
Abstract. Metastasis is the process whereby cancer cells
disseminate and establish secondary tumors at distant sites
from the primary tumor and is estimated to be responsible for
~90% of all cancer deaths. Cancers with metastatic spread
are frequently resistant to conventional chemotherapeutic
approaches, underlining the urgent need for novel treatments
in these diseases. Recent advances in understanding the
mechanisms underlining both the intrinsic cellular and extrinsic
micro-environmental factors contributing to the metastatic
process have resulted in the identification of a number of
molecular targets for the development of specific anti-
metastatic therapeutic strategies. These targets include
intracellular enzymes such as the protein tyrosine kinases,
cell surface receptors and their ligands, and elements of the
extracellular matrix such as pro-angiogenic factors, protease
enzymes and cytokines. Many of these pathways interact
with each other, with the possibility of multiple downstream
antineoplastic consequences as well as the potential for
synergistic effects by targeting more than one of these factors.
This review outlines several of the promising targets, and
provides examples, of how these targets are being exploited
as anti-metastatic therapies in conjunction with conventional
treatments.
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1. Introduction

Cancer is a pathological condition stemming from uncontrolled
cell proliferation resulting in the development of a primary
tumor, which may then invade into neighboring tissues, and
ultimately, spread or metastasize to other parts of the body
resulting in secondary metastatic tumor deposits. Carcino-
genesis involves a multi-step breakdown or deregulation in
normal cellular function brought on by the accumulation of
genetic errors in vital cellular regulatory pathways. The
behavior of a cell is influenced by a number of factors
including: proliferation, differentiation, cell death or
apoptosis, cell to cell contacts, association with the extra-
cellular matrix (ECM), immune attack, and the available
blood supply (reviewed in ref. 1). Current theory postulates
that tumors originate from cells that have acquired a series of
abnormalities or mutations involving genes whose protein
products govern the cell cycle and its regulatory checkpoint
mechanisms, normal cellular differentiation, and inherent
proliferative capacity (2). Deficiencies in regulatory cellular
processes, such as mitotic-checkpoint regulation, telomere
maintenance, and centrosome function, provide increased
chances for the accumulation of mutations that further the
survival and proliferation of a cancer cell (2). This cell can
subsequently resist normal proliferative and survival con-
straints, such as contact inhibition and anchorage dependence,
resulting in a cell with a proliferative advantage over its
neighbors. The formation of new blood vessels, angiogenesis,
around the primary tumor site is also required in order for a
growing tumor to obtain nutrients and oxygen, dispel waste
products, and increase in size (1,3).
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Metastasis is the process by which tumor cells migrate
from the primary tumor and form secondary tumors at distant
sites of the body. Metastasis is a sequential multi-step process
requiring the disruption of local cell-cell and cell-ECM inter-
actions, invasion into neighboring tissues, destruction of
basement membranes, dissociation and intravasation into blood
or lymphatic vessels, survival in the vessel and embolisation
to a distant location, extravasation from those vessels into the
surrounding tissues, and growth of the metastases accompanied
by the generation of new vasculature (Fig. 1) (reviewed in
refs. 1,4,5). Metastases can spread via three general routes:
local invasion into nearby tissues, hematogenous spread via
the blood vessels or lymphatic spread via regional lymph nodes
to the rest of the lymphatic system. This review will largely
focus on targeting mechanisms of hematogenous spread.

Both cellular intrinsic and extrinsic factors play key roles
in tumor initiation, progression and metastasis. Intrinsic
factors are cell autonomous and comprise genetic abnormalities
activating key oncogenes, or inactivating tumor suppressor
genes resulting in deregulation of important pathways involved
in cellular growth, proliferation and differentiation. These
abnormally regulated cells then interact with extrinsic factors
including pro-angiogenic factors and soluble molecules such
as chemokines and neurotransmitters. These extrinsic factors
exert their influence on the cancer cell by modifying the tumor
micro-environment fostering tumor growth, migration, and
ultimately metastasis.

2. Tenets of current cancer therapy

Surgical excision of the primary tumor in combination with
adjuvant treatment using multi-agent chemotherapy and/or
radiotherapy is the standard treatment of many cancers. Many
chemotherapeutic agents exert their mechanism of action by
sabotaging DNA replication and cell division in the rapidly
dividing cancer cells, and often rely on the inherent property
of a cell to undergo apoptosis when DNA damage is ‘sensed’
to be of a magnitude that cannot be repaired. However, it is
now recognized that resistance to cell death, particularly
apoptotic cell death, is a common component of tumorigenesis,
metastatic progression, and resistance to chemotherapy (2).
Host cellular and tissue responses and the tumor micro-
environment may also significantly contribute to chemo-
resistance (2). Thus, tumor cells may be unaffected by
chemotherapy, remaining dormant only to grow into new
tumors at a later time. These tumors may subsequently
develop metastases advancing the clinical stage of the tumor
and making eradication more difficult. Metastatic spread is
the most significant poor prognostic factor in the majority of
solid tumors. It is estimated that ~90% of all cancer patients
die from metastases underlining the urgent need for treatments
preventing the development of metastases (6). As cancer
growth, invasion, and metastasis are complex cellular
processes, there are numerous strategies for targeting the
cancer cells themselves, as well as micro-environmental factors
that promote tumor-cell growth, survival, angiogenesis,
invasion and dissemination. This review will focus on current
therapeutic approaches targeting key events in the metastatic
process (Fig. 1) and future strategies that may be employed
to prevent the formation of metastases (Table I). This review

does not aim to be an exhaustive list of current and developing
therapies, but will rather highlight how targeting specific
pathways in cancer initiation and progression may be effective
for the prevention and treatment of metastasis. Ultimately
these treatments may replace, or more likely be used in
combination with conventional chemotherapy leading to
improved outcomes, lower toxicity and a better quality of life
for patients with metastatic cancers.

3. Intrinsic/cell autonomous targets

Target: protein tyrosine kinases. Members of the receptor or
non-receptor protein tyrosine kinase (PTK) family are known
to play a crucial role in signal transduction pathways that
regulate cell proliferation and differentiation. PTKs and their
ligands are often overexpressed in a variety of tumors, and
PTK activities are often upregulated or altered leading to
abnormal signaling (7). Their deregulation has been linked to
carcinogenesis and tumor progression through the constitutive
activation of downstream pathways involved in controlling
the cell cycle. However, it is increasingly recognized that PTKs
also have a key role in mediating angiogenesis, tumor cell
dissemination, and cell motility (8). PTKs potently upregulate
angiogenic cytokines and matrix-metalloproteinases through
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Figure 1. The key stages of tumor progression. Tumor proliferation coupled
with angiogenesis is crucial in the early stages of progression (a). Malignant
tumor cells detach from the primary (1˚) tumor, degrade the extracellular
matrix and migrate through the basement membrane into the circulation (b).
In the circulation tumor cells form aggregates with platelets and lympho-
cytes and are transported to secondary (2˚) locations (c). Tumor cells adhere
to either capillary endothelial cells or to exposed basement membranes and
subsequently extravasate into the tissues (d). Proliferation coupled with tumor
angiogenesis in the 2˚ location completes the metastatic process (e). The
therapeutic targets discussed in this review play roles in tumor progression
as indicated. Adapted from refs. 1 and 5.
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the mitogen-activated protein kinase (MAPK) and phospho-
inositide 3-kinase (PI3K) pathways which both contribute to
the development of metastases (9). A number of drugs have

been designed to target PTKs by a variety of mechanisms
including the inhibition of receptor-ligand interactions and
the blockade of PTK signaling by inhibiting ATP binding (7).
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Table I. Current therapeutic targets of metastasis.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Metastatic Examples of agents Mode of action Examples of cancers targeted Related 
target references
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
PTKs Trastuzumab Monoclonal antibody that blocks Metastatic breast, oesophageal (2,25-27)

EGFR-ligand interaction resulting and pancreatic carcinomas
in a signaling blockade

PKI 166, gefinitib, Inhibits ATP binding to EGFR Tumors expressing mutant EGFR (7,9,14-16)
erlotinib to block signaling or abberant EGFR signaling

Imatinib mesylate Inhibits ATP binding to Abl kinase CML, GIST (9,28-30,32)
and the RTKs of PDGF, SCF 
and c-KIT to block signaling

Glycans Heparin Inhibits heparanase; inhibits growth Metastatic gastrointestinal, (5,110)
factor and heparan sulfate interactions ovarian and breast cancers

PI88 Inhibits heparanase and FGF release Melanoma, multiple myeloma (5,40)

Theratope Targets tumor glycans, enhances both Metastatic breast, ovarian (5,42-44)
humoral and cell-mediated immune and colorectal cancer
responses

Conjugated Melanomas, neuroblastomas, (5,40,45)
vaccines against and breast carcinomas
GD2 or GM2

Dendritic cells NKT cell activation NSCLC cancer or recurrent lung (47-51,111)
loaded with cancers
·-GalCer

Angiogenesis Bevacizumab Monoclonal antibody that blocks Metastatic colorectal and renal (59-65)
receptor-VEGF interaction resulting cancer, NSCLC
in a signaling blockade

PTK 787 Inhibits VEGF RTK signaling CML, acute myelogenous leukemia, (9,14,66)
metastatic colorectal cancer

Celecoxib, COX 2 Downregulate the expression of VEGF Colon, lung, oesophageal, (53,67,75-77)
inhibitors and bFGF pancreatic,liver, breast, prostate,

and cervical adenocarcinomas

Angiostatin Inhibits angiogenesis, endothelial NSCLC and melanoma (79-84)
Endostatin cell migration and proliferation, 

inducesendothelial cell apoptosis
and cell cycle arrest

GPCRs AMD3100 Anti-CXCR4 antibody Multiple myeloma (95,101)

CXCR4 Antibody that blocks receptor-ligand (37,100)

antagonist interaction resulting in a signaling 

blockade

ß blockers Neurotransmitter antagonists Pre-clinical (currently used for the (107)

treatment of cardiovascular diseases)

GABA Inhibits increase in cyclic AMP, Pre-clinical (108,109)
inhibiting the promigratory effect
of norepinephrine

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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Epidermal growth factor receptor and other members of
ErbB (HER) family. The epidermal growth factor receptor
(EGFR), also known as ErbB(1) or HER1, a member of the
human ErbB receptor family of receptor tyrosine kinases
(RTKs), is expressed in a wide range of solid tumors, and is
frequently associated with a poor prognosis (8,9). The ErbB
family influences cancer progression through at least three
major mechanisms: overexpression of ErbB ligands, amplifi-
cation of ErbB genes, and mutational activation of ErbB genes
(10). Overexpression and/or aberrant signaling of the ErbB
family of RTKs affects a number of cellular processes via the
RAS oncogene pathway including: cellular proliferation;
activation of the protein kinase B (PKB) pathway, which in
turn leads to cell cycle progression via activation of Cyclin D1;
upregulation of specific matrix-metalloproteinases (MMPs),
inducing breakdown of the extracellular matrix thus promoting
tumor spread; and prevention of apoptosis by inhibiting the
actions of the pro-apoptotic proteins, FAS ligand (FASL) and
BAD (8,9). The EGFR ligand, EGF, is also linked to tumor
angiogenesis, as it functions as a strong inducer of the pro-
angiogenic vascular endothelial growth factor (VEGF) (11).
Indeed, the overexpression of EGF or EGFR by human
pancreatic tumors and breast tumors correlates with rapid
progression and metastatic disease (12). Furthermore,
expression of EGFR appears to provide protection to malignant
tumor cells from the cytotoxic effects of chemotherapy and
radiotherapy, making these treatments less effective (7,13).
Inhibition of EGFR and/or other members of the ErbB family
or their respective ligands is an appealing target for anticancer/
antimetastatic therapy.

PKI 166 is a dual inhibitor of both EGFR (ErbB1) and
ErbB2 (HER2). This drug interacts with the intracellular
domain of the ErbB receptors by competitively inhibiting
ATP binding, which is necessary for effective signaling
(9,14). Early experiments showed that oral administration of
PKI 166 three times a week, in combination with gemcitabine
chemotherapy, inhibited the growth and metastasis of
orthotopically implanted human pancreatic carcinoma, in
nude (athymic) mice (14). Immunohistochemical analysis of
pancreatic tumors from mice treated with PKI 166 revealed
that the decrease in activated EGFR was accompanied by a
decrease in expression of proangiogenic molecules VEGF
and interleukin-8 (IL-8) (14). In addition, in another rodent
model, Kim et al (15) showed that the combined administration
of PKI 166 and the drug paclitaxel to nude mice with ortho-
topically implanted human prostate cancer cells blocked EGFR
signaling in the tumor and neighboring endothelial cells, and
resulted in reduced incidence and size of metastatic bone
lesions, a common metastatic site in this type of cancer. The
combination treatment also significantly induced apoptosis of
EGFR expressing endothelial cells within tumors indicating
anti-angiogenic implications (15). PKI 166 has been tested in
early phase clinical trials in patients with a wide variety of
tumors identified as having EGFR overexpression including
carcinoma of the breast, head and neck, prostate, urinary
bladder, GI tract, and gliomas (16) (reviewed in ref. 9).

Iressa® (gefitinib) and Tarceva® (erlotinib) are drugs
currently approved for the treatment of patients with advanced
or metastatic non-small cell lung cancer (NSCLC), breast
cancer, and head and neck cancers and function by targeting

the EGFR pathway. These drugs act in a similar manner to
PKI 166 by competing for ATP binding to the kinase domain,
and thus directly blocking intracellular growth signals (7).
These drugs inhibit aberrant signaling due to mutations in
the EGFR gene, and the resulting downstream signaling
events, such as activation of the PKB/AKT survival responses
and RAS-signaling pathways (10,13). Clinical trials with
gefitinib for advanced NSCLC have shown improved disease
stabilization in >42% of patients so that almost half of the
patients treated with gefinitib in both trials benefited from
treatment (7,17,18). Erlotinib has similarly provided beneficial
treatment to patients with advanced chemotherapy-resistant
NSCLC (7). Curiously, the response to gefinitib and erlotinib
does not directly correlate with tumor EGFR expression levels
(13). However, it is likely that a positive response to gefinitib
and/or erlotinib is related to EGFR activating mutations or
genetic alterations, EGFR genetic copy number, or the level
of EGFR PTK activity (10,13,19-21). EGFR mutations were
found in 8 out of 9 patients with gefinitib-responsive NSCLC,
compared to none out of 7 patients with gefinitib-unresponsive
NSCLC (19). However, some patients that had shown initial
responses to gefinitib or erlotinib later developed resistance
to these drugs. Pao et al (22) attributed this resistance to an
emergence of tumor cells containing additional EGFR
mutations in the presence of gefinitib, suggesting that gefinitib-
resistance genes may influence patient outcome. In addition,
since gefinitib may mediate its actions through the inhibition
of EGFR-PTK downstream pathways, such as the PKB
signaling pathways, patients whose tumors were positive for
phosphorylated PKB (p-PKB) had a better response rate, and
slower disease progression when treated with gefinitib than
patients whose tumors were negative for p-PKB (10,23).
Similarly, mutations in the downstream RAS-signaling genes
may influence clinical response to these agents (10). In support
of this theory, mutations in K-RAS were associated with a
lack of sensitivity to gefinitib or erlotinib in a screen of lung
adenocarcinomas (24).

Herceptin® (trastuzumab) is a drug that specifically targets
aberrant signaling through the ErbB2 receptor of the ErbB
family (2). Trastuzumab is a humanized monoclonal antibody
that acts by selectively binding the extracellular domain of
the ErbB2 receptor. This binding slows tumor growth and
progression by inhibiting growth factor signaling. Trastuzumab
is used in combination with paclitaxel chemotherapy to treat
patients with ErbB2 positive metastatic breast cancer. The
Phase III clinical trials for the treatment of metastatic breast
cancer conclusively showed that trastuzumab in combination
with standard chemotherapy slows disease progression
providing patients with a longer median survival time
compared to chemotherapy alone (25). Trastuzumab has since
been approved for the treatment of metastatic breast cancer.
Trastuzumab is also undergoing clinical trials for the treatment
of metastatic esophageal and pancreatic carcinomas that
overexpress ErbB2 (26,27).

BCR-ABL tyrosine kinase. Gleevec® (imatinib mesylate)
was originally developed for the treatment of Philadelphia
chromosome-positive chronic myeloid leukemia (CML).
CML is a hematologic stem cell disorder characterized by
excessive myeloid proliferation. The Philadelphia chromosome
is generated due to a reciprocal translocation between
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chromosome 9 and 22, creating a novel hybrid gene, which
produces a BCR-ABL fusion protein with constitutive tyrosine
kinase activity (9). Constitutive BCR-ABL tyrosine kinase
activity affects numerous signal transduction pathways that
are essential for leukemic transformations. Imatinib mesylate
acts by blocking the binding site for ATP in the ABL kinase,
thereby preventing phosphorylation of tyrosine residues on
substrate proteins. Inhibition of phosphorylation prevents the
activation of downstream signal transduction pathways that
induce the leukemic transformation to CML including RAS,
PI3K, and JAK-STAT pathways (28). The Phase III clinical
trials confirmed that imatinib mesylate provides significantly
improved progression-free survival over a 12-month period
compared to the standard treatment, (interferon-· and
cytarabine) in chronic phase CML and has truly revolutionized
the treatment of this disease (29). Imatinib mesylate is now
the standard of care for adult patients with chronic phase
CML. The drug is not entirely selective for the BCR-ABL
kinase and has also been found to inhibit the RTKs for platelet-
derived growth factor (PDGF), stem cell factor (SCF) and
activated KIT kinase (c-KIT) (9,30). Gastrointestinal stromal
tumors (GIST) are rare frequently metastatic tumors that
commonly express mutated c-kit or PDGF tyrosine kinases.
Imatinib mesylate yielded promising results in patients with
these tumors and consequently the drug has been approved
for the treatment of GIST in many countries (32).
Unfortunately, as is the case for gefinitib, patients may
develop disease resistant to imatinib mesylate. This has
prompted the development of second generation BCR-ABL
tyrosine kinase inhibitors, such as Dasatinib®, which has just
been approved by the FDA for treatment of CML resistant to
imatinib mesylate (31). 

Mounting evidence continues to demonstrate the efficiency
of PTK inhibitors in a wide range of malignancies. The com-
bination of targeting a protein tyrosine kinase with current
chemotherapy approaches appears to be a promising strategy,
which is continuing to be developed and optimized.

Target: glycans. Glycans exist as membrane-bound glyco-
conjugated molecules on the surface of tumor cells or as
secreted molecules, which can become integral parts of the
ECM. These molecules have been recognized as mediating
key pathophysiological events during the various steps of
tumor progression (5). The physiological locations of glycans
place them in a position to mediate cell adhesion and motility
in addition to intracellular signaling events (5). Membrane-
bound glycans are able to bind the lectin family of proteins,
which are important in cell-cell recognition, cell-adhesion
and motility, and pathogen-host recognition. Many lectins are
found on the surface of immune cells, and endothelial cells,
and in the ECM as soluble adhesion molecules (5). Through
changes in glycosylation, membrane-bound glycans present
on the surface of tumor cells can facilitate the detachment of
invasive cells from the primary tumor by reducing tumor cell-
cell adhesion and modifying tumor cell-ECM interactions,
(33,34). Similarly, changes in glycosylation and glycan-lectin
interactions can facilitate the dissemination of tumor cells
through the blood stream by enhancing their adhesion to
platelets and immune cells (embolisation), as well as to
endothelial cells (5). One well-known glycan family, the

gangliosides, including GD3 and GM3 are commonly over-
expressed in melanomas, lung cancers and neurogenic tumors
(33) and can enhance metastatic progression through their
ability to regulate growth signaling through interactions with
RTKs (5). Another group, the glycosaminoglycans, can
also function as co-receptors for pro-angiogenic molecules
and tumor growth factors, such as bFGF, VEGF, TGFß, and
IL-8, facilitating tumor growth and angiogenesis (5,35).
Furthermore, a particular glycan family, the heparan-sulphate
proteoglycans (HSPGs), have the ability to bind several chemo-
kines and assist the establishment of chemokine gradients
across vascular endothelial layers, thus facilitating extra-
vasation and intravasation of tumor cells out of or into blood
or lymphatic vessels as is the case with some breast cancer
cells (36,37). In addition, the degradation of the heparan-
sulphate chains of certain HSPGs by heparanases released by
migrating tumor cells can aid tumor progression by liberating
sequestered growth factors (38). This process of heparanase
release correlates with metastatic potential in a number of
tumors prompting the development of strategies aimed at
inhibiting heparanase activities (5,39).

The anticoagulant drug, heparin, can effectively inhibit
heparanase and interactions between growth factors and
heparan sulfates; however, its use can lead to significant
adverse side effects, particularly hemorrhage (5). Another
heparanase inhibitor, PI88, is currently in Phase II clinical
trials in melanoma and multiple myeloma (40). Roy et al (41)
showed that adenoviral vectors containing antisense sequences
to the heparanase gene could effectively silence heparanase
actions in human malignant 70 W and murine B16 B15b
melanoma cells. Correlative in vivo studies demonstrated
that a heparanase gene knockdown resulted in the absence of
human malignant 70 W melanoma pulmonary metastases in
nude mice (41).

Tumor glycans can also be exploited as targets for eliciting
anti-tumor immunity against metastatic tumors. One example
is the development of antibodies that augment or boost the
immune response, by targeting tumor surface mucin glycans
(e.g. MUC1 or MUC16) on tumor cells, thereby inhibiting
tumor proliferation and invasion (5). Glycans themselves are
poor immunogens, but the aberrant clustering of glycosylated
mucins on the tumor cell surface provides sites for the
attachment of antibodies, thus improving their activity as
immunogenic agents. Additionally, vaccines are being
developed that incorporate glycans that are specifically over-
expressed on the surface of tumor cells. These vaccines are
constructed by conjugating a particular glycan to a carrier
protein, such as keyhole limpet haemocyanin (KLH) (5). The
vaccines are often administered in combination with an
adjuvant that will enhance T cell responses directed towards
the glycan moiety (5). Theratope® is one such vaccine,
consisting of conjugated sialyl-Tn mucin tumor antigens to
KLH, which elicits both humoral (B cell) and cell-mediated
(T cell) immune responses (5). A Phase III clinical trial for
the treatment of advanced metastatic breast cancer with
Theratope following chemotherapy showed a positive survival
effect over placebo in a subset of patients (42). In addition,
this vaccine is currently being examined in the treatment of
patients with ovarian and colorectal cancer (43,44). Similarly,
conjugated vaccines have been developed against the
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glycosphingolipids, GD2 and GM2, that are characteristically
overexpressed in several cancer types, such as melanomas,
neuroblastomas, and breast carcinomas, and are currently
being tested in ongoing clinical trials (5,40,45).

The marine sponge derived glycosphingolipid, ·-galactosyl
ceramide (·-GalCer), is very antigenic and specifically
activates a specialized lymphocyte population termed natural
killer T (NKT) cells (46). NKT cells are activated when
·-GalCer is presented to NKT cells by antigen presenting
cells in the context of the antigen presenting molecule CD1d
(46). NKT cell activation results in the sequential activation
of effector cells such as natural killer (NK) cells and
cytotoxic T lymphocytes (CTLs), which have known anti-
tumor activities (reviewed in ref. 47). A number of studies in
murine models showed that NKT cell activation by ·-GalCer
has antimetastatic properties, inhibiting experimental metastatic
spread to the liver and lungs for various tumor types, including
melanoma and lung carcinoma (48-50). A Phase I clinical
trial for the treatment of patients with NSCLC cancer or
recurrent lung cancers utilized antigen presenting dendritic
cells which have their CD1d surface molecules coated with
·-GalCer and demonstrated disease stabilization, minimal
side effects and a good quality of life for greater than one
year in several patients (51).

The fact that many tumor cell types overexpress surface
glycans such as chondroitin-sulphate proteoglycans (CSPGs)
and glycosphingolipids has led to research aimed at the
development of tumor-specific drug delivery. Targeting
treatments to specific pathological sites will reduce systemic
toxicity in patients, and likely provide greater drug delivery
and efficacy. A study by Lee et al (52) used chondroitin
sulphate-binding cationic liposomes containing the chemo-
therapeutic agent, cisplatin, to suppress both local growth
and the development of liver metastasis in mice. This
specific targeting of cisplatin was superior in reducing tumor
growth, metastasis, drug toxicity, and improving overall
survival when compared to the actions of cisplatin administered
alone (52). In a similar manner, it is also possible to couple
carrier cationic liposomes to monoclonal antibodies against
glycosphingolipids (e.g. GD2) to specifically target drug
delivery (5).

Due to the broad spectrum of glycans affecting many
stages of tumor proliferation and progression, glycan-specific
targeting approaches provide attractive therapeutic strategies,
which could be used in combination with standard treatments.
Since a specific glycan might be expressed at different stages
of tumor progression, glycan-specific targeting approaches
might have broad effects on a number of glycan-protein
interactions, influencing metastatic spread (Fig. 1).

4. Extrinsic/environmental factors

Target: angiogenesis. Angiogenesis is a complex and necessary
process for tumor growth, invasion, progression and meta-
stasis (Fig. 1) (reviewed in ref. 53). Like normal tissue, tumors
require an adequate supply of oxygen, metabolites, and an
efficient way to remove waste products (3). However, these
requirements can vary between tumor types and during the
course of malignant progression (54). Vasculature within and
surrounding tumors also provides a means of transport for

tumor cells by allowing them to intravasate and travel to distant
sites, in order to establish metastatic deposits (reviewed in
ref. 53). Pro-angiogenic endothelial cell gene expression is
upregulated by physiological stimuli, such as hypoxia in
expanding tumors, and also by oncogene activation or TSG
mutation (reviewed in ref. 55). Tumors themselves can express
various pro-angiogenic factors aiding their own growth and
progression (53). The major pro-angiogenic factors include
VEGF, IL-8, EGF, PDGF, basic fibroblast growth factor
(bFGF).

Vascular endothelial growth factor. VEGF, a mitogen
specific for vascular endothelial cells, is one of the principle
pro-angiogenic factors, produced by many cell types, including
hematopoietic stem cells, mononuclear cells and secreted by
tumor cells and tumor-associated stromal cells (53,56,57). By
binding to specific VEGF surface receptors with tyrosine
kinase activities, VEGF can induce vascular endothelial cell
proliferation, migration, and differentiation leading to neo-
vascular growth (56,58). Inhibition of VEGF-induced angio-
genic signals in tumor-associated vessels may potentially halt
tumor growth, and prevent metastasis. However, inhibition of
angiogenesis does not occur rapidly when compared with the
response typical of cytotoxic therapies. The inhibition of
angiogenesis may not actually kill tumor cells, but rather slow
their progression and provide a means for disease stabilization
in otherwise untreatable diseases.

Avastin® (bevacizumab) is a drug that targets the inter-
action between VEGF and its receptors (VEGFR1 and
VEGFR2). Bevacizumab is a humanized monoclonal anti-
body that binds VEGF, preventing ligand-receptor interactions,
and VEGF induced angiogenesis. Bevacizumab has been
approved for use in combination with 5-fluorouracil chemo-
therapy as a first-line treatment in patients with metastatic
colorectal cancer (59). The results of a Phase III clinical trial
demonstrated that this combination extends survival of
patients by nearly 5 months with a median 10.6 months
progression-free survival, compared to a median 6.4 months
progression-free survival (60). Furthermore, bevacizumab
has been tested in clinical trials for the treatment of metastatic
renal cell carcinoma with encouraging results demonstrating
slower disease progression when compared to placebo (61,62).
Combination therapy with bevacizumab and erlotinib has also
been shown to be efficacious in renal carcinoma and NSCLC
(62-64). A Phase II clinical trial for the treatment of NSCLC
tested bevacizumab combined with carboplatin and paclitaxel
chemotherapy compared to chemotherapy alone and
demonstrated that the addition of bevacizumab improved the
overall response rate (65).

PTK787 is a tyrosine kinase inhibitor specifically targeting
VEGFR tyrosine kinase signaling of the VEGFRs (reviewed
in ref. 9). Pre-clinical data show that PTK787 selectively
inhibits VEGF-mediated endothelial cell proliferation, cell
survival, and cell migration in vitro (9). In rodent models,
PTK787 selectively inhibits VEGF-mediated angiogenesis,
and the development of lung and lymph node metastasis
(9,66). Baker et al (14) showed that daily oral administration
of PTK 787 combined with gemcitabine chemotherapy could
inhibit the growth and rate of metastasis of human pancreatic
carcinoma cells implanted orthotopically in nude mice (14).
A combination of PTK 787 and EGFR kinase inhibitor PKI
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166 together with gemcitabine significantly retarded tumor
growth and metastases by inducing apoptosis in both pancreatic
tumor cells and tumor-associated vascular endothelial cells,
leading to a significant increase of overall survival time (14).
Clinical trials with PTK 787 are currently underway for the
treatment of metastatic colorectal cancer, CML and acute
myelogenous leukemia.

Cyclo-oxygenase 2. Another pathway involved in the
induction of angiogenesis is the cyclo-oxygenase 2 (COX2)
pathway, which is responsible for prostaglandin G/H synthesis
via arachidonic acid metabolism (53). Enhanced COX2-
induced synthesis of prostaglandins stimulates cancer cell
proliferation, inhibits apoptosis, and increases metastatic
potential (67-71). COX2 is overexpressed in mucosal colon and
gastric adenocarcinomas, and is associated with advanced
spread to lymph nodes (72-74). Elevated COX2 mRNA and
protein levels are similarly associated with advanced stages
of esophageal, head and neck, breast, lung and prostate
cancers, indicating an intimate involvement of COX2 in
tumor progression and metastasis (72).

COX2 inhibitors are anti-inflammatory agents with anti-
angiogenic activities that downregulate the expression of the
pro-angiogenic factors VEGF and bFGF (75). COX2 inhibitors
are currently being evaluated in conjunction with chemotherapy
and radiotherapy in clinical trials for the treatment of colon,
lung, esophageal, pancreatic, liver, breast and cervical cancers
(reviewed in ref. 67). Furthermore, COX2 inhibitors have also
been considered for the treatment of prostate and cervical
adenocarcinomas, which both express high levels of COX2
(53). COX2 inhibitors may be most effective as a single agent
in pre-malignant conditions. For example, the COX2 inhibitor
Celebrex® (celecoxib) was able to reduce the number of colo-
rectal polyps by 28% in patients with familial adenomatous
polyposis, a syndrome that predisposes patients to colon
cancer (76). In combination with paclitaxel, a known inducer
of COX2, and carboplatin, a chemotherapy agent, celecoxib
was evaluated for the treatment of NSCLC, as a means of
enhancing the patient response to chemotherapy. Results of
this Phase II clinical trial demonstrated an enhanced overall
response rate to paclitaxel and carboplatin with the co-
administration of celecoxib (77).

Matricryptins and matrikines. Matrix-metalloproteinases
and other proteases generate proteolytic and cryptic fragments
from the ECM, which have anti-angiogenic activities (reviewed
in ref. 78). Research into these proteolytic and cryptic
fragments, termed matrikines and matricryptins, has stimulated
interest for their development as anti-angiogenic therapies.
The examples listed below are all currently in Phase II clinical
trials.

Angiostatin, a plasminogen fragment, is an angiogenic
inhibitor that hinders endothelial cell migration and pro-
liferation, and increases endothelial cell apoptosis (79,80).
Angiostatin has been reported to suppress metastasis in Lewis
lung carcinoma and to induce and sustain dormancy of human
and murine primary fibrosarcomas and their metastases in
mice (81,82). Endostatin, a fragment of basement membrane
collagen (XVIII), inhibits endothelial cell proliferation,
migration, angiogenesis and tumor growth, and induces
endothelial cell apoptosis and cell cycle arrest (reviewed in
ref. 78). Sonveaux et al (83) showed that irradiation, in a

dose-dependent manner, might paradoxically induce the
activation of pro-angiogenic pathways in endothelial cells.
Thus, combining anti-angiogenic treatments such as
angiostatin or endostatin with radiotherapy may increase the
therapeutic efficacy of radiotherapy (84).

A primary benefit of anti-angiogenic agents is their
ease of administration. Most are given orally, are generally
well tolerated and have minimal side effects (64,66,77).
Additionally, anti-angiogenic agents can be used not only for
stunting primary cancer growth, but also for the prevention
of cancer recurrence, and metastasis. Combinations of anti-
angiogenic agents may provide synergistic effects compared
to single agents. Due to their slow rate of action, anti-
angiogenic agents currently do not have a place as first line
therapy in aggressive tumors. However, future regimens
combining cytotoxic approaches with inhibition of vascular
growth may become an important upfront treatment in a
number of malignancies.

Target: extracellular matrix. Matrix-metalloproteinases
(MMPs) and other proteases, such as heparanase, produced
by cancer cells break down the surrounding extracellular
matrix (ECM), thereby facilitating cancer cell migration, in
addition to promoting tumor angiogenesis, as described above.
The ECM is a reservoir of growth factors, which are released
by matrix protease-mediated ECM degradation and can further
contribute to the growth and progression of a tumor. Several
studies have shown that the upregulation of MMPs, and
members of the plasminogen activating pathway, such as
urokinase plasminogen activator (uPA) and its receptor
(uPAR), are involved in the progression of transformed cells
into invasive cells and the development of metastases (78,85).
These enzymes are required by the growing tumor to degrade
the ECM and break through the underlying basement
membrane in order to intravasate into surrounding blood or
lymphatic vessels. A number of strategies have been directed
at preventing the actions of matrix-degrading proteases in an
attempt to stop the initial events leading to metastases.
Unfortunately, the promising pre-clinical profile of MMP-
targeted therapy was not reflective of the results in the clinical
setting. The results of several large scale Phase III studies
with MMP inhibitors, such as marimastat and prinomastat were
discouraging. A Phase III clinical trial for marimastat showed
no significant improvement over placebo in progression-free
survival or overall survival in the treatment of patients with
metastatic breast cancer (86). Similarly, a Phase III clinical
trial for prinomastat showed no significant improvements
over placebo in time to progression or overall survival in
patients with NSCLC leading to early closure of the study (87).
However, these clinical trials involved patients with advanced-
stage disease and these agents may yet have a role in treating
cancers that are less advanced.

New alternative strategies to the original small molecule
inhibitors that failed are being explored to target matrix-
degrading proteases. In a recent study, Rao et al (85)
engineered a replication-deficient adenovirus expressing
antisense uPAR and antisense MMP-9 transcripts, referred to
as Ad-uPAR-MMP-9, and transduced these into H1299 lung
cancer cells in an attempt to downregulate uPAR and MMP-9
expression (85). The authors demonstrated inhibition of uPAR
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and MMP-9 expression and decreased invasive capacity
in vitro, in addition to inhibition of a capillary-like structure
formation by endothelial cells co-cultured with H1299 cells.
AD-uPAR-MMP9 also inhibited tumor growth in vivo by
shrinking subcutaneous H1299 lung cell tumors in mice.
Furthermore, AD-uPAR-MMP9 significantly reduced the
metastatic capacity of lung cancer cells in vivo. Another study,
also aimed at inhibiting the action of uPAR expression,
reported that uPAR is required for invasion and metastasis of
highly malignant oral cancer cells. Nozaki et al (88) found
that by utilizing antisense oligodeoxynucleotides and small
interfering RNAs (siRNAs) targeting uPAR they could inhibit
progression of oral cancer cells in a chick embryo assay model
of metastasis (88).

Many MMPs and proteases are pH sensitive. A low extra-
cellular pH is thought to result in increased secretion and
activation of proteases (89). Certain tumor cells have the
capability of lowering the pH in the surrounding milieu by
pumping out protons from their cytosol via the V-ATPase
proton pump. Expression of V-ATPase on the plasma mem-
brane of some tumor cells correlates with their metastatic
potential (90). By acidifying their extracellular environments,
tumors upregulate the activity of proteases, which degrade
the ECM aiding the tumor cells in invasion and metastasis. A
recent study by Lu et al (91), utilizing siRNA to target the
ATP6L subunit of the proton pump V-ATPase, showed
promising results in suppressing cancer metastasis and
hindering tumor growth in a human hepatocellular carcinoma
xenograph model in mice. The siRNA targeted knock-down
of ATP6L resulted in a downregulation of MMP-2 expression,
with decreased tumor invasion and metastasis. MMP-2 has
also been implicated as a direct angiogenesis-promoting
factor, suggesting that the targeted knock-down of ATP6L
also had anti-angiogenic consequences, which likely
contributed to the decrease in tumor progression (94).
Furthermore, the resulting increase in extracellular pH,
caused by the reduction of proton extrusion, is linked to the
reduction of some acid-induced angiogenesis-promoting
factors such as IL-8 and VEGF (92,93). 

Target: G-protein coupled receptors (GPCR) and their
ligands. Entschladen et al (6) suggest that the manifestation
of a metastatic phenotype, which may have been established
in early tumorigenesis by genetic alterations, is regulated by
guidance of external signal molecules, such as chemokines or
neurotransmitters. These signal molecules may also dictate
the final destinations within the body where tumor cells will
migrate and form metastatic tumors (6). Active migration of
tumor cells is a pre-requisite for tumor cell invasion and
metastasis. As a result, much research has been devoted to
elucidating the molecular mechanisms that mediate and
regulate the migratory activity of tumor cells. The most
prominent regulatory factors are ligands to a group of seven-
transmembrane G-protein coupled receptors (GPCRs), such
as chemokines and neurotransmitters (6). By understanding
how these receptors regulate migration, it may be possible to
block these activities by utilizing agonists to therapeutically
modulate and inhibit tumor cell migration, thus cancer invasion
and metastasis.

The GPCRs regulate tumor cell migration in a manner
analogous to the recruitment and homing of leukocytes. The
ligands for these receptors, chemokines or neurotransmitters
can induce directed or chemotactic migration of cells bearing
the respective receptors. Some tumor cells can initiate GPCR
expression by gene mutation, gene fusion, or local conditions
such as hypoxia (95). Receptor-ligand interactions induce a
number of downstream signaling pathways including, phos-
pholipase Cß isoforms, PI3K, various Src family kinases, and
the small GTPase Rho (reviewed in ref. 96). These signal
transduction pathways play crucial roles in the formation of
cell polarity, directional chemokine gradient sensing, F-actin
polymerization, and myosin assembly, which are all necessary
for the directional migration of cells (96). Chemokine
receptor-ligand interactions may also induce detachment and
dissemination of metastatic cells from the primary tumor, in
addition to directing the migration of these cells in an organ-
specific way. Furthermore, chemokines and their receptors
may also be directly involved in the transformation, survival,
and growth of tumor cells by delivering anti-apoptotic and
proliferative signals (95,96). In addition, there is evidence for
interaction with pro-angiogenic stimuli, such as VEGF and
hypoxia, which can upregulate the expression of certain
chemokines such as ELR+ CXC chemokines, and their
receptors such as CXCR4. Furthermore, these chemokines are
potent angiogenic inducers (8). Inflammation has also been
implicated in tumor development, growth, progression and
metastasis, and may mediate these effects through the release
of chemokines from various inflammatory cells present in the
tumor micro-environment (97).

Chemokines and their receptors. A number of human and
murine cancer cells express the chemokine receptor CXCR4,
and it is the most commonly overexpressed chemokine receptor
found on cancer cells (95,98). The chemokine CXCL12 is
expressed in a wide variety of tissues and its interaction with
CXCR4 regulates other functions such as, tumor cell growth
and survival, cytokine secretion, cytoskeletal re-arrangement,
and anti-apoptotic signals (95,96,99). Two studies have
reported increased expression levels of the CXCR4 ligand,
chemokine CXCL12, in metastatic tumor foci compared with
primary tumors (reviewed in ref. 96). The involvement of
CXCR4 in metastasis has been documented for a variety of
tumors, including mammary carcinoma (95,96).

Muller et al (37) showed that CXCR4 is highly expressed
in mammary carcinoma tissue while its ligand CXCL12 is
expressed in other tissues such as the lymph nodes, bone
marrow and lungs, suggesting a mode of targeted organ-
specific metastasis and dissemination of tumor cells. They
demonstrated that a neutralizing antibody directed to the
CXCR4 receptor could inhibit intravenous or orthotopically
induced lung or lymph node metastases in nude mice (37).
Similarly, a study by Guleng et al (100) reported that blocking
the CXCR4 receptor with a neutralizing antibody resulted in
decreased growth of subcutaneously injected gastrointestinal
tumors through the suppression of tumor angiogenesis in a
murine model (100). This effect was independent of the
CXCR4 status of the tumor cells. Anti-angiogenic effects
were also suggested by the absence of increased VEGF levels
and the determination that endothelial cells in proximity to
tumor tissues express CXCR4. Therapy directed toward
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CXCR4, perhaps in combination with anti-angiogenic
therapies, may emerge as a promising therapy that may be
useful against a broad spectrum of cancers. AMD3100, a
CXCR4 antagonist, originally developed for the treatment of
human immunodeficiency virus (HIV) infection, is now being
considered for the treatment of a number of malignancies
(95). In preclinical studies, Rubin et al (101) demonstrated that
the systemic administration of AMD3100 inhibits the growth
of intracranial glioblastoma and medulloblastoma xenografts
in nude mice, by increasing apoptosis and decreasing the
proliferation of tumor cells.

The chemokine receptor CCR7, which is the receptor for
CCL19 and CCL21 chemokines, also plays an important role
in metastasis (reviewed in refs. 95,96). CCR7 expression
correlates with metastatic potential and poor prognosis. CCL21
is found in high levels in the regional lymph nodes of patients
with a number of malignancies (95). CCR7 expression has
been found in breast cancer, gastric carcinoma, NSCLC,
esophageal cancers, chronic lymphocytic leukemia, and mela-
noma (95). Wiley et al (102) established that transducing
murine B16 melanoma cells with CCR7 enhanced their meta-
stasis to regional lymph nodes compared to non-transfected
B16 melanoma cells. This enhanced metastatic capability
was abrogated with a CCL21 neutralizing antibody. In a
clinical study, Mashino et al (103) showed that an increase of
lymph node metastases and lymph node invasion correlated
with expression levels of CCR7 in carcinoma cells in 66%
(42 of 64) of patients with gastric carcinoma. Patients with
CCR7-positive tumors had a poorer prognosis compared to
those with CCR7-negative tumors. Studies have revealed
similar results in patients with esophageal carcinoma (104).

Other chemokine receptors such as CCR3, 4, 5, 10 and
CXCR2 play a role in the progression of cancers like mela-
noma and T-cell leukemia (95). Monoclonal neutralizing
antibodies against chemokine receptors have been successfully
used for inhibiting the growth and/or spread of malignant
tumor cells in pre-clinical models and will hopefully have
similar efficacy in the clinical setting (100,101). As with many
of these targeted therapies, targeting chemokines is likely to
have the greatest benefit when used in combination with
therapies targeting other pathways and more standard chemo-
therapeutic approaches.

Neurotransmitters and their receptors. Neurotransmitters
have been known to be involved in tumor-cell proliferation,
differentiation, and survival and recent evidence suggests a
role in the regulation of tumor-cell migration. Neurotrans-
mitters are thought to function in a manner similar to chemo-
kines (reviewed in ref. 6). Neurotransmitters, such as histamine
and bradykinin, have a pro-inflammatory function in addition
to pro-migratory activities that may contribute to malignant
spread (105,106). Several human tumors including human
urinary-bladder carcinoma have been shown to contain nerve
fibers suggesting that local delivery of neurotransmitters may
contribute in tumor growth and progression (6).

Pharmacological blockade of neurotransmitter release
may provide a novel strategy in the prevention of cancer
progression and metastatic spread. Targeting neurotrans-
mitters may have several advantages over targeting chemo-
kines. As opposed to chemokines where receptor blockade
may impact upon numerous chemokine pathways, due to a

number of ligands sharing the same receptor, neurotransmitter
receptor blockade can be highly specific (6,96). Moreover,
selective antagonists for several neurotransmitters are already
available and in broad clinical use for the treatment of other
diseases, such as ß blockers in cardiovascular diseases (6).

An epidemiological study by Andersson et al (107) hints
at the potential benefit for neurotransmitter blockade in anti-
cancer treatment. Men treated for hypertension (with ß blockers
and/or other antihypertensive agents) had a higher overall
mortality than those who did not have hypertension, but a
slightly lower mortality due to cancer. However, this study
did not discriminate between patients treated with ß blockers
from those treated with other hypertension drugs, or between
the types of cancer.

In addition to neurotransmitter receptor blockade,
increasing levels of particular inhibitory neurotransmitters
may provide another method to abrogate effects of the pro-
migratory neurotransmitters. A study by Joseph et al (108)
showed that the neurotransmitter gamma-aminobutyric acid
(GABA) acting through GABAB-receptor signaling could
eliminate the promigratory effect of norepinephrine, resulting
in a reduction in the migration of SW 480 colon carcinoma
cells in vitro. Drell et al (109) similarly demonstrated that
GABA can block norepinephrine stimulated chemotaxis in
the MDA-MB-468 human breast cancer cell line.

5. Conclusions

Much knowledge about how cancer cells attain malignant
phenotypes, invade, metastasize, and colonize various sites
throughout the body has been gained in the last decade.
Importantly, deciphering the intricate networks between
various genetic lesions and the tumor micro-environment
have aided in the understanding of the malignant process,
and have suggested mechanisms for tumor cell acquisition of
resistance to standard chemotherapeutic interventions.
Recurrent themes for promising therapeutic targeting strategies
in a variety of malignancies are emerging, however, the
complex interactions between cancer cells and their micro-
environments, particularly in advanced metastatic disease,
makes it unlikely for success to be achieved using an approach
directed to only one aspect of cancer progression. Therefore,
combination therapies targeting several pathways simultan-
eously are likely to be most beneficial. Furthermore, methods
to selectively target treatments to the cancerous cells by
tailoring drug delivery systems to recognize cell surface mole-
cules such as glycans will likely increase the efficacy of both
novel and standard therapies with less associated toxicity.
Clearly the suppression of metastatic tumor growth would have
a major impact on the outcome of many solid tumors and
would improve the duration and quality of life for many
patients with cancer. The next several years hold much promise
for exciting advances in this area of research, which will
change the face of cancer therapy in the future.
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