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Abstract

The use of green fluorescent protein to fluorescently tag tumour cells has allowed investigators to open the “black box” of
metastasis in order to visualise the behaviour of tumour cells in living tissues. Analysis of cells leaving the primary tumour indicates
that highly metastatic cells are able to polarise more effectively towards blood vessels while poorly metastatic cells fragment more
often when interacting with blood. In addition, there appear to be greater numbers of host immune system cells interacting with
metastatic tumours. After arresting in target organs such as the lungs or liver, most tumour cells become dormant or apoptose. A
small fraction of the arrested cells form metastases. In some target organs, migration of tumour cells may enhance the ability to

form metastases. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Outline of the metastatic process

This review will be focused on metastasis of mam-
mary adenocarcinoma cells. Metastasis can be crudely
broken down into four steps: growth of the primary
tumour, entry of tumour cells into the blood from the
primary tumour, arrival of tumour cells in a target
organ and cell division to form the metastases (Fig. 1)
[1-4]. These four steps can be further dissected into finer
steps and processes that are required for each step. This
review will not focus on growth of the primary tumour,
but on the direct visualisation of the subsequent steps of
the metastatic process. For example, vascularisation of
the primary tumour is important for providing blood
vessels or lymphatics as entry points for metastasising
tumour cells, as well as allowing rapid growth of the
primary tumour [5,6].

Entry into the circulation requires that cells detach
from the primary cell mass and move into a vessel. The
detachment process can require a reduction in cell—cell
adhesion mediated by molecules such as E-cadherin
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[7,8]. Movement into a vessel requires degradation of
the extracellular matrix which is present as basement
membranes surrounding the tumour and vessel, as well
as present in the connective tissue separating the tumour
from the vessel [9-11]. Depending on the vascularity of
the tumour and the size of the blood vessel, the distance
travelled from the tumour to the blood vessel can range
from less than a cell diameter to many cell diameters.
Extension of cell processes into spaces generated by
degradation may be aided by chemotaxis to external
factors including matrix degradation products [12]. This
is followed by the generation of new cell-substratum
contact sites which stimulate focal contact formation
and contraction of the cell posterior [13,14]. Net flow of
cytoplasmic contents into the extension shifts the centre
of mass of the cell forward. Older cell-substratum con-
tacts are dissolved and the cell pulls up its trailing edges.
This coupled process involving proteolysis, cell move-
ment and adhesion has been termed the three-step
model for metastasis [15] and can be repeated until the
cell contacts the blood vessel.

If tumour cells enter a lymphatic rather than a blood
vessel, additional motility may occur to facilitate reach-
ing the general circulation. Although it is possible that
metastases are seeded in new target organs traversed by
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Stages during metastasis
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Fig. 1. Stages of metastasis that are easily quantitated. Quantitation of tumour growth, viable cells in the blood, single cells in the lungs and

metastases in the lungs is performed as shown in the diagram.

the lymphatic system, in most cases metastases are
found mainly in organs that contain downstream capil-
lary beds (i.e. the lungs), suggesting that tumour cells do
not exit the lymphatic system except through entry into
the blood via the thoracic duct. This may reflect the
general increase in the lymphatic walls (and presumed
increased barrier to tumour cell exit) that occurs as the
lymph moves towards the thoracic duct. In addition,
traversal of the lymphatic system requires movement
through lymph nodes. The rate of movement through
nodes may be slow enough that tumour cells grow and
divide during this process, allowing the formation of
lymph node metastases.

During and after entry into the blood, whether
directly or via the lymphatics, tumour cells must survive
the physical stresses generated by the rapid flow of
blood [16]. The cells may be single or in clumps, possi-
bly coated by platelets. The immune system may also
have the most direct exposure to the tumour cells when
in lymph nodes or blood vessels.

In the target organ, tumour cells must stop and (at
least in some cases) extravasate. The arrest may be due
to physical plugging up of a capillary that is too small to
allow flow of the tumour cell through the capillary, or
due to adhesion of the tumour cell to the walls of the
blood vessel. Although expression of specific integrins
has been shown to increase the metastasis of tumour
cells injected directly into the blood [17,18], it is unclear
whether the contributions of integrins to metastatic
ability is due to the enhancement of growth of cells

arrested in blood vessels, or increased adhesion during
extravasation and growth. The extravasation process
may require the three steps of proteolysis, motility and
adhesion similar to the invasion and intravasation
events. Finally, whether in the blood vessel or in the
parenchyma of the target organ, tumour cells must grow
and divide in order to form metastases that affect
patient survival.

2. Evaluating specific steps in metastasis

It is important to determine which steps are inefficient
or rate-limiting during tumour cell metastasis. By
understanding the molecular events underlying the rate-
limiting steps, one can hope to design prognostic indi-
cators or therapeutic interventions that will more effec-
tively aid in patient treatment. Thus, the efficiency of the
steps described in the previous section should be mea-
sured and compared in order to identify the stage at
which tumour cell metastasis is most vulnerable.

For evaluation of these steps in patients, studies have
been limited to situations in which the patient’s health is
not endangered. For entry into the circulation, the levels
of circulating tumour cells have been evaluated under
several different conditions. Patients with ascite
tumours and high levels of circulating tumour cells have
been studied for the correlation of tumour cells in the
blood with metastases [19,20]. In these studies, little
increase in metastasis was observed when there was an
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increased tumour cell level in the blood due to surgical
intervention. However, it is possible that this subset of
patients may have tumours which are blocked at later
stages in the metastatic process. More recently, anti-
body and polymerase chain reaction (PCR) based
assays with increased sensitivity have allowed initial
studies of patients with far lower circulating cell levels.
The results are not consistent — in some cases circulat-
ing cell levels correlated with poor prognosis [21,22] and
in other cases there was not a direct correlation [23,24].
These studies were limited in that they did not distin-
guish dead or dying cells from viable cells. In addition,
in many cases blood is taken after filtration by the
lungs, and cells not trapped by the lungs might be aty-
pical. Better studies would evaluate cell viability and
examine blood prior to filtration by the lungs. Such
studies are possible using animal models as described
below.

Animal studies of metastasis typically make use of
either of two experimental paradigms. In the ‘experi-
mental metastasis’ case, tumour cells are directly injec-
ted intravenously (i.v.) and then cell arrest and/or
growth in the lungs or other organs is measured at var-
ious times after injection. In the ‘“‘spontaneous metas-
tasis” case, tumour cells are injected into a tissue
(preferably the source tissue from which the tumour
cells are derived, such as the mammary gland for mam-
mary adenocarcinoma), and the injected cells grow to
form a primary tumour from which cells then metasta-
sise. The experimental metastasis assay is useful in
examining extravasation with defined numbers of cells
injected at a specific time. However, it utilises cells cul-
tured in vitro rather than cells metastasising from a pri-
mary tumour, and the injection of a bolus of cells at one
time may also introduce artifacts. The spontaneous
metastasis assay ameliorates some of these problems,
although the structure of the primary tumour formed by
injected cells is unlikely to exactly match tumours that
arise from a normal tissue.

More extensive studies have been performed using the
experimental metastasis paradigm. From such studies, it
is clear that only a small fraction of the injected tumour
cells are able to generate metastases in the lungs.
Radioactive labelling of cells indicated that most of the
cells injected i.v. arrest in the lungs but then most of the
radioactivity is released, presumably reflecting cell death

Table 1
In vivo tumour cell distributions?®

over the next 2448 h [25-27]. However, using non-
radioactive labelling methods, Chambers and colleagues
have reported higher initial survival of several cell types
[28,29]. This raises the question of what precisely is
occurring at the early stages after arrest in target
organs. The examination of the arrest, extravasation
and growth of metastases in the lungs using green
fluorescent protein (GFP) labelling is an active area of
research and will be discussed below.

Relatively few studies have been performed that
examine the efficiency of the early stages of metastasis.
Liotta and colleagues studied the release of cells during
perfusion of primary tumours formed in muscle [30].
The cells tended to be released in clumps, which might
aid in the formation of metastases. We have recently
completed an analysis of the various steps of metastases
for two cell lines derived from the 13762 NF rat mam-
mary adenocarcinoma [31]. The two cell lines were
moderately metastatic (MTLn3) and poorly metastatic
(MTC) [32-34]. We compared primary tumour size,
number of circulating viable cells, single cell numbers in
the lungs and micrometastases in the lungs six weeks
after injection of cells into the mammary fat pad (Table
1). Tumours generated by the poorly metastatic MTC
cells were significantly worse at seeding the blood with
circulating tumour cells compared with tumours gener-
ated by MTLn3 cells. This indicated that intravasation
efficiency could correlate with metastatic efficiency.

In addition, we evaluated the importance of the dif-
ferent steps of the metastatic cascade for the MTLn3
tumours by comparing these parameters within the
same animal. Using rough estimates of survival times, a
consistent picture regarding the efficiency of the various
steps of the metastatic cascade could be constructed for
these two lines (Table 2). From this analysis, we identi-
fied two steps as being inefficient and, very likely, rate
limiting. Intravasation was quite inefficient for the
MTLn3 cells with less than 1 in 10000 cells successfully
entering the blood. Consistent with many previous stu-
dies [4,36], we found that cells in the blood arrested with
high efficiency in the lungs. In addition, a second ineffi-
cient step was the growth of metastases from the arres-
ted cells. Thus, the two inefficient steps during the
metastatic cascade for the moderately metastatic
MTLn3 cell line are the intravasation and growth in the
lung stages. To gain further insight into the factors

Tumour size (cm?)

Cells in blood (per 4 ml)

Cells in lungs (per 40 HPF) Lung mets (per section)

MTLn3 31.0£5.5 22.8+13.6
MTC 44.549.9 0.25+0.16
P value <0.4 <0.002

35.7+£10.1 17.9+£13.6
0.75£0.75 0
<0.003 <0.003

4 For MTLn3, 15 rats were injected and for MTC, 8 rats were injected. Tumour cell distributions were measured, means and standard errors of
the mean calculated, and statistical significance evaluated using the non-parametric Wilcoxon test. From [31].



1674 J.S. Condeelis et al. | European Journal of Cancer 36 (2000) 1671-1680

Table 2
Metastatic efficiency
Primary  Blood" Single cells® Metastases?
tumour®
Cell Number 2.2x10'%  3.9x10° 2.1x10° 3.3x10?
Efficiency® 1.8x10~°  Approximately  1.6x1073
0.5

4 Given the average volume of an MTLn3 cell of 1.4 pl (unpub-
lished results) and an average volume of the MTLn3 tumours of 0.031 1,
the number of cells in the tumour is of the order of 2.2x10'°,

b Using the average cell density of 5.7 tumour cells/ml and a cardiac
output for female Fischer rats of 47 ml/min [35], we estimate that the
average MTLn3 tumour is releasing approximately 390000 cells into
the blood each day.

¢ Using our measurement of 36 cells/40 high power fields, a field
diameter of 0.373 mm, and a depth of field of about 0.04 mm, a lung
volume of 1 cc (35) would contain about 210000 cells.

d With a surface area per section of roughly 110 mm?, an average
diameter of metastases of about 0.05 mm, and 17.9 metastases per
section, we estimate that a lung volume of 1 cc would contain about
3255 metastases.

¢ Efficiency was determined by dividing the number in each column
by the number in the previous column.

regulating the intravasation efficiency, we have made
use of GFP-tagging of cells as described below.

3. In vivo imaging methodology using GFP

Although the quantitation of individual steps of
metastasis as described in the previous section is
important for providing an initial rough identification
of the critical steps for metastasis, these steps are of
necessity treated as black boxes in such analyses. Ima-
ging technology utilising GFP has provided the
mechanism for looking inside the black box. GFP is a
protein originally derived from the jellyfish Aequorea
victoria [37]. It spontancously folds to generate a chro-
mophore composed of amino acids 65-67 which is
fluorescent independent of additional cofactors. The
most commonly used form (eGFP) has an excitation
peak of 488 nm and emission peak of 508 nm. Mod-
ification of the amino acid sequence and codons has
enhanced the fluorescence efficiency, provided for pro-
teins with different spectra, and increased expression in
mammalian cells. Most in vivo studies have used either
the original GFP or the enhanced (e)GFP proteins, but
we anticipate that future work will make use of various
forms of GFP and other fluorescent proteins for label-
ling of multiple cell types to examine cell to cell rela-
tionships in more detail.

Imaging of cells in living tissue using GFP fluores-
cence is subject to several constraints. First, expression
levels in the cells of interest must be high enough to
make the cells clearly distinguishable from background.
Expression using promoters such as the cytomegalo-
virus (CMV) promoter or retroviral long terminal

repeats (LTR) are sufficient. Early problems with effi-
ciency of protein expression and rate of formation of
the chromophore are resolved by using the humanised
eGFP protein with the S65T mutation. A second con-
straint can be preparation of the tissue in a state which
is sustainable for the length of the observation. If a tis-
sue is removed from the animal, a substitute source of
oxygen and energy should be used to perfuse the blood
vessels and maintain the tissue. With time after removal
of the tissue, cells lacking oxygen and/or nutrients will
die and become autofluorescent. Dead and dying cells
will fluoresce in both the rhodamine and GFP channels,
and can thus be distinguished from healthy, GFP-labelled
cells (which will fluoresce only in the GFP channel). The
third, and perhaps most challenging problem is imaging
of cells inside the tissue. The cell/matrix layers between
the GFP cells and the microscope objective can severely
limit resolution due to multiple refractile boundaries
between the layers. The optimum imaging method will
vary with the particular tissue preparation that is
imaged. We have found that for imaging of cells in the
primary tumour in the mammary fat pad, confocal
imaging is essential. Using single photon confocal
microscopy, imaging of the primary tumour tends to
work best with a 20x objective. Even under these con-
ditions, the depth of imaging is limited and bleaching
can occur. The adipose tissue of the mammary fat pad is
a significant cause of the imaging problems. Preliminary
studies indicate that image quality, depth of imaging
and bleaching rates are better using a two-photon con-
focal microscope.

The use of GFP as a tool for visualising various
aspects of tumour formation and metastasis is growing
rapidly. Whole body imaging of primary tumours and
metastases in severe combined immunodeficient (SCID)
mice has the potential to allow screening of antimeta-
static drugs [38,39]. A wide variety of tumour cell types
have been labelled with GFP, including brain [40—42],
breast [31,43,44], skin [45] and ovary [29,46]. Although
GFP can induce an immune response in immuno-
competent animals [47], such effects have not been gen-
erally observed. The following sections will focus on the
use of GFP to follow single cell movement in the pri-
mary tumour and in target organs.

4. In vivo imaging of the primary tumour

Given the results presented ecarlier indicating that
intravasation is an inefficient step for the MTLn3 and
MTC cell lines, we have made use of GFP imaging of
these cell lines in the primary tumour in order to exam-
ine more directly cell behaviour in the primary tumour
[31,44]. Cells are injected into the mammary fat pad of a
Fisher 344 rat and a primary tumour forms within 2-3
weeks. In order to stabilise the imaging conditions and
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to reduce the motions due to breathing, the animal is
anaesthetised and a skin flap containing the tumour is
opened [44]. Care is taken to ensure that the blood sup-
ply is maintained intact and that the tumour is not dis-
turbed. Excess adipose tissue is cleared in order to
improve image quality. The animal remains anaes-
thetised and is laid on an imaging stage such that the
exposed primary tumour can be imaged using an inver-
ted microscope. The skin flap is attached to the stage in
order to minimise motions occurring during imaging.
Under these conditions, imaging of multiple fields can
occur over several hours.

Imaging of the primary tumour yielded several sur-
prising results that have important implications for
mechanisms limiting cell metastasis. We had hypothe-
sised that the metastatic MTLn3 tumours might show
more highly active and motile cells, and that such moti-
lity would contribute to the enhanced intravasation.
However, comparisons of MTC and MTLn3 tumours
indicated minor (1.3-fold) differences in protrusiveness
and cell translocation, not on a level to account for the
> 50-fold difference in tumour cell blood burden or
metastasis (Table 1). These results suggest that random
motility per se was not a critical difference between
metastatic and non-metastatic cells. Three unexpected
differences were observed which suggest potential
explanations for the difference in metastatic efficiency
between MTLn3 and MTC cells. First, metastatic cells

showed polarisation mainly around blood vessels, while
the poorly metastatic MTC cells were randomly polar-
ised throughout the tumour (Fig. 2). A second differ-
ence was that increased rates of fragmentation of MTC
cells in association with blood vessels occurred. The
third difference was increased numbers of host cells
associated with the metastatic MTLn3 tumours. Each of
these three differences will be briefly discussed below.
In vitro, MTLn3 cells are strongly chemotactic
towards epidermal growth factor (EGF) (Fig. 3). The
polarisation of MTLn3 cells around blood vessels could
indicate chemotactic orientation. During early tumour
formation and angiogenesis, chemotaxis-like movement
of rodent mammary tumour cells towards host blood
vessels is observed using a dorsal skin window model
[49]. MTLn3 cells not next to blood vessels are more
rounded and not polarised. MTC cells tend to be
extended with cell projections independent of their rela-
tionship to blood vessels [50]. Although both MTLn3
and MTC cells might be equally motile, the orientation
of MTLn3 cells towards blood vessels could increase the
efficiency with which the MTLn3 cells contact blood
vessels and intravasate compared with MTC cells. If the
orientation of MTLn3 cells is indeed due to chemotactic
orientation, the components of the blood or the blood
vessels could be the source of the chemoattractants. In
the blood, serum proteins or secretory products of plate-
lets are chemoattractants. If the blood vessels are

Fig. 2. MTLn3-GFP cells orient towards blood vessels, while MTC-GFP cells do not. Orientation of MTLn3-GFP cells (a) and MTC-GFP cells (b)
to blood vessels in the primary tumour. (a) MTLn3-GFP cells (green) near the vessel (red) are seen to orient themselves toward the vessel in an
elongated fashion (arrows) as opposed to those away from the vessel (arrowheads). (b) MTC-GFP cells (green) randomly associate with the vessel
(red), and remain elongated away from the vessel. Scale bar =25 pm. GFP, green fluorescent protein. From [31].
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Fig. 3. MTLn3 cells display amoeboid chemotaxis. (a) An MTLn3 cell oriented toward a pipette filled with a solution of 50 uM epidermal growth
factor (EGF) (time in the top left corner). The cell crawled toward the pipette and changed direction when the pipette was moved (arrow marks the
moving pipette on image 16:31:04). (b) Difference images showing lamellipod extension at the front of the cell (green) and retraction at the rear (red).
Time is indicated as minutes after initial positioning of the pipette. The cell path over the course of the experiment is shown as the position of the

centroid of the cell once every minute on the top left image. From [48].

damaged or poorly formed (common in tumour vascu-
lature), exposure of the parenchymal extracellular
matrix to the blood is likely to result in platelet binding
and activation, leading to the release of the platelet
contents and generation of a chemoattractant gradient
that could be detected by tumour cells. Alternatively,
the endothelial cells or smooth muscle cells forming the
walls of the blood vessel might secrete chemoattractants
that lead to tumour cell orientation towards the vessel
[51]. A candidate for a chemoattractant is EGF or
transforming growth factor (TGF)alpha. MTLn3 cells
express the EGF receptor, while expression of the EGF
receptor in MTC cells is not detectable [52]. Corre-
spondingly, MTLn3 cells respond to EGF or TGFalpha
as a chemoattractant while MTC cells do not [34].
Transfection of the EGF receptor into MTC cells results
in chemotactic responses of MTC cells to TGFalpha
and increased metastatic ability [34,53]. However, the
metastatic ability of MTC cells expressing the EGF
receptor is still significantly less than the metastatic
ability of MTLn3 cells, indicating that there are other
differences between the two cell lines that are important
for metastasis.

We believe that the fragmentation observed in MTC
tumours is due to cell disruption upon contact with the

blood flow. The fragments that form move away from
the cell rapidly and are often associated with visible
blood vessels, consistent with the flow in the blood. The
fragments we observe must be enclosed by membranes,
because the GFP fluorescence is not dramatically
reduced. It is possible that additional fragments are
formed that are not intact (and which we would not
detect), in which case the fragmentation rate is even
greater. The increased fragmentation observed in MTC
tumours compared with MTLn3 tumours could be
related to the lack of polarisation of the MTC cells
towards blood vessels. If MTC cells randomly extend a
process into the bloodstream while maintaining tight
adhesion of the rest of the cell to the extracellular
matrix, shear forces exerted on the protrusion in the
blood may cause the fragmentation. In contrast, for
MTLn3 cells, if the cell is polarised to move into the
blood rapidly and is in the process of deadhering its tail
during motility, then the shear forces encountered in the
blood would drag the entire cell intact into the blood.
These observations have implications for biochemically
based assays of the blood. The presence of non-viable
cell fragments could be an indication of a poorly meta-
static tumour, while the presence of intact cells would
indicate a more metastatic tumour. Highly sensitive
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PCR or antibody-based assays which do not distinguish
between cell fragments and whole cells may not provide
prognostic value. This might explain the lack of corre-
lation between blood burden and metastasis reported in
some studies.

We believe that we can detect host cells as dark, non-
fluorescent but motile objects viewed against the fluor-
escent background of the tumour cells. These objects
are approximately the right size for neutrophils or mac-
rophages and move at appropriate speeds for such cells.
Macrophages could assist tumour cell invasion in sev-
eral ways. First, macrophages secrete metalloproteases
that could aid in degrading extracellular matrix, creat-
ing pathways that tumour cells might use in moving
away from the tumour. Second, macrophages could
secrete chemoattractants that would orient cells toward
the macrophages. If the macrophages enter the tumour
from the blood, and remain concentrated around the
blood vessels, such orientation could result in polariza-
tion of the tumour cells towards the blood vessels.
Alternatively, macrophages may be recognising the
metastatic tumour cells but not effectively mounting an
immune response.

5. Imaging of arrest, extravasation and growth in the
target organ

Analysis of the arrest and growth of cells in target
organs such as the lung and liver has been perhaps the
most extensively analysed aspect of metastasis, using the
experimental metastasis paradigm of injecting tumour
cells into the circulation and measuring the number of
metastases that form. Overall, this phase is also quite
inefficient, with typically less than 1% of the injected
cells forming a metastasis [4]. Radiolabelling or fluor-
escent labelling studies have indicated that the injected
cells arrest at the first capillary bed that they encounter
with high efficiency, suggesting that there is relatively
little lysis during the initial stages [26,27,54]. However,
over the next 24 h, there is extensive loss of label sug-
gesting massive cell death, with eventually only a small
number of metastases forming. Visualisation of this
process using fluorescent cells allows a more detailed
mechanistic evaluation of the key steps involved, but
has also generated some controversy.

Ann Chambers and colleagues have combined
detailed cell accounting methods together with in vivo
videomicroscopy for tracking the fates of cells injected
into the hepatic portal vein and CAM [29,55]. By co-
injecting microspheres with fluorescently labelled cells,
they provide an internal normalisation standard to
which they can compare their cell counts and localisa-
tion. After injection into the hepatic portal vein, they
find that over 80% of the injected cells are intact after 3
days. At that time, most have extravasated. Both

tumour cells as well as non-tumour cells such as fibro-
blasts extravasate with high efficiency. However, only a
small fraction of the injected cells start to form metas-
tases and only a small fraction of the micrometastases
form macrometastases.

Similar results were observed using the CAM and
injection of melanoma cells into the inferior vena cava
for arrest in the lungs [36]. The conclusions from these
results are that tumour (and non-tumour) cells are able
to extravasate efficiently. Cell migration to specific sites
may be critical for initiation of cell division as well as
survival during growth for the later stages of metastasis.
However, how are the radiolabelling studies (which
indicate a 24-h half-life) to be reconciled with the 30-day
or longer survival times observed with GFP? Are cells
damaged during the process or are radioactively labelled
cells more susceptible to damage? Is protein turnover
more rapid during arrest in the lungs? Do cells die
because of an inability to extravasate? Or is progression
to form lung metastases regulated by other factors?

Recently, studies by Muschel and colleagues have
provided a different view of the formation of metastases
in the lung [56]. They used a perfusion/ventilation pro-
cedure to allow visualisation of GFP-labelled cells in the
lung that were injected into the circulation. For both
metastatic fibroblasts and fibrosarcoma cells, they
found that most of the cells arrested in precapillary
arterioles as well as in capillaries. Surprisingly, few of
the cells were found to extravasate and most of the
growing colonies found 3 days after injection were also
found to be intravascular.

6. Issues for further study
6.1. Determination of rate-limiting steps

As genomic/proteomic data accumulate, specific pro-
teins will be identified that are correlated with meta-
static capability. The precise molecular contributions
that such molecules make will require methods of ana-
lysis that open up the black box of metastasis. Intrava-
sation, extravasation and growth of metastases are three
extremely different phenomena that are required for
successful metastasis. Evaluating the stage at which
particular molecules contribute to metastasis will rely
upon being able to compare the efficiencies of these
steps. Such information will be important for deciding
which molecules should be designated as targets for
drug design.

6.2. Blood vessels versus lymphatics as entry points at
the primary tumour

An open question in the field involves the relative
importance of lymphatic versus haematogenous entry to



1678 J.S. Condeelis et al. | European Journal of Cancer 36 (2000) 1671-1680

the circulation. A great deal of emphasis has been
placed upon angiogenesis, evaluating microvessel den-
sity and developing treatments that inhibit angiogenesis.
Given that the presence of tumour cells in lymph nodes
is an important prognostic indicator while tumour cell
density in the blood is not generally recognised as being
an important prognostic indicator, is entry of tumour
cells into lymph nodes the most important route for
metastasis? Is angiogenesis mainly important in growth
of the primary tumour, and only indirectly important
for metastasis because it is correlated with the forma-
tion of lymphatics in the tumour? Alternatively, is the
major route of tumour-cell dissemination haematogen-
ous? Does the presence of metastases in lymph nodes
have prognostic value because it indicates that the
tumour cells have the ability to survive in other tissues?

6.3. Role of blood-based assays

Simple, blood-based assays for the evaluation of
metastatic capability of tumours are attractive because
of the ease of sample collection. However, results from
such assays have not been consistently correlated with
overall patient prognosis. A reason for this lack of cor-
relation may be that fragments of poorly metastatic cells
present in the blood yield false positives. We recom-
mend that additional animal studies utilise the collec-
tion of samples from blood prior to filtration by the
lungs or other capillary beds in order to evaluate the
value of measuring the viable cells present in the blood
as an indicator of metastatic ability.

6.4. Growth of metastases in blood vessels or
parenchyma

It is important to resolve the apparently contradictory
results regarding the site of initiation of metastatic
growth in lung and liver. One possibility is that these are
organ-specific differences — the liver capillaries are dis-
continuous sinusoids that might easily allow egress
while the continuous endothelial lining of the lung vas-
culature might inhibit extravasation. Alternatively, the
efficiency and importance of extravasation after arrest
in the target organ may vary with cell type. Depending
on whether tumour cells remain in the vasculature for
several days or not may have important implications for
the design and delivery of blood-borne treatments.

6.5. Variation between tumours

A general issue that will become more important is
the heterogeneity of properties of specific tumour types.
It is likely that the efficiencies of individual steps in
metastasis will vary between tumours. For some
tumours, intravasation may be relatively efficient and
growth in target organs relatively inefficient, while for

other tumours the opposite may be the case. This
variability may occur from one patient to the next —
although both may have invasive ductal mammary ade-
nocarcinoma, the specific molecular differences as even-
tually identified using genomic/proteomic technology
may allow us to predict which steps are most critical
and to design treatments accordingly.

7. Conclusions

The ability to image living tumours in situ in the pro-
cess of metastasis is enabling researchers to perform a
more mechanistic analysis of the process of metastasis.
The combination of traditional, hypothesis-based stu-
dies with genomic/proteomic studies will provide candi-
date molecules that could be critical for metastatic
efficiency. Intravital imaging along with cell collection
from live animals will provide an analysis of cell lines
and transgenic animals specifically altered in the func-
tion of these proteins. Such an analysis will further our
understanding of the contributions of these molecules to
the rate-limiting steps in tumour cell invasion and
metastasis.

Acknowledgements

This work was supported by grants from the
Department of Defense Army Breast Cancer Program
#DAMDI17-94-J-4314 (JS) and #DAMD17-96-1-6129
(JC), NIH CA77522 (JS) and NIH GM38511 (JC). J.
Segall is supported by an Established Scientist Award
from the New York City Affiliate of the American
Heart Association. The help of the Analytical Imaging
Facility in intravital imaging is gratefully acknowledged.

References

1. Price JT, Bonovich MT, Kohn EC. The biochemistry of cancer
dissemination. Crit Rev Biochem & Mol Biol 1997, 32, 175-253.

2. Ahmad A, Hart IR. Mechanisms of metastasis. Crit Rev Oncol
Hematol 1997, 26, 163-173.

3. Woodhouse EC, Chuaqui RF, Liotta LA. General mechanisms
of metastasis. Cancer 1997, 80, 1529-1537.

4. Weiss L. Metastatic inefficiency. Adv Cancer Res 1990, 54, 159—
211.

S. Zetter BR. Angiogenesis and tumor metastasis. Annu Rev Med
1998, 49, 407-424.

6. Ellis LM, Fidler 1J. Angiogenesis and metastasis. Eur J Cancer
1996, 32A, 2451-2460.

7. Bracke ME, Van Roy FM, Mareel MM. The E-cadherin/catenin
complex in invasion and metastasis. Curr Topics Microbiol
Immunol 1996, 213, 123-161.

8. Christofori G, Semb H. The role of the cell-adhesion molecule E-
cadherin as a tumour-suppressor gene. Trends Biochem Sci 1999,
24, 73-76.

9. Ellerbroek SM, Stack MS. Membrane associated matrix metal-
loproteinases in metastasis. Bioessays 1999, 21, 940-949.



10.

11.

12.

15.

16.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

J.S. Condeelis et al. | European Journal of Cancer 36 (2000) 1671-1680

Kleiner DE, Stetler-Stevenson WG. Matrix metalloproteinases
and metastasis. Cancer Chemother Pharmacol 1999, 43(Suppl),
S42-S51.

Chambers AF, Matrisian LM. Changing views of the role of
matrix metalloproteinases in metastasis. J Nat/ Cancer Inst 1997,
89, 1260-1270.

Bailly M, Condeelis JS, Segall JE. Chemoattractant-induced
lamellipod extension. Microscopy Res Technique 1998, 43, 433—
443,

. Lauffenburger DA, Horwitz AF. Cell migration: a physically

integrated molecular process. Cell 1996, 84, 359-369.

. Wells A. Tumor invasion: role of growth factor-induced cell

motility. Adv Cancer Res 2000, 78, 31-101.

Aznavoorian S, Murphy AN, Stetler-Stevenson WG, Liotta LA.
Molecular aspects of tumor cell invasion and metastasis. Cancer
1993, 71, 1368-1383.

Weiss L. Biomechanical interactions of cancer cells with the
microvasculature during hematogenous metastasis. Cancer
Metast Rev 1992, 11, 227-235.

. Ruoslahti E. Fibronectin and its integrin receptors in cancer. Adv

Cancer Res 1999, 76, 1-20.

. Holzmann B, Gosslar U, Bittner M. Alpha 4 integrins and tumor

metastasis. Curr Topics Microbiol Immunol 1998, 231, 125-141.

. Tarin D, Price JE, Kettlewell MG, Souter RG, Vass AC,

Crossley B. Mechanisms of human tumor metastasis studied in
patients with peritoneovenous shunts. Cancer Res 1984, 44, 3584~
3592.

Glaves D, Huben RP, Weiss L. Haematogenous dissemination of
cells from human renal adenocarcinomas. Br J Cancer 1988, 57,
32-35.

Racila E, Euhus D, Weiss AJ, et al. Detection and characteriza-
tion of carcinoma cells in the blood. Proc Natl Acad Sci USA
1998, 95, 4589-4594.

Denis MG, Lipart C, Leborgne J, et al. Detection of disseminated
tumor cells in peripheral blood of colorectal cancer patients. Int J
Cancer 1997, 74, 540-544.

Kawamata H, Uchida D, Nakashiro K, et a/. Haematogenous
cytokeratin 20 mRNA as a predictive marker for recurrence in
oral cancer patients. Br J Cancer 1999, 80, 448-452.

de la Taille A, Olsson CA, Katz AE. Molecular staging of pros-
tate cancer: dream or reality? Oncology (Huntingt) 1999, 13, 187—
194.

Murphy P, Alexander P, Senior PV, Fleming J, Kirkham N,
Taylor 1. Mechanisms of organ selective tumour growth by
bloodborne cancer cells. Br J Cancer 1988, 57, 19-31.

Fidler 1J. Metastasis: quantitative analysis of distribution and
fate of tumor embolilabeled with 125 I-5-iodo-2'-deoxyuridine. J
Natl Cancer Inst 1970, 45, 773-782.

Glaves D. Detection of circulating metastatic cells. Prog Clin Biol
Res 1986, 212, 151-167.

Chambers AF. The metastatic process: basic research and clinical
implications. Oncol Res 1999, 11, 161-168.

Naumov GN, Wilson SM, MacDonald IC, er al. Cellular
expression of green fluorescent protein, coupled with high-
resolution in vivo videomicroscopy, to monitor steps in tumor
metastasis. J Cell Sci 1999, 112, 1835-1842.

Liotta LA, Kleinerman J, Saidel GM. Quantitative relationships
of intravascular tumor cells, tumor vessels, and pulmonary
metastases following tumor implantation. Cancer Res 1974, 34,
997-1004.

Wyckoff JB, Jones JG, Condeelis JS, Segall JE. A critical step in
metastasis: in vivo analysis of intravasation at the primary tumor.
Cancer Res 2000, 60, 2504-2511.

Neri A, Welch D, Kawaguchi T, Nicolson GL. Development and
biologic properties of malignant cell sublines and clones of a
spontaneously metastasizing rat mammary adenocarcinoma. J
Natl Cancer Inst 1982, 68, 507-517.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

1679

Segall JE, Tyerech S, Boselli L, et a/l. EGF stimulates lamellipod
extension in metastatic mammary adenocarcinoma cells by an
actin-dependent mechanism. Clin Exp Metast 1996, 14, 61-72.
Wyckoff JB, Insel L, Khazaie K, Lichtner RB, Condeelis JS,
Segall JE. Suppression of ruffling by EGF in chemotactic cells.
Exp Cell Res 1998, 242, 100-109.

Delp MD, Evans MV, Duan C. Effects of aging on cardiac out-
put, regional blood flow, and body composition in Fischer-344
rats. J Appl Physiol 1998, 85, 1813-1822.

Cameron MD, Schmidt EE, Kerkvliet N, et al. Temporal pro-
gression of metastasis in lung: cell survival, dormancy and loca-
tion dependence of metastatic inefficiency. Cancer Res 2000, 60,
2541-2546.

Tsien RY. The green fluorescent protein. Annu Rev Biochem
1998, 67, 509-544.

Hoffman RM. Orthotopic metastatic mouse models for anti-
cancer drug discovery and evaluation: a bridge to the clinic.
Invest New Drugs 1999, 17, 343-359.

Yang M, Baranov E, Jiang P, et al. Whole-body optical imaging
of green fluorescent protein-expressing tumors and metastases.
Proc Natl Acad Sci USA 2000, 97, 1206-1211.

MacDonald TJ, Tabrizi P, Shimada H, Zlokovic BV, Laug WE.
Detection of brain tumor invasion and micrometastasis in vivo by
expression of enhanced green fluorescent protein. Neurosurgery
1998, 43, 1437-1442.

Moore A, Marecos E, Simonova M, Weissleder R, Bogdanov AJ.
Novel gliosarcoma cell line expressing green fluorescent protein: a
model for quantitative assessment of angiogenesis. Microvasc Res
1998, 56, 145-153.

Fillmore HL, Shurm J, Furqueron P, Prabhu SS, Gillies GT,
Broaddus WC. An in vivo rat model for visualizing glioma tumor
cell invasion using stable persistent expression of the green fluor-
escent protein. Cancer Lett 1999, 141, 9-19.

Schmidt CM, Settle SL, Keene JL, Westlin WF, Nickols GA,
Griggs DW. Characterization of spontaneous metastasis in an
aggressive breast carcinoma model using flow cytometry. Clin
Exp Metast 1999, 17, 537-544.

Farina KL, Wyckoff J, Rivera J, et al. Cell motility of tumor cells
visualized in living intact primary tumors using green fluorescent
protein. Cancer Res 1998, 58, 2528-2532.

Moore A, Sergeyev N, Bredow S, Weissleder R. A model system
to quantitate tumor burden in locoregional lymph nodes during
cancer spread. Invasion Metastasis 1998, 18, 192-197.

Yang M, Chishima T, Wang X, et al. Multi-organ metastatic
capability of Chinese hamster ovary cells revealed by green
fluorescent protein (GFP) expression. Clin Exp Metast 1999, 17,
417-422.

Stripecke R, Carmen VM, Skelton D, Satake N, Halene S, Kohn
D. Immune response to green fluorescent protein: implications
for gene therapy. Gene Ther 1999, 6, 1305-1312.

Bailly M, Yan L, Whitesides GM, Condeelis JS, Segall JE. Reg-
ulation of protrusion shape and adhesion to the substratum
during chemotactic responses of mammalian carcinoma cells. Exp
Cell Res 1998, 241, 285-299.

Li CY, Shan S, Huang Q, et al. Initial stages of tumor cell-
induced angiogenesis: evaluation via skin window chambers in
rodent models. J Natl Cancer Inst 2000, 92, 143-147.
Shestakova EA, Wyckoff J, Jones J, Singer RH, Condeelis J.
Correlation of beta-actin messenger RNA localization with
metastatic potential in rat adenocarcinoma cell lines. Cancer Res
1999, 59, 1202-1205.

Schultz G, Rotatori DS, Clark W. EGF and TGF-alpha in
wound healing and repair. J Cell Biochem 1991, 45, 346-352.
Kaufmann AM, Khazaie K, Wiedemuth M, et al. Expression of
epidermal growth factor receptor correlates with metastatic
potential of 13762NF rat mammary adenocarcinoma cells. Int J
Oncol 1994, 4, 1149-1155.



1680

53.

54.

J.S. Condeelis et al. | European Journal of Cancer 36 (2000) 1671-1680

Kaufmann AM, Lichtner RB, Schirrmacher V, Khazaie K.
Induction of apoptosis by EGF receptor in rat mammary adeno-
carcinoma cells coincides with enhanced spontaneous tumour
metastasis. Oncogene 1996, 13, 2349-2358.

Morris VL, Schmidt EE, MacDonald IC, Groom AC, Chambers
AF. Sequential steps in hematogenous metastasis of cancer cells
studied by in vivo videomicroscopy. Invasion Metastasis 1997, 17,
281-296.

55.

Luzzi KJ, MacDonald IC, Schmidt EE, et al. Multistep nature of
metastatic inefficiency: dormancy of solitary cells after successful
extravasation and limited survival of early micrometastases. Am J
Pathol 1998, 153, 865-873.

. Al-Mehdi AB, Tozawa K, Fisher AB, Shientag L, Lee A,

Muschel RJ. Intravascular origin of metastasis from the pro-
liferation of endothelium-attached tumor cells: a new model for
metastasis. Nature Med 2000, 6, 100-102.



