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Abstract

Although millions of cells are shed from a tumour every day, haematogenous metastasis is believed
to be very inefficient. This inefficiency is widely assumed to be a result of the destruction of cells in
the bloodstream by shear stress and the immune system and a slow rate of extravasation and
proliferation in the stroma at a secondary site. Here, we propose that, whereas active intravasation
of cells into the circulation is important in some tumours, others might shed cells passively into the
blood or lymphatic vessels without the involvement of active cell migration. We discuss the evidence
for and against this passive-shedding hypothesis and the implications for future treatments.

Introduction

The spread of metastases to distant sites is the leading cause of death from cancer. More than
half of all patients with colorectal cancer will eventually develop distant metastases, including
patients who undergo an apparently curative, complete resection of the primary tumour.
Consequently, much effort in cancer research focuses on the detection, prevention, and
treatment of distant metastases. At present, the available group of prognostic markers is limited
to, at best, genetic-based or proteomic-based diagnosis of the primary tumour and its potential
for metastasis. However, these prognostic indicators are often inaccurate, and even primary
tumours with supposedly low potential for metastasis sometimes metastasise. Furthermore,
even if a perfect diagnostic marker for metastatic potential existed, we would still need to know
which aspects of biology or physiology to target to prevent metastatic colonies.

A remaining question with metastasis is whether cancer cells need to actively adhere to and
migrate out of blood vessels at the secondary site in order to colonise. On the one hand, we
know that cancer cells express endothelial adhesion receptors, similar to leukocytes, which
allow them to roll on and adhere to endothelium.1~3 But on the other hand, studies have found
clumps of cancer cells survi ving and growing within the lumen of blood vessels at the
secondary site.4 These disparate observations suggest that some manifestations of metastasis
are actively enabled by cancer cells, but others might be dictated by chance. The example of
intravascular colonisation pertains to the later stages of metastasis, but we propose that similar
passive mechanisms operate during the initial, intravasation step as well.
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Most cancer treatments deal with established metastases because surprisingly little is known
about the early steps of metastases or how to prevent them. Butler and Gullino,5 and Liotta
and co-workers,6 showed that millions of cells are shed from a tumour every day, even though
few clinically detectable metastatic colonies are formed. The widely accepted hypothesis is
that shear stress and immune cells in the circulation cause destruction of the shed cells and
preventall but the most capable cells from producing secondary colonies. The question remains
whether these early intravasation steps are taken by cells that actively move toward and then
into nearby blood vessels, or whether the process is passive and coincidental (figure 1 and
panel). The answer to this question would have major implications for future treatments.

Requirements for haematogenous metastasis

To develop clinically detectable lesions at a distant site, metastasising cells must complete a
series of sequential, interrelated steps. First, they have to move from the primary tumour mass
into the bloodstream, where they must endure the haemodynamic stresses, evade the natural
host immune response, and arrest at the secondary site. Once at this site they then need to adapt
to the local microenvironment, proliferate, and induce angiogenesis to form a successful
secondary colony. Failure to complete any step in this cascade prevents formation of metastatic
colonies. Fortunately, many physiological barriers render metastasis relatively inefficient. 34—
36 Although the later steps of the metastasising process (ie, arrest at the secondary site,
extravasation, and colonisation) have been well studied, little is known about the early
intravasation step (figure 1). This initial step involves interactions between cancer cells and
blood vessels.

Tumours larger than about 1 mm in diameter must recruit new blood vessels to supply sufficient
oxygen and nutrients. Physiological angiogenesis is regulated by an orches trated series of
proangiogenic and antiangiogenic molecules, such as vascular endothelial growth factor, basic
fibroblast growth factor, angiopoietins, ephrins, thrombospondin, angiostatin, endostatin, and
other matrix degradation products that are involved in angiogenesis. This exquisitely balanced
process is disturbed in cancer, where many angiogenic molecules are chronically
overexpressed, overwhelming the inhibitors.37 The resulting blood vessels that supply the
tumour are immature, poorly-structured, and not well fortified with pericytes and basement
membrane.22:38 How these structural and functional abnormalities in the vessel wall affect
intravasation of cancer cells is not known, but they probably help with the process.

Is cancer-cell intravasation active or passive?

Many studies suggest that cancer cells actively crawl towards blood or lymphatic vessels by
following nutrient or chemokine gradients.7 This active migration has been postulated to be a
result of the ability of cancer cells to mimic some aspects of lymphocyte behaviour. Other
evidence supports the hypothesis that metastasis in the early stages is a more accidental, passive
process.29 Our lack of understanding of this process is largely a result of the difficulties in
establishing tumour models in which tumour-cell intravasation and shedding can be monitored
and characterised.

Evidence that cells are shed passively

Tumour-cell intravasation—To address this lack of understanding, Butler and Gullino®
developed a method for isolating a tumour and its vascular system in the ovarian pedicle. In
this model, the vessels that feed and drain the tumour are easily identified, allowing quantitative
control over what enters—or collection of what leaves—the tumour. With this approach, they
noted a high rate of cancer-cell shedding (3-4x108 malignant cells/day per gram of tumour)
by various tumours. Similar findings were reported by Liotta and co-workers39 in another
model system. These results collectively highlighted a disparity between the millions of cells
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shed from a tumour every day and the relatively few clinically detectable metastases. Several
explanations exist for this disparity. One possibility is that, once in the vasculature, metastatic
cells encounter barriers that prevent colonisation at the secondary site—ie, they perish in the
bloodstream as a result of fluid shear-forces or immune-cell attack, or else they land in a tissue
with inappropriate microenvironment for growth. The question is what differentiates those
cells that are able to metastasise from those that cannot.

Panel: Evidence for active and passive mechanisms in cancer cell
intravasation

Active
Cytoskeletal activity associated with metastasisL /~10
Integrin upregulation involved in metastasis1!
Accumulation of mutations needed for metastasisl213
Transient, microenvironment-induced changes in gene profile14
Matrix metalloproteinases produced by metastatic cells1>-17

Tumour microenvironment (hypoxia, other stresses) can induce migration-related
pathwaysl&19

Passive
Most shed cells are non-viable20-23
Shed cells are not clonogenic24
Blood vessels have fragile walls22:26
Solid stress collapses vessels2/,28

Loss of cell-cell and cell-matrix adhesion associated with shedding and metastasis20:

Tumour microenvironment (hypoxia, other stresses) confers survival advantages to
random cells31-33

Several years ago, we collected evidence sug%esting that a simple answer to this question might
be that successful cells need only be viable. 24 Adapting the isolated tumour model to mice,
we confirmed the high rate of tumour-cell shedding, and also collected and characterised the
shed tumour cells. The shed cells were less clonogenic compared with their counterparts in the
primary tumour.24 More viable cells were shed from the highly metastatic primary tumours,
but most of the shed cells were already apoptotic or dead before they entered the vasculature.
20 \we postulated that uncontrolled, haphazard tumour growth causes proliferation of cells in
regions of ade quate nutrient supply, but at the same time, death of cells in poorly-perfused
regions. Because of their large number and the competition for space in a growing tumour,
these dead or dying cells are probably shed into the bloodstream. The low viability of
circulating cancer cells showed in preclinical models also extends to human tumours.2L When
Mehes and co-workers#0 and Larson and colleagues22 collected and characterised circulating
epithelial tumour cells in patients with advanced breast cancer and prostate cancer,
respectively, they noted that most of the circulating cells were apoptotic and concluded that
apoptotic cells substantially contribute to the circulating-tumour-cell fraction in patients with
cancer. The question of whether the initiation of apoptosis or necrosis takes place before or
after intravasation is, in general, difficult to answer. In our animal model, we carefully
controlled the conditions so that cells shed from the tumour passed through a short segment of
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vasculature, into a collecting cannula and to a test tube, where they were immediately fixed
for analysis. Thus, we ensured that the cells were fixed within minutes of being shed, which
kept the likelihood that changes occurred after intravasation to a minimum. In support of
preintravasation cell death are reports in which apoptosis is associated with loss of cell-cell or
cell-matrix adhesion, the same process that would allow cell shedding. 41 Eurthermore,
squamous-cell carcinomas for instance—known for their aggressive ness and their high
potential to metastasise—have a very high percentage of necrosis and apoptosis.42

Structural and mechanical aspects of early metastasis—The passage of large
numbers of dead and apoptotic cells contrasts sharply with previous theories favouring active
cell migration into the vessel. Could some tumours metastasise through a passive shedding
process, without active migration? Tumours have long been known to have pockets of necrotic
cells, produced by poor perfusion and insufficient nutrient and oxygen dellvery 43
Additionally, blood vessels themselves have been shown to be highly abnormal, with
immature, disorganised wall structure, detached endothelial cells, and an abnormal or missing
basement membrane.25 38,44 These fragile vessels, combined with poor structural integrity
of the tumour, could possibly help with the shedding of tumour material, including live and
dead cells.

In support of passive intravasation is a seminal study by Liotta and co-workers,8 who showed
that trauma or massage to the primary tumour increases the number of tumour cells released
into the effluent blood. They also noted a linear relation between the proportion of vessels with
diameters large enough to pass a tumour clump of a given size and the proportion of clumps
of that size within the venous effluent.8 This means that once inside the vessel, clumps of cells
—and debris—are limited by the blood-vessel conduit size, rather than by the ability of cells
to negotiate or survive in the bloodstream. Also corroborating the passive intravasation
hypothesis are studies showmg that tumours can produce their own mechanical stresses through
unchecked cell grovvth 7 Cells growing in a confined space push against each other, producing
stress that can collapse blood and Igmghatlc vessels and, potentially, force cells to breach fragile
blood and lymphatic vessels.?

These findings suggest that the early steps in metastasis can be dominated by passive events.
However, other factors such as cell chemotaxis and phenotypic adaptability point toward an
active metastatic process.

Evidence that the initial steps in metastasis are active

Cancer cells migrate actively and express matrix metalloproteinases—By
contrast with the passive intravasation hypothesis is the finding that highly metastatic cells can
change alignment and migrate toward blood vessels, and less metastatic cells cannot. This in
vivo result supports a number of in vitro studies showing that cancer cells are able to polarise
and migrate in response to growth factor and nutrient gradients.45‘49

In addition to activating cytoskeletal and adhesion mechanisms necessary for directed
migration, cells can also actively digest interstitial matrix and basement membrane to migrate
through tissue and into blood vessels. For example, Morikawa and colleagues noted a strong
correlation between type IV collagenase activity of human colon cancer and the incidence of
liver metastases. The microenvironment of orthotopically grown tumours contained twice the
levels of enzymes compared with ectopic tumours. Thus, the tumour microenvironment
probably plays an important part in cell shedding and metastasis.

Cancer cells change their transcriptional profile during intravasation—Under

common experlmental protocols, most cells injected into the circulation die rapidly. For
example, Fidler? showed that metastases were produced from less than 0.1% of the original
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inoculated cells and concluded that metastasis resulted from only a few surviving cells.
Experiments such as this suggest that neoplasms are heterogeneous and contain subpopulations
of cells with differing angiogenic, invasive, and metastatic properties.51 Shioda and
colleagues14 followed individual cells by intravital microscopy and reverse transcriptase-
polymerase chain reaction as they completed the metastatic sequence. They showed that as
B16F10 melanoma cells adhered to the vasculature, extravasated, migrated through the tissue
and then proliferated, distinct genes were upregulated that would be necessary for each of those
steps. Although this study did not directly examine the initial intravasation step, it suggests
that, at least in some cases, cancer cells actively respond to their environment by regulating
genes needed for metastasis. In short, there are many findings supportive of the hypothesis that
metastases result from a unique subpopulation of cells that are actively equipped with
mechanisms to undertake the different steps of metastases rather than fortuitous survival and
growth of randomly chosen cells.

Collaboration of stromal and cancer cells in metastasis—The stroma constitutes a
large part of most solid tumours and tumour-stroma interactions contribute functionally to
tumour growth and progression. The infiltration of stromal cells has been well documented in
animal models and human tumours.®2:53 The generation of tumour stroma is triggered by
tumour cells and induces the in-growth of new blood vessels and mesenchymal cells from the
adjacent normal tissue.24 Host stromal cells apparently regulate angiogenesis by changing the
local equilibrium between proangiogenic and antiangiogenic molecules. Nakagawa and co-
workers®® showed that in patients with colorectal cancer, cancer-associated fibroblasts express
distinct molecular expression profiles, supporting the notion that these fibroblasts change to
provide a favourable micro-environment for cancer cells. Kitadai and co-workers®6 showed
that the expression of platelet-derived growth factor receptor in the stroma was higher in highly
metastatic colon carcinoma than in less metastatic tumours and concluded that the expression
of platelet-derived growth factor receptor in stromal cells is influenced by the organ-specific
microenvironment and is associated with metastatic potential. On the basis of these and other
studies, there exists an active interplay between host-stroma and tumour, which, in some
circumstances, can enable metastasis.

Prediction of metastasis in gene expression profiles—Various theories have been
proposed to explain the genetic basis of metastatic inefficiency. The traditional view depicts a
series of events that produce a small sub population of cells able to overcome all barriers to
successfully metastasise. At each stage, modulation of gene expression during metastasis is a
dynamic, orchestrated process, with crucial genes being modulated at each stage,1 and only a
small fraction of the tumour cells acquire full metastatic potential resulting from an
accumulation of mutational events. Changes in the genome by amplification, translocation, or
loss of heterozygosity all support this theory. However, Bernards and Weinberg12 have
proposed that metastatic propensity is acquired very early during tumorigenesis, and
Ramaswamy and co-workers?3 discovered expression signatures in primary tumours that were
predictive of successful metastases. They all claim that the cells in primary tumours are
relatively stable, and any of these cells are capable of metastasising, provided the tumour
acquired the correct genetic signature early on. However, if most cells have the active signature
to metastasise, and millions of cells are shed by the primary tumour, this theory would predict
a highly efficient metastatic process.

There are several microenvironmental or epigenetic factors, along with position in the tumour,
that establish a given cell's likelihood to metastasise. Hunter has added another theory to
reconcile the inconsistencies.®’ Using his genetic efficiency model, he claims that host tissue
can be classified as either a low or high metastatic genotype, and this genotype defines the
ability of a tumour to flourish at the secondary site. This theory, in essence, claims that the host
stromal cells, rather than the mutated cancer cells, predict metastatic ability. Several studies
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support this theory and have shown that gene expression can vary as a result of genetic
background. 51,52,55,57,58

Additionally, exciting studies have recently identified cancer stem ceIIs—putatlve cells that
are necessary and sufficient for primary tumour growth and dissemination. 59-61 The low
success rate for metastasis might exist, at least in part, because very few of the cells shed from
a tumour are these fertile stem cells.

Conclusion

Several interdependent mechanisms affect the metastatic cascade, and despite the impressive
rate of publication in this area, we still know little about the key steps in the process. Tumours
seem to be able to use both active and passive methods to enter the vasculature, but whether
the preferred mode is tumour-type dependent, organ dependent, or stage dependent, or whether
specific genetic mutations are needed is not known. Furthermore, although intravasation into
lymphatic vessels is not as well characterised as that into blood vessels, we can reasonably
%szsume that both passive and active mechanisms are important in lymphatic metastasis as well.

The key for successful treatment of metastases will probably include a combination of drugs
that are not only able to target the late steps of metastasis, but also the early steps. Future
treatments could be directed at blocking metastatic progression during the initial step of cell
shedding—eg, by inducing even more apoptosis in the shed-cell population or by targeting
blood vessels or stroma. If certain tumours do rely on passive intravasation into fragile blood
vessels to metastasise, then treatments aimed at fortifying blood vessels might be successful
at preventing metastases. One such approach, currently in clinical trials, focuses on normalising
tumour blood vessels through prudent application of antiangiogenic treatment. The result is
blood vessels that appear more mature, with lower permeab|I|2/ more normal pericyte and
basement membrane association, and better perfusmn 2 Nevertheless, there are
many manifestations of metastasis, with different tumours using different modes of
dissemination. This variability is probably the greatest barrier to our development of a general,
fundamental understanding of the process. Development of tumour models that more closely
mimic the range of behaviour seen in human disease, and the ability to visualise these steps in
vivo, might help overcome this difficulty.
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Figure 1. Active and passive mechanisms in initial steps of metastasis

Left: reports that cancer cells accumulate mutations, upregulate migration machinery, and align
and migrate up nutrient or chemokine gradients, are in support of active metastasis. Fibroblasts,
macrophages, or other stromal cells are also likely to cooperate with cancer cells to actively
help with the initial stage of metastasis. Right: however, there is evidence that many dead cells
are shed into the vasculature, which implies a passive mechanism. It is possible that
uncontrolled focal growth crushes or impinges upon fragile tumour blood vessels, leading to
passive shedding. Similarly, fluid oozing from the tumour surface might help with shedding
of cancer cells into lymphatic vessels.
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