursors of endothelial, epithelial, peri-
cyte, fibroblast, haematopoietic, kidney, neuronal, mus-
cle and several other cell types1–3. These findings indicate
that aggressive melanoma cells might revert to an undif-
ferentiated, embryonic-like phenotype. However, the
biological importance of these unexpected findings
remains unresolved. Indeed, these observations have
prompted further investigation into the potential rele-
vance of a ‘plastic’ tumour-cell phenotype, and they chal-
lenge our current thinking of how to identify and target
tumour cells that can masquerade as other cell types.

Many of the biological properties that are relevant
to embryogenesis are also important for tumour
growth. For example, during embryonic development,

the formation of primary vascular networks occurs by
the process of vasculogenesis — the differentiation of
mesodermal progenitor cells (angioblasts and hae-
mangioblasts) to endothelial cells and their organiza-
tion into a primitive network (for reviews, see REFS 4–6;
FIG. 1A). The subsequent remodelling of the vasculo-
genic network into a more refined microvasculature
occurs through angiogenesis — the sprouting of new
capillaries from pre-existing networks. Similarly, it is
widely accepted that during cancer progression,
tumours require a blood supply for growth and also
use the blood supply for metastatic dissemination (for
reviews, see REFS 7–14, and the article by Isaiah J. Fidler
on page 451 of this issue).

On the basis of the molecular profile of aggressive
melanoma cells, together with new in vitro observa-
tions (using three-dimensional matrices) and correla-
tive histopathological findings, our laboratory and
others introduced the concept of ‘vasculogenic mim-
icry’ in 1999 (REF. 15). At that time, vasculogenic mim-
icry described the ability of aggressive melanoma cells
to express endothelium-associated genes and to form
extracellular matrix (ECM)-rich vasculogenic-like net-
works in three-dimensional (3D) culture, as shown by
PERIODIC ACID SCHIFF STAINING (PAS staining). The forma-
tion of these networks seemed to recapitulate the
embryonic development of vasculogenic networks
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(PAS stain). A histochemical
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extracellular matrix, on the basis
of the presence of glycogen and
related mucopolysaccharides.
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tumour types. But how do these networks form and
what is their contribution to tumorigenesis?

Initially, researchers observed patterned loops and
arcs that tightly encircled spheroidal clusters of cancer
cells in xenograft models and in biopsies of human
aggressive melanoma. These loops and arcs formed
networks that were found to be lined with tumour cells
and also to be rich in laminin. The networks probably
contain other components of the ECM that have not
yet been identified. Studies of tumour-tissue sections
showed that the spheroidal tumour clusters contained
either small, channel-like spaces between them, or
seemed to be partially or totally juxtaposed by ECM.
Some of these channel-like spaces were originally
known as ‘vascular channels’, because they were found
to contain erythrocytes and plasma. They were
thought to provide a mechanism of perfusion and a
dissemination route within the tumour that func-
tioned either independently of or simultaneously with
angiogenesis (or other sources of vascularization such
as vessel co-option).

Individuals with melanomas that have undergone
vasculogenic mimicry have a poor prognosis17–23, but 
little is known about the biological relevance of this phe-
nomenon.Additional studies have reported vasculogenic
mimicry in several other tumour types, including breast,
lung, prostatic and ovarian carcinoma, and these studies
have attempted to determine the molecular mechanisms
underlying this unique process. These include the
demonstration of a viable blood flow between tumour-
cell-lined vascular spaces and endothelium-lined and/or
mature vasculature24.

The importance of these findings relates to the aeti-
ology of vasculogenic mimicry — in particular, the
ongoing investigations aimed at identifying the factors
that regulate this process. Vasculogenic mimicry seems
to involve dysregulation of the tumour-specific pheno-
type and the concomitant transdifferentiation of
aggressive tumour cells into other cell types, such as

(FIG. 1A), and they were associated with the distinctly pat-
terned, ECM-rich networks that are observed in aggres-
sive tumours of patients with cancer2,15–23. Additional
studies by several investigators have reported intriguing
observations regarding vasculogenic mimicry in various

Summary 

• The molecular ‘signature’ of aggressive melanoma cells is illustrative of an undifferentiated cell with a gene-expression
profile that is similar to that of embryonic-like cells.

• Vasculogenic mimicry describes the ability of aggressive melanoma cells to express endothelium-associated genes 
and form extracellular matrix (ECM)-rich vasculogenic-like networks in three-dimensional culture. These networks
recapitulate embryonic vasculogenesis, and they have been detected in human aggressive tumours.

• Vasculogenic mimicry in melanoma involves several signalling molecules that are also involved in embryonic
vasculogenesis, including vascular endothelial (VE)-cadherin, erythropoietin-producing hepatocellular carcinoma-A2
(EPHA2), phosphatidylinositol 3-kinase, focal adhesion kinase, matrix metalloproteinases and laminin 5 γ2-chain.

• The biological implications of vasculogenic mimicry in vivo are unclear, but recent studies indicate that the formation
of vasculogenic-like networks that are rich in laminin could serve as an intratumoral fluid-conducting meshwork.

• Vasculogenic mimicry has been observed in non-melanoma tumour types, including carcinomas of the breast,
prostate, ovary and lung, synoviosarcoma, rhabdomyosarcoma and phaeochromocytoma, and in cytotrophoblasts
forming the placenta.

• Endostatin, an angiogenesis inhibitor, abrogates endothelial-cell-driven angiogenesis, but not vasculogenic mimicry,
in melanomas.

• Identification of the pathways that regulate this undifferentiated, highly plastic phenotype could lead to the
development of new therapeutic strategies for cancer.
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Figure 1 | Vasculogenesis, angiogenesis and tumour-cell vasculogenic mimicry.
A | Schematic overview of vasculogenesis and angiogenesis, showing how endothelial-cell
precursors (angioblasts and haemangioblasts) coalesce and differentiate into endothelial cells (a),
and form primitive vasculogenic networks (vasculogenesis) (b). Remodelling of these networks
occurs through angiogenesis (c), which involves sprouting, intussusception and/or bridging,
resulting in the formation of microvessels. Adapted, with permission, from REF. 5 © (2002)
Macmillan Magazines Ltd. B | The unique ability of aggressive melanoma cells to form
vasculogenic-like networks (arrows) in three-dimensional gels of collagen I in vitro. Networks
begin to form by the end of day 1; they continue to mature into vasculogenic-like networks by 
day 3; and similar structures are perfusable (with a fluorescent dye) by day 14.



© 2002 Nature Publishing Group
NATURE REVIEWS | CANCER VOLUME 3 | JUNE 2003 | 413

R E V I E W S

was downregulated by a factor of 34 in aggressive
melanoma cells compared with poorly aggressive
tumour cells1 (TABLE 1). MITF activates expression of the
gene encoding tyrosinase, an enzyme that is involved in
MELANOCYTE differentiation30. The level of expression of
the genes encoding tyrosinase and tyrosinase-related
protein 1 (TYRP1) was also downregulated (by a factor
of between 37 and more than 100) in the same aggres-
sive tumour cells compared with poorly aggressive
tumour cells (TABLE 1). Therefore, melanoma cells seem
to de-differentiate as they become more aggressive,
which might make them more difficult to identify using
routine histopathology methods. It will be interesting to
determine whether differentiated melanoma cells
change into undifferentiated tumour cells, or whether
subpopulations of differentiated and undifferentiated
melanoma cells coexist.

Many of the genes that are upregulated by aggres-
sive cancer cells include those that are involved in
angiogenesis and vasculogenesis, such as the genes
encoding vascular endothelial (VE)-cadherin (cad-
herin 5, CDH5; CD144), erythropoietin-producing
hepatocellular carcinoma-A2 (EPHA2), and laminin 5
γ2-chain (LAMC2)28,31,32 (TABLE 1). These molecules,
with their binding partners, are a few of the factors
that are required for the formation and maintenance
of blood vessels4–6,33. They have also been shown to be
required for vasculogenic mimicry in melanomas.

VE-cadherin is an adhesion protein — previously
thought to be endothelial-cell specific — that belongs
to the cadherin family of transmembrane proteins.
These proteins promote homotypic cell–cell interac-
tions34–37. EPHA2 is a receptor protein tyrosine kinase
that is part of a large family of ephrin receptors38.
Binding of its ligand, ephrin-A1, results in EPHA2
phosphorylation and signalling39, and this pathway has
been linked to tumour-cell proliferation40. High levels
of expression of EPHA2 and ephrin-A1 have been
associated with melanoma growth, tumour thickness
and decreased patient survival41.

Laminins are important components of basement
membranes that are involved in regulating neurite out-
growth, tumour metastasis, cell attachment and migra-
tion, and angiogenesis40,42,43. Proteolytic cleavage of
laminins — particularly of the laminin 5 γ2-chain — can
alter the integrin-mediated migratory behaviour of cer-
tain cells40,44–46, so laminin might be an environmental
trigger facilitating melanoma progression.

At the protein level, VE-cadherin, EPHA2 and
laminin 5 γ2-chain are expressed only by aggressive
melanoma cells, and not by non-aggressive or poorly
aggressive melanoma cells28,31,32. The biological rele-
vance of these molecules in vasculogenic mimicry was
further shown by independently reducing their levels of
expression and measuring the consequences on the for-
mation of vasculogenic-like networks in vitro. This
approach showed that the downregulation of expres-
sion of VE-cadherin, EPHA2 or laminin 5 γ2-chain
resulted in the complete inability of aggressive
melanoma cells to form vasculogenic-like networks in
3D culture28,31,32.

endothelial cells. This transdifferentiation can be
detected using multiple phenotype-specific markers.

In light of the results of recent trials of angiogenesis
inhibitors25, new information regarding effective
mechanisms to destroy tumour-associated vasculature
in humans is required. Recent in vivo and in vitro stud-
ies have shown that tumour vasculogenic mimicry is
relatively unaffected by endostatin26 (E. Sausville, per-
sonal communication). So, vasculogenic mimicry
might be an important factor to consider in the design
of anti-vascular therapies.

The vasculogenic phenotype in melanoma
Previous studies in patients with melanoma have
shown a strong association between poor patient out-
come and aggressive tumours that contain ECM-rich,
PAS-positive, patterned, looping networks that resem-
ble vasculogenic patterned networks17–23. In certain
areas of aggressive melanomas that contain only small
amounts of vasculature and no necrosis, these looping
networks were originally thought to provide a unique
microcirculation to the growing tumour mass.
However, at the time that the concept of vasculogenic
mimicry was introduced in 1999 (REF. 15), the biologi-
cal function of these vessels was unclear and, there-
fore, great controversy arose over the interpretation of
these findings27.

Continuing research efforts focused on the differ-
ences between highly aggressive and poorly aggressive
melanomas, in relation to vasculogenic mimicry, have
produced several interesting findings. Aggressive
melanoma cells, when seeded on three-dimensional
matrices of collagen I, form ECM-rich patterned net-
works that surround clusters of tumour cells (FIG. 1B).
These are similar to the patterned, looping networks
that are observed in histological sections of tumours
from patients15,28. Furthermore, microinjection of a flu-
orescent dye into these networks showed the ability of
the structures to become perfused in vitro (FIG. 1B). By
comparison, under the same culture conditions, poorly
aggressive melanoma cells did not form patterned 
networks2,15,28. For a video showing the early de novo
formation of networks, see http://www.anatomy.uiowa.
edu/hendrix_nat_rev_cancer.

Gene-expression profiling of more than 45 human
cutaneous and uveal melanoma-cell lines has produced
unexpected findings regarding the phenotype of aggres-
sive tumours cells1–3 (TABLES 1,2). The level of expression
of more than 6,000 genes was compared between highly
aggressive and poorly aggressive melanoma cells isolated
from the same patients1–3. The spectrum of upregulated
genes reflected many cellular phenotypes, including
those that are associated with several different types of
progenitor cell. Some of these genes have been associated
with the transcription profile of embryonic stem cells,
and they require further investigation29.

The expression of many melanoma-specific markers,
by contrast, was downregulated in aggressive tumour
cells — with the exception of melanoma-cell adhesion
molecule (MCAM) (TABLE 1). For example, expression of
microphthalmia-associated transcription factor (MITF)

MELANOCYTE

A type of cell derived from the
neural crest that is specialized to
produce the pigment melanin.
Melanocytes are commonly
found in the skin and retina.
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produced by cleavage of the laminin 5 γ2-chain by MT1-
MMP and MMP2 into laminin 5 γ2′ and γ2x pro-migra-
tory fragments (FIG. 2). These signals could induce a 
vasculogenic phenotype in poorly aggressive melanoma
cells, resulting in the formation of vasculogenic-like net-
works and the concomitant expression of vascular-associ-
ated genes (such as those encoding VE-cadherin, EPHA2
and laminin 5 γ2-chain). This inductive potential of the
tumour-cell microenvironment can be ‘neutralized’ by
treatment with chemically modified tetracycline (CMT-3;
COL-3)47, which is a potent inhibitor of MMP activity.

The vasculogenic-mimicry signalling cascade
Researchers have recently learned a great deal about the
signal-transduction pathways that regulate blood-vessel

Additional experiments focused on the tumour-cell-
associated ECM led to the discovery of the inductive
potential of the microenvironment. ECM substrates ‘pre-
conditioned’or remodelled by aggressive melanoma cells
were able to induce poorly aggressive melanoma cells to
assume a vasculogenic and more-migratory phenotype32.
This study indicated that cooperative interactions
between laminin 5 γ2-chain and matrix metallopro-
teinase 2 (MMP2) and membrane type-1 matrix metal-
loproteinase (MT1-MMP) are required for vasculogenic
mimicry of melanoma cells. Laminin was shown to 
co-localize with PAS-positive vasculogenic-mimicry net-
works in vitro and in vivo. These findings also indicated
that highly aggressive melanoma cells ‘deposit’molecular
signals in their microenvironment. These signals are 

Table 1 | Altered expression of angiogenesis/vasculogenesis-related genes by melanoma cells

Gene Unigene Function Ratio of expression*

Melanocyte-specific markers

Melan-A (MLANA) Hs.154069 Melanoma surface antigen 0.044 (↓22)

Microphthalmia-associated Hs.166017 Melanocyte-development transcription 0.029 (↓34)
transcription factor (MITF) factor

Tyrosinase (TYR) Hs.2053 Catalyses the conversion of tyrosine 0.027 (↓37)
to melanin

Tyrosinase-related Hs.75219 Catalyses the conversion of tyrosine 0.004 (↓>100)
protein 1 (TYRP1) to melanin

Melanoma-cell adhesion Hs.211579 Cell-surface glycoprotein 27
molecule (MCAM)

Markers of other cellular phenotypes

Tyrosine kinase receptor 1 (TIE1)‡ Hs.78824 Endothelial tyrosine kinase 25

Epithelial-cell kinase (EPHA2)‡ Hs.171596 Receptor tyrosine kinase 13

Vascular endothelial growth Hs.79141 FLT4 ligand 6.5
factor-C (VEGFC)‡

Neuropilin 1 (NRP1) Hs.69285 VEGF receptor 5.3

Vascular endothelial Hs.76206 Cell–cell adhesion molecule 11
(VE)-cadherin (CDH5)

Selectin E (SELE) Hs.89546 Adhesion molecule 6.6

Endoglin (ENG)‡ Hs.76753 TGF-β1 receptor 4.3

CD34‡ Hs.85289 Stem-cell marker, sialomucin 2.5

Hypoxia-inducible factor 1α Hs.197540 bHLH transcription factor 3.1
(HIF1A)

Tissue factor pathway inhibitor 1 Hs.170279 Coagulation inhibitor 4.0
(TFPI1)

TFPI2 Hs.78045 Coagulation inhibitor 8.5

Laminin 5 γ2 (LAMC2) Hs.54451 Extracellular matrix 50

Fibronectin (FN1) Hs.118162 Extracellular matrix 27

Collagen IV α2 (COL4A2)‡ Hs.75617 Extracellular matrix 3.6

Fibrillin 1 (FBN1) Hs.750 Extracellular matrix 5.0

Endothelial differentiation Hs.154210 G-protein-coupled receptor 3.7
receptor (EDG1)

Endothelial cell-specific Hs.41716 Endothelium-specific signalling molecule 41
molecule (ESM1)

Endothelial differentiation-related Hs.174050 Endothelial-cell differentiation regulator 4.8
factor 1 (EDF1)‡

Plasminogen activator inhibitor 1 Hs.82085 Serine protease inhibitor 31
(PAI1)

*Change in expression level of aggressive compared with poorly aggressive melanoma cells. ‡Genes that are also associated with the
transcriptional profile of embryonic stem cells. bHLH, basic helix-loop-helix; EPHA2, erythropoietin-producing hepatocellular carcinoma-
A2; FLT4, fms-related tyrosine kinase 4; TGF-β1, transforming growth factor β1.
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mimicry is being developed.A model highlighting some
of the molecules that are involved is shown in FIG. 2.

As shown in this model, phosphorylated EPHA2 can
co-localize with VE-cadherin, as well as with phospho-
rylated FAK, on the membrane of highly aggressive
melanoma cells. Both VE-cadherin and EPHA2 have
been shown to activate PI3K in other systems, so PI3K
signalling is likely to occur downstream of EPHA2 and
VE-cadherin signalling in this system. Recent studies
have shown that the inhibition of PI3K activity can
inhibit melanoma vasculogenic mimicry50. This could
be because the inhibition of PI3K activity downregu-
lates the expression and activity of MT1-MMP, together
with the subsequent activation of MMP2. The activity
of both of these proteinases was recently shown to be
required for vasculogenic mimicry32.

It is important to note that these molecules have also
been shown to be involved in development (for a review
of the subject, see REF. 51), which indicates that vasculo-
genic mimicry could be a recapitulation of an embry-
onic programme. Additional studies of the molecular
pathways that regulate melanoma vasculogenic mimicry
could lead to new strategies to target the aggressive
melanoma phenotype.

Biological implications of vasculogenic mimicry
Several interpretations of vasculogenic mimicry have
evolved, on the basis of various analyses of the original
findings. One interpretation is simply a description of
PAS-stained patterned networks in tumours. Another
refers to cancer cells that line tumour spaces or chan-
nels, which also contain erythrocytes or BLOOD LAKES.
Others have equated vasculogenic mimicry with
tumour cells that express endothelium-specific genes.
It is possible that any combination of these scenarios
could explain the features of vasculogenic mimicry.
The term ‘vascular mimicry’ has also been used syn-
onymously with vasculogenic mimicry. However, vas-
cular mimicry carries broader implications, as it
includes other vascular cell-associated phenotypes,
such as lymphocytes and macrophages (TABLE 2).

Studies to address the functional relevance of vas-
culogenic mimicry in human melanoma and in
xenograft models are far more complex than those
designed to investigate the in vitro cellular and molec-
ular characteristics of vasculogenic mimicry. In fact,
more questions than answers have been raised about
the relevance of the in vivo studies. So far, two main
questions regarding melanoma vasculogenic mimicry
have been formulated. First, is there a morphological
and functional connection between melanoma
tumour-cell-lined networks and endothelium-lined
vasculature? Second, is it possible for aggressive
melanoma cells to form functional vessels when placed
in an ischaemic, non-tumour microenvironment?

Tumour-vessel function. So, what are the biological
and functional connections between the tumour-cell-
lined, PAS-positive and laminin-positive matrix net-
works that form in aggressive melanomas and the
normal endothelium-lined vasculature? Before the

formation and stabilization during vasculogenesis and
angiogenesis5,48,49. Similarly, an investigation of the 
signalling events that regulate melanoma vasculogenic
mimicry is in progress50. Microarray analyses led to the
identification of the receptor tyrosine kinase EPHA2 as a
factor that is likely to be involved in melanoma vasculo-
genic mimicry28. Other signal-transduction molecules
that seem to promote melanoma vasculogenic mimicry
include VE-cadherin, focal adhesion kinase (FAK), and
phosphatidylinositol 3-kinase (PI3K)50. Using various
experimental approaches, a clearer understanding of the
signalling pathways that facilitate melanoma vasculogenic

BLOOD LAKES

Areas of haemorrhage generally
lacking an endothelial-cell lining
that are often seen in histological
sections of high-grade
neoplasms.

Table 2 | Haematopoietic-associated markers in melanoma

Gene Unigene Function Ratio of expression*

Neutral endopeptidase Hs.1298 Cell adhesion molecule 4.7
(CALLA; CD10)

Haematopoietic Hs.14601 LYN tyrosine kinase 5.7
lineage cell-specific substrate
protein 1 (HCLS1)

Activated leukocyte Hs.10247 CD6 ligand 17.5
cell-adhesion molecule
(ALCAM)

Lymphocyte-specific Hs.56729 Signal transduction 2.9
protein 1 (LSP1)

Trophoblast–lympho- Hs.83532 Membrane co-factor 3.9
cyte cross-reactive protein
antigen (MCP; CD46)

5′ nucleotidase (NT5) Hs.153952 Lymphocyte differentiation 36
(CD73)

Macrophage Hs.79889 Differentiation molecule 4.5
maturation-associated 
protein (MMA)

*Change in expression level of aggressive compared with poorly aggressive melanoma cells. MCP,
membrane co-factor protein.
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Figure 2 | The vasculogenic-mimicry signalling cascade. A model of the signal-
transduction events that occur during melanoma tumour-cell vasculogenic mimicry. In this
model, phosphorylated (P) erythropoietin-producing hepatocellular carcinoma-A2 (EPHA2) and
vascular endothelial (VE)-cadherin are co-localized at the cell membrane. Phosphorylated
EPHA2 subsequently interacts with phosphorylated focal adhesion kinase (FAK). The signal-
transduction pathways activated by both EPHA2 and VE-cadherin converge to activate
phosphatidylinositol 3-kinase (PI3K). Downstream, PI3K regulates the activity of membrane
type-1 matrix metalloproteinase (MT1-MMP), which subsequently activates pro-MMP2 to an
active MMP2 proteinase (through the formation of an MT1-MMP–TIMP2–pro-MMP2 ternary
complex). Both MT1-MMP and MMP2 promote the cleavage of laminin 5 γ2-chain into pro-
migratory γ2′ and γ2x fragments. The release of these fragments (molecular messages or
signals) into the tumour microenvironment can increase the migration, invasion and, ultimately,
vasculogenic mimicry of aggressive melanoma tumour cells. Based on an illustration by 
D. A. Kirschmann. TIMP2, tissue inhibitor of metalloproteinase 2.
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human uveal melanoma in immunocompromised mice
has been developed to study further the generation of
the unique network patterning that is characteristic of
aggressive melanoma cells56.

Studies have indicated the presence of a fluid-
conducting ECM meshwork (FIG. 3) in xenograft models
of human cutaneous and uveal melanoma that corre-
sponds to the PAS- and laminin-positive patterned 
networks. These networks consist of arcs and back-to-
back loops of matrix57,58. Studies involving a combination
of intravenous tracers, together with confocal and
immuno-electron microscopy, have shown that fluid can
be conducted by the endothelium-lined vasculature, as
well as extravascularly along the channel-like spaces cre-
ated by the PAS- and laminin-positive patterned loops
and networks that encase clusters of tumour cells57–59.
Immunohistochemical studies have shown that this
fluid-conducting meshwork contains fibrinogen. This
indicates the presence of plasma surrounding the
tumour-cell-lined clusters of tumour cells58. The plasma,
in addition to the erythrocytes that have been observed in
many PAS- and laminin-positive loops and networks of
tumours, is likely to be derived from local tumour vessels
that are leaky and undergoing remodelling.

discovery of vasculogenic mimicry, several previous
studies of aggressive melanomas (and other tumour
types) reported that tumour cells could line channels,
lakes and sinuses, and come into contact with ery-
throcytes52–54. It was unclear, however, whether this
had any relevance to the delivery of a blood supply to
the growing tumour mass. In fact, the prevailing
hypothesis was that any erythrocytes found in the
extravascular spaces were probably the result of leaky
blood vessels55.

Morphological analysis showed that PAS-positive
patterned networks, which were found in aggressive
melanomas and were associated with poor clinical out-
come17–23, also seemed to converge with blood 
vessels15,16. So, it was proposed that some type of anasto-
mosis occurs between the tumour-cell-lined networks
and the endothelium-lined vasculature, which con-
tributes to the accumulation of erythrocytes in the net-
work infrastructure15. This led to the speculation that
the tumour-cell-lined networks might provide a unique
paracirculation that forms independently of, or simulta-
neously with, angiogenesis and/or vessel co-option.
However, to prove such a complex phenomenon will
require further detailed study. An orthotopic model of

Tumour-cell-lined
fluid-conducting ECM
meshwork

PAS- and laminin-positive
networks 

Endothelium-lined
vasculature

Melanoma
tumour cells

Cluster of tumour cells
covered by laminin

Magnified cross-section of tumour

?

?

?

Figure 3 | The melanoma fluid-conducting ECM meshwork. The biological implications of melanoma vasculogenic mimicry
have evolved to the description of a ‘tumour-cell-lined fluid-conducting ECM meshwork’ that corresponds to the previously
described periodic acid Schiff (PAS)- and laminin-positive (green), patterned networks. This diagram shows the current
interpretation of data from several studies56–58,61 involving the use of tracers and perfusion analyses in mice with aggressive
melanoma (blue cells). The endothelium-lined vasculature (pink) is closely apposed to the fluid-conducting meshwork formed
from tumour cells. It is presumed that as the tumour remodels the vasculature, it becomes leaky, resulting in the extravascular
accumulation of plasma and some erythrocytes (red). However, the biological implication(s) of this phenomenon and the
relationship of the laminin-rich fluid-conducting meshwork to the endothelium-lined vasculature are still under investigation 
(as represented by question marks). Based on an illustration by D. A. Kirschmann. ECM, extracellular matrix.
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Although these preliminary findings are intriguing, a
more detailed analysis is required to understand the pre-
cise sequence of events that are associated with the
establishment of vascularization and the maintenance
of blood flow during tumour growth and remodelling.

Alternatively, the PAS- and laminin-rich, fluid-con-
ducting meshwork could be an early survival mechanism
for nutrient exchange and the release of fluid pressure.
This meshwork could eventually be replaced by endothe-
lial cells from nearby angiogenic vessels or from the bone
marrow63. This intriguing possibility would provide a
different perspective on the vasculogenic phenotype of
the melanoma cells that line these matrix meshworks
and seem to disseminate through them, and it would
require a higher standard to discriminate melanoma cells
from endothelial cells unequivocally.

An additional enigmatic finding is the unexpected
high-level expression by aggressive melanoma cells of
vascular endothelial growth factor-C (VEGF-C) — a
lymphangiogenesis-associated growth factor (TABLE 1).
Interestingly, despite the fact that uveal melanomas
lack traditional lymphatic vessels, overexpression of
VEGF-C has been reported in these tumours by Clarijs
and co-workers64. Lymphangiogenesis often accompa-
nies angiogenesis, and this field of research is now
gaining momentum with new research tools65–67.
Interestingly, Ruoslahti and colleagues68 have shown
localization of lymphatic-vessel endothelial hyaluro-
nan receptor 1 (LYVE1) in aggressive cutaneous
melanoma. These results raise the intriguing possibil-
ity that the fluid-conducting meshwork could ‘mimic’
a lymphatic-like network.

Tumour-cell plasticity. But how ‘plastic’ are aggressive
melanoma cells, and are they capable of forming vessels
under experimental conditions? Investigators have placed
aggressive melanoma cells in an ischaemic, non-tumour
environment and then assessed whether they can partici-
pate in neovascularization. In this investigation69, fluores-
cently labelled human cutaneous metastatic melanoma
cells were injected into the ischaemic hindlimbs of nude
mice. Five days later, the limb vasculature was reperfused.
Histological cross-sections of the newly formed vascula-
ture of reperfused limbs showed human melanoma cells
adjacent to and overlapping with mouse endothelial cells
in a linear arrangement, forming chimaeric vessels. This
shows the influence of the microenvironment on the
transendothelial differentiation of malignant melanoma
cells during neovascularization and reperfusion.

NOTCH proteins have also been investigated for their
ability to direct the differentiation of endothelial cells into
vascular networks70,71. This family of receptors is involved
in the cell-fate determination of stem cells — in particu-
lar, angioblasts — and non-terminally differentiated cell
types70,71. Alterations in NOTCH expression and sig-
nalling have been implicated in the pathogenesis of
human T-cell leukaemia72, cervical carcinoma73, mouse
mammary carcinoma74, prostatic tumour progression75

and human RAS-transformed cells76. NOTCH4 was
found to be highly expressed by malignant melanoma
cells as they participated in neovascularization.

The functional relevance of the fluid-conducting
ECM meshwork is still unclear, but there are several 
possible explanations. The fluid-conducting meshwork
might provide a site for nutritional exchange for aggres-
sive tumours, and might therefore prevent necrosis of the
tumour.Alternatively, it might be analogous to an oede-
matous inflammatory response, in which increased blood
pressure leads to the escape of fluid along connective-
tissue pathways in intratissue spaces. The complex
geometry of the laminin-containing ECM covering that
encases the spheroidal clusters of tumour cells could also
form a suppressive shield against immune surveillance.

There is a consensus that the microcirculation of
aggressive tumours is complex, and depending on the
time of observation, could consist of mosaic vessels
(which consist of both tumour cells and endothelial
cells)60, co-opted vessels61 and/or angiogenic vessels7–14.
There is also strong evidence for the existence of an intra-
tumoral, tumour-cell-lined, ECM-rich, patterned net-
work that can provide an extravascular fluid pathway,
now known as the fluid-conducting meshwork57,58. The
entire microcirculation in aggressive tumours seems to be
made up of a combination of these elements, and it is the
result of destructive tumour growth and remodelling.

Subcutaneous injection of nude (immunodeficient)
mice with fluorescently tagged human aggressive cuta-
neous melanoma cells allowed the study of the blood
supply to primary tumours62. Perfusion of the mouse
vasculature with a fluorescent tag and microbeads dur-
ing tumour development, followed by confocal
microscopy, revealed the close association of tumour-
cell-lined networks with angiogenic mouse vessels at
the human–mouse interface. The delivery of
microbeads from the endothelium-lined mouse vascu-
lature to the tumour-cell-lined networks indicated a
possible physiological connection between the two
compartments. Further destructive growth of
melanoma into the vasculature led to the observation
of erythrocytes and plasma (presumably due to leak-
age) in the tumour-cell-lined, fluid-conducting mesh-
work (FIG. 3). However, it is not clear whether a direct
morphological and physiological anastomosis exists
between the endothelium-lined vasculature and the
tumour-cell-lined, fluid-conducting meshwork.

Attempts are underway to assess physiological blood
flow of human melanoma xenografts using COLOUR

DOPPLER IMAGING (CDI), and such studies have shown pul-
satile turbulent flow at the mouse–human tissue inter-
face (with mouse endothelium-lined neovasculature)
and the central region of the tumour containing
melanoma-cell-lined networks (video available at
http://www.anatomy. uiowa.edu/hendrix_nat_rev_can-
cer). If a dynamic functional exchange of blood through
a tumour-cell-lined meshwork (characterized by being
rich in laminin) does occur, it is possible that blood flow
is related to the high-level expression of the anti-coagu-
lant factors tissue factor pathway inhibitor 1 (TFPI1)
and TFPI2 by aggressive melanoma cells (TABLE 1). These
tumour cells seem to have similar anti-coagulant prop-
erties to endothelial cells, which could contribute to the
perfusability of the fluid-conducting meshwork.

COLOUR DOPPLER IMAGING

(CDI). An ultrasonographic
method that allows
simultaneous two-dimensional
structural imaging and
evaluation of blood flow.
Originally developed to aid the
analysis of cardiac function,
tissue colour Doppler imaging is
a technique in which the velocity
of myocardial movement
towards the transducer is
displayed in a colour-coded
form on myocardial images. This
technology can be adapted to
monitor the effects of
antivascular therapies on the
blood flow in a tumour.
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Upregulation of expression of NOTCH4 has also been
detected in samples of invasive melanoma taken from
patients (B. Nickoloff, personal communication), and
interruption of NOTCH signalling induces apoptosis of
malignant melanoma cells in culture77. Further investiga-
tion into NOTCH signalling mechanisms might offer
clues to the regulation of the cell-fate decision-making
pathways that are triggered in the undifferentiated
tumour-cell phenotype.

These observations advance our understanding of
the remarkable ability of the microenvironment to
promote aggressive behaviour of tumour cells. This
behaviour is associated with the upregulation of
expression of vasculogenic, angiogenic and/or lym-
phangiogenic molecules, together with cell-fate deter-
mination proteins, leading to a transendothelial phe-
notype. These findings present new possibilities for
therapeutic strategies and new perspectives on
tumour-cell plasticity. They also emphasize the impor-
tance of early differentiation pathways, such as those
involving NOTCH signalling, in cancer progression
(for a review of the subject, see REF. 78).

Vasculogenic mimicry in non-melanoma tissues
There is a growing body of in vivo evidence that tumour
cells can line channels, sinuses and vessel-like spaces 
(BOX 1). In addition, mosaic blood vessels have been
observed in colon carcinomas and melanomas54,58,60.
Ultrastructural studies are underway to map the tumour
vasculature, on the basis of the heterogeneous expression
of immunohistochemical markers79. Studies of aggressive
breast carcinomas have reported vasculogenic mimicry,
together with an absence of endothelial cells and lack of
central necrosis in the tumour, indicating the presence of
viable tissue without a traditional intra-tumoral vascula-
ture80. Shirakawa and colleagues24 have used dynamic
micromagnetic resonance angiography analysis and 
LASER-CAPTURE MICRODISSECTION (LCM) to investigate the 
vascular connections between vasculogenic-mimicry 
networks in inflammatory breast-cancer xenografts
and the systemic vasculature at the tumour margin.
The use of LCM allowed the study of endothelium-
associated gene expression in the inflammatory breast
xenografts and provided evidence for the vascular 
phenotype of these tumour cells. However, it would be

Box 1 | Examples of vasculogenic mimicry

• Melanoma2,15,16,32,52–54,56,57,90

• Breast carcinoma24,79–81

• Prostatic carcinoma84,85

• Ovarian carcinoma82,83

• Lung carcinoma86

• Drosophila (large tumour suppressor gene, lats-
negative) tumours89

• Synoviosarcoma87

• Rhabdomyosarcoma87

• Phaeochromocytoma88

• Cytotrophoblasts forming the placenta93,94
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interesting to determine whether other phenotype-
specific markers, such as lymphatic-specific molecules,
are present also on the tumour cells. Other studies
using breast-cancer tissue have indicated the presence
of non-angiogenic, as well as angiogenic, pathways of
tumour-cell dissemination81.

Additional studies of ovarian carcinomas have pro-
vided in vitro and in vivo evidence that vasculogenic
mimicry is associated with aggressive tumour cells and
advanced-stage disease82. A follow-up blinded study that
involved tissue analysis by two independent pathologists
has shown a strong clinical correlation between the
presence of tumour-cell-lined vasculature, advanced-
stage disease and poor outcome83. However, only a small
percentage (up to 15%) of the ovarian tumour vascula-
ture is comprised of tumour cells, which might reflect
the heterogeneity of a rapidly changing microenviron-
ment and vascular supply. Recent reports on prostate
cancer have indicated that vasculogenic mimicry occurs
in aggressive tumour cells and is associated with high
GLEASON GRADES84. In all of these studies, the functional rel-
evance of the tumour-cell-lined vasculature and
whether it occurs independently of the formation of
laminin-rich, fluid-conducting meshworks are unclear.

Edgington and co-workers85 have used a clever
strategy of targeting prostate-specific membrane
antigen, which is expressed by cancer cells that line
tumour channels. This targeting results in the
directed and selective thrombotic infarction of
tumours. Lung carcinoma, synoviosarcoma, rhab-
domyosarcoma and phaeochromocytoma have also
shown evidence of vasculogenic mimicry86–88. In
addition, studies of Drosophila tumours — which
develop as a result of loss of the large tumour sup-
pressor gene (lats) — have reported the formation of
channel-like structures that surround spheroidal
clusters of tumour cells. Drosophila have a duct sys-
tem that is analogous to blood vessels89. These
intriguing findings indicate a highly conserved mech-
anism for the perfusion of tumours, which develops
independently of the need for blood circulation, in
lower organisms.

Most noteworthy, however, is the range of various
endothelium-associated genes that are expressed by
different tumour types. For example, some aggressive
melanoma-cell lines and tumours overexpress VE-
cadherin31, whereas aggressive breast, ovarian and
prostatic tumour cells overexpress CD31 (REFS

82,84,90). All of these tumours have been shown to
express CD34 (REFS 3,82,84,90–92). This potential differ-
ence in the level of expression of endothelium-associ-
ated genes by various tumour cells could be linked to
the embryonic origin of the cell type(s) and their
respective stages of transdifferentiation, a model that
requires further investigation.

The formation of a microcirculation by cells other
than endothelial cells has been reported in normal
embryonic tissues. There is strong experimental evidence
that human cytotrophoblasts can adopt an endothelial-
cell phenotype as they participate in the establishment of
the human placenta and primordial microcirculation.

LASER-CAPTURE
MICRODISSECTION

(LCM). Energy from a low-
power laser fitted to an inverted
microscope is used to melt a thin
vinyl film to precise locations on
a tissue section to bind targeted
cells. After the appropriate cells
have been selected, the film and
adherent cells are removed for
gene-expression studies.

GLEASON GRADE

A grade of one (low grade) to
five (high grade) is assigned to
tumour-biopsy samples, based
on how the cells look and how
they are arranged. A lower
Gleason grade indicates well-
differentiated tumour cells, with
a poor potential to spread.
A higher Gleason grade indicates
a poorly differentiated tumour,
with a higher potential to spread.
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phenomenon that adds a new level of complexity to
developing rational therapeutic strategies101–104. It is
interesting to note that during the development of
Kaposi’s sarcoma, endothelial cells transdifferentiate
into tumour cells105, whereas aggressive melanoma cells
transdifferentiate to an endothelial-cell type. These
observations raise the intriguing possibility that these
two tumour-cell types could have a common origin or
lineage. Although we have focused on vasculogenic
mimicry in melanomas with respect to its potential to
provide a perfusion pathway and dissemination route
for aggressive tumours, mimicry of other cell pheno-
types could provide other mechanisms to support
tumour progression, such as immune evasion.

Vasculogenic mimicry is just one example of
tumour-cell plasticity106. However, relatively little is
known about the regulation of the molecular switch
that controls this event. Our observations indicate the
importance of VE-cadherin, EPHA2, laminin 5 γ2-
chain, MMPs and NOTCH proteins as components of
the vasculogenic switch, and strategies are being devel-
oped to inhibit the activity of these proteins. For exam-
ple, monoclonal antibodies specific for VE-cadherin
have been shown to inhibit endothelial-cell-driven
angiogenesis in Lewis lung and epidermoid tumours107,
but it remains to be seen whether this therapeutic
approach will have widespread use for other tumours.
Blocking the activation of NOTCH4 triggers rapid
apoptosis of melanoma cells, and interference with
NOTCH signalling in melanoma cells results in down-
regulation of the vasculogenic phenotype77. Targeting
early angioblast-determination genes, such as those
encoding NOTCH-family members, could have thera-
peutic potential for patients not only with melanoma,
but also with several other aggressive cancers that are
associated with overexpression of NOTCH proteins.

A great deal of intellectual capital has been devoted
to targeting angiogenesis and lymphangiogenesis in
patients with cancer7–10,14,33,65–68,79,108–114. The hetero-
geneity of the tumour vasculature presents an oppor-
tunity, as well as a clinical challenge, aside from issues
of drug resistance 79,112,115,116. Recent in vitro studies
have shown that endostatin inhibits endothelial-cell-
driven angiogenesis, but not the formation of
melanoma-cell vascular networks26 (FIG. 4). Similar 
in vivo observations have been reported (E. Sausville,
personal communication). Gene-expression analysis of
endothelial cells has shown that the level of expression
of endothelium-specific genes, such as VE-cadherin and
EPHA2, is reduced in endostatin-treated endothelial
cells, but remains unaffected in melanoma cells26. This
might indicate a differential drug response of two differ-
ent vascular-cell phenotypes, and provides clues for the
development of more effective anti-vascular drugs.

MMP inhibitors have also experienced challenges in
clinical trials, but these proteinases are still worth con-
sideration in the development of strategies to target the
tumour microenvironment47,117–119. As we learn more
about the pro-migratory inductive potential of prote-
olytically cleaved fragments of the ECM, it has become
clear that these partially degraded molecules could be

This phenomenon has been termed ‘pseudovasculogene-
sis’93,94. These studies indicate the existence of an intrigu-
ing link between the dysregulated tumour-cell phenotype
and embryonic developmental programmes.

Clinical challenges and opportunities
Recent analyses of the molecular signatures of cancer
cells and tissues95 — in particular, of melanoma —
have generated more questions than answers about
the biological relevance of the phenotypes of aggres-
sive tumour cells. The implications of these findings
pose an important clinical challenge for detecting
and targeting aggressive cancer cells, as these cells can
‘look’ like endothelial cells, angioblasts, leukocytes,
macrophages or other cell types. However, great hope
has been placed in the promise of microarray tech-
nology to improve the classification and clinical man-
agement of melanoma1,96. Without question, the
‘plastic’ phenotype of aggressive melanomas (and of
other tumour types) confounds the fields of pathol-
ogy and cancer biology, with respect to the proper
evaluation of tumour blood supply and, in particular,
microvascular density91.

As aggressive cancer cells can phenotypically mimic
other cell types, it is important that we improve the
methods used to detect and identify melanoma cells,
and to discriminate them from normal endothelial cells.
For example, the use of two phenotype-specific detec-
tion markers is highly recommended when studying
aggressive melanoma in situ — one marker should be
tumour specific and the second marker could be
endothelial-cell specific.

The existence of cancer stem cells adds to the chal-
lenge of cancer-cell detection97. Recent studies have
challenged the previously held dogma regarding the 
tissue-restricted differentiation of postnatal stem cells,
as evidence has shown the pluripotency of mesenchy-
mal, neural and haematopoietic stem cells29,98–100.
Transdifferentiation is emerging as an important 

a  Endothelial cells + endostatin b  Melanoma cells + endostatin

Angiogenesis is inhibited Vasculogenic mimicry is unaffected

Figure 4 | The differential effects of endostatin (an angiogenesis inhibitor) on
endothelial cells compared with melanoma cells in three-dimensional gels of
collagen I in vitro. Phase-contrast microscopy of human microvascular endothelial cells (a)
and human aggressive melanoma cells (b) treated with endostatin. Angiogenesis is inhibited
in the human microvascular endothelial cells (a), as shown by the lack of vessel networks.
Vasculogenic mimicry and network formation, however, are unaffected in the melanoma 
cells (b), as shown by the integrity of the morphologically distinctive, PAS-stained (black),
vasculogenic-like networks. PAS, periodic acid Schiff.
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cascade. The identification of essential regulatory path-
ways of the undifferentiated, plastic tumour-cell pheno-
type that do not overlap with normal biological processes
holds promise for the generation of new therapeutic
strategies. The field of angiogenesis and anti-vascular 
targeting is filled with both challenges and hope as we
continue to explore these intriguing scientific questions.

prime targets for therapeutic intervention — poten-
tially for use in a combinatorial manner with other
therapies (see the article by Raghu Kalluri on page 420
of this issue).

Successful management of malignant melanoma and
other aggressive cancers could involve the targeting of one
or more stages in the vasculogenic-mimicry signalling
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