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Abstract

The clinical implications of understanding the invasive and metastatic proclivities of an individual patient’s tumour are sub-
stantial because the choice of systemic therapy needs to be guided by the likelihood of occult metastasis as well as by knowing when
the metastases will become overt. Malignant potential is dynamic, progressing throughout the natural history of a tumour.
Required of tumours is the development of critical phenotypic attributes: growth, angiogenesis, invasion and metastagenicity.
Characterisation of the extent of tumour progression with regard to these major tumour phenotypes should allow the fashioning of
individual therapy for each patient. To examine the clinical parameters and molecularly characterise the metastatic proclivity we
have been studying a series of regionally treated breast cancer patients who received no systemic therapy and have long follow-up.
Clinically we describe two parameters: metastagenicity — the metastatic proclivity of a tumour, and virulence — the rate at which
these metastases appear. Both attributes increase with tumour size and nodal involvement. However, within each clinical group
there is a cured population, even in those with extensive nodal involvement, underscoring the heterogeneity of breast cancers within
each group and the need for further molecular characterisation. Using biomarkers that characterise the malignant phenotype we
have determined that there is progression in the phenotypic changes. Angiogenesis and loss of nm23 are earlier events than the loss
of E-cadherin, or abnormalities in 7P53. The strongest biomarkers of poor prognosis are p53 and E-cadherin, but even when both
are abnormal 42% of node-negative patients are cured indicating that other determinative steps need to occur before successful
metastases are established. Identification of these critical later events will further increase the efficacy of determining the malignant
capacities of individual tumours. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Cancer, while the most curable of the major life-
threatening chronic diseases, is the most dreaded
because of the terrifying mystique of relentless growth,
invasion and metastasis, even after apparent long peri-
ods without evidence of disease. It is the second leading
cause of death in the USA where in the year 2000
approximately 1220100 new invasive cancers will be
diagnosed (excluding basal cell and squamous cell car-
cinoma of the skin) and an estimated 552 200 people will
die of the disease [1]. Invasion and metastases to distant
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sites via lymphatic or blood vessels are the hallmark of
malignancy. They result in significant morbidity and
ultimately lead to the patient’s death.

The clinical implications of understanding the inva-
sive and metastatic proclivities of an individual patient’s
tumour are substantial. Upon diagnosis, the critical
questions facing the patients and the physicians are;
what is the most effective treatment, and what are its
side-effects? The use of systemic therapy in patients with
seemingly localised disease needs to be guided by the
likelihood of occult metastasis, as well as by knowing
when the occult metastasis will become overt. To design
a treatment plan, we must ascertain these characteristics
for the individual patient. A thorough understanding of
the clinical and molecular characteristics of tumour
progression will aid in this determination and allow the
fashioning of a specific tailored therapy.
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Cancer is heterogencous. Clinical staging systems
have been developed to group patients in categories
with similar prognosis. Most staging systems group
patients into four stages based primarily on anatomical
considerations, with some subdivisions within the var-
ious stages [2,3]. However, even within subgroups the
prognosis varies significantly since these groups com-
prise a spectrum of patients some of whom can be cured
by local therapy while others will have occult metas-
tases. Improvements in outcome and cure rates are
likely to come from the selection of therapies based on
the molecular characterisation of the tumour by pro-
viding prognostic markers as well as predicting which
treatments will be most effective by identifying in the
tumour the presence of the intended molecular target.

To address the heterogeneity of the current tumour
stages and to predict therapeutic efficacy we have been
examining the natural history of breast cancer, its clin-
ical manifestations and the molecular characteristics of
the metastatic phenotype. We have been using a data-
base collected by Donald Ferguson at The University of
Chicago which includes more than 2000 women who
underwent local and regional therapy between 1927 and
1987, and have a long follow-up [4-8]. We excluded
patients who received adjuvant systemic therapy in
order to be able to examine the unconfounded natural
history of locally treated breast cancer correlated with
clinical characteristics and molecular biomarkers. Thus,
1590 patients who received local therapy only are the
subject of these studies.

2. Progression during the natural history of clinical
breast cancer

Several hypotheses have been proposed to explain the
natural history of breast cancer. At the turn of the 20th
century, Halsted put forward the hypothesis that breast
cancer is an orderly disease spreading in a contiguous
fashion from the primary site by direct extension,
through the lymphatics to the lymph nodes and subse-
quently to distant sites [9,10]. This suggested that wide
extirpation of the tumour, draining lymphatics and
regional nodes would result in cure, providing the
rationale for radical and extended mastectomy. Since,
this hypothesis does not explain the development of
metastatic disease in node-negative breast cancer, an
alternative hypothesis was promulgated proposing that
breast cancer is a systemic disease in which nodal
involvement does not merely represent contiguous dis-
ease but rather serves as a marker of occult distant dis-
ease [l1]. This latter hypothesis minimises the
importance of local therapy and presumes that if
metastases are to appear they must have spread before
clinical detectability. However, this hypothesis is also
incomplete since it does not satisfactorily explain the

clinical natural history of all breast cancers. Many
node-positive breast cancer patients are cured by local
regional therapy only. To capture the virtues of both
theories, as well as to deal with their shortcomings, “‘the
spectrum” hypothesis has been put forward [12]. It
assumes that breast cancer comprises a spectrum of
diseases extending from tumours which are destined to
remain localised to those that are systemic when first
detected. The spectrum exists because tumours become
progressively more malignant during their clinical evo-
lution. This process of mutation, selection and amplifi-
cation is stochastic, and the metastatic capacity is
acquired at different rates, by redundant mechanisms in
different tumours. Small tumours in general are less
likely to have spread not only because of the number of
tumour cells, or the length of their presence, but also
because the tumour cells themselves are less malignant.
While generally this is true, tumours of any given size
are heterogeneous with some small tumours having
extensive metastatic capability, as well as some larger
tumours having lessened malignant capacity. The
“spectrum” hypothesis also postulates that lymph node
involvement serves as both a prognostic marker and a
potential source of distant metastases, and untreated or
suboptimally treated local or regional disease may
progress to be a source for further metastasis. This
hypothesis then provides the rationale for a treatment
plan designed to optimise local tumour control as well
as for adjuvant systemic therapy for potential occult
metastases.

Clinically, cancer patients can be grouped into three
groups: those with overt clinical evidence of metastatic
disease at diagnosis; those with covert metastatic
disease; and those with no metastases. Early diagnosis
in general increases the proportion of patients in the
third group, while delay in diagnosis or untreated dis-
ease will increase the proportion of patients with
micrometastases and overt metastases. With no treat-
ment, there will most likely be a gradual progression
from no metastases to covert and then overt metastases
[13-15].

The concept of malignant progression is well accepted
in the studies of cancer development from normal to
premalignant and then to malignant cells, but receives
much less attention after the development of an invasive
neoplasm. There is the suggestion by those proposing
the “‘systemic” hypothesis that by the time of clinical
detectability tumours have acquired all of their malig-
nant capacity, but there is ample clinical evidence that
progression occurs during the clinical natural history of
breast cancer [15]. Screening mammography trials have
demonstrated a 30% reduction in breast cancer deaths
in the screened population [16-20]. In general, mam-
mographically detected tumours are smaller than clini-
cally detected tumours. For example in the two-county
Swedish screening mammography trial the diameter of
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Fig. 1. Annual hazard rate of distant disease in: axillary node negative (—O-); 1-3 node positive (---\/---); and >4 node positive (- -[]- -) breast

cancer. None of the patients received systemic treatment.

the tumours mammographically detected was 1.4 cm
compared with 2.2 cm for those detected clinically [21].
At the University of Chicago the median tumour size of
mammographically detected breast cancers was 1.0 cm
compared with 1.8 cm for the clinically detected breast
cancers [22]. The improved survival of the small mam-
mographically detected tumours compared with the lar-
ger clinically detected ones can be explained by the
higher number of clonogens, longer time for metastases
to develop, and tumour progression as suggested by the
‘spectrum’ hypothesis.

The concept of progression during the clinical phase
of cancer has important implications because it suggests
that smaller tumours are more curable not only because
they had less opportunity but also because they are less
proficient in their ability to invade and metastasise and
can acquire this ability during their clinical course if
they remain undetected or untreated. This is reflected in
the breast cancers we are seeing today, that, as a result
of screening mammography and more patient awareness,
are smaller, less likely to have axillary node involve-
ment, and are of lower grade, thus are less malignant
[23]. Progression can also happen in persistent local or
nodal disecase and serve as a source for subsequent
metastasis. Tumour progression may even occur in
patients with node-positive breast cancer. We have pre-
viously shown that for patients with a limited number of
involved lymph nodes the likelihood of disease meta-
stasis increases with the size of the tumour, suggesting
that a greater proportion of the smaller tumours are
able to metastasise only to lymph nodes since they have
not yet acquired the capacity to metastasise to distant

sites [6,24]. This is not so if the number of involved
lymph nodes exceeds four.

3. Parameters of malignancy

In order to quantify the extent, rapidity and like-
lihood of distant metastases we have separated two
clinical characteristics of the metastatic proclivity:
metastagenicity — the ultimate likelihood of metastases
which we defined as (100—plateau)/100 of the actuarial
distant disease-free survival (DFS) curve and,
virulence — the rate at which the metastases become
clinically apparent, obtained from the initial slope of
log-linear distant DFS plot [15,24]. Both measures are
important in answering the two questions facing the
physician and patient upon diagnosis: will metastases
develop and if so when will the first of these lesions
present themselves clinically? Not only is this informa-
tion prognostically important but it impacts upon the
choice of an individualised treatment plan.

Both virulence and metastagenicity increase with the
size of the tumour and number of lymph nodes involved
[24]. Virulence can be assessed as well by the annual
hazard rate for metastases. As shown in Fig. 1, the
hazard of distant disease recurrence is very low in node-
negative patients but it completely abates only after
more than 20 years. The metastagenicity in this group
(shown in Table 1) is 0.29 indicating that 71% of node-
negative patients treated only with local regional ther-
apy are cured of the disease. Both the virulence and
metastagenicity increase with increasing nodal involve-
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ment. While the metastagenicity is 0.62 in those with 1-3
positive nodes and 0.86 in patients with >4 nodes
(Table 1), there is still, even in the most advanced
group, a population cured by local therapy only (14%).
This illustrates the significant heterogeneity within the
clinical groups. It is true also when considering T1 (<2
cm) tumours since even within groups of patients having
these small cancers we are unable to separate those
patients with occult metastases. Currently, treatment
recommendations based primarily on tumour size and
nodal involvement do not reflect this heterogeneity.

A large number of clinical trials demonstrate a benefit
from adjuvant chemotherapy in most breast cancer
patients [25]. The relative survival benefit is approxi-
mately 30%, i.e. 30% of those patients with occult
metastases are cured, but the absolute survival benefit
depends on the proportion of patients with occult
micrometastases. In node-negative breast cancer
patients, the long-term survival with local therapy only,
without systemic therapy is 70-80%. Thus if all node-
negative patients are treated systemically the large
majority will receive this therapy unnecessarily. If these
patients could be identified they could be spared sys-
temic therapy and a more intense programme could be
employed for those patients at the greatest risk, perhaps
increasing their likelihood of survival. Chemotherapy is
usually recommended for patients in whom the disease
has spread to the lymph nodes. But many patients with
limited lymph node involvement, particularly if the
tumour size is small will be cured of their disease with-
out adjuvant chemotherapy. Among those patients in
our series who survived 20 years 31% had involved
axillary nodes and of these almost half, had more than
one positive node [15]. Involved axillary lymph nodes
do not always indicate distant metastases; thus not all
node-positive breast cancer patients need chemother-
apy. A specific molecular characterisation of each
tumour may allow a more complete evaluation of the
tumour’s metastatic proclivities allowing a better tai-
lored therapy. Currently the inability to characterise an
individual tumour’s capacity for invasion and metas-
tasis has resulted in treatment plans that are too much
in some patients and insufficient in others.

4. Molecular biomarkers of progression in breast cancer

Both invasion and metastasis are well regulated mul-
tistep processes in which multiple genes and gene pro-
ducts are involved, but not all changes are equally
important. Growth controlling genes are important in
the development of malignant cells, but a different set of
genes participate in enabling proliferating cells to invade
and metastasise. The resulting metastatic phenotype is
the biological expression of multiple genetic changes
following the principles of convergent evolution [26].

Table 1
Metastagenicity as a function of positive axillary lymph nodes

No. lymph nodes positive Metastagenicity

0 0.29
1-3 0.62
>4 0.86

Tumour cells progressively acquire the characteristics
that allow them to invade and spread. Multiple redun-
dant pathways appear to be involved, ultimately leading
to invasion and metastasis. This results in significant
heterogeneity of tumours within any clinical stage and
group.

The steps needed for successful metastasis include but,
are not limited to: (1) tumour growth; (2) angiogenesis
and access to vascular or lymphatic channels; (3)
decrease in cell surface molecules that control cell
adhesion; (4) increased locomotion; (5) activation of
enzymes to allow invasion of basement membrane,
extracellular matrix and vascular wall; and (6) activa-
tion of cellular receptors that allow interaction of
tumour cells with extracellular matrix proteins and are
permissive of cell motility [27-29]. Mechanisms that
protect the tumour cells from the host defences also
need to be activated. These functions are required at
both the primary and metastatic sites. Many of these
characteristics of the metastatic tumours are also found
in normal tissues, particularly embryonic, and regener-
ating tissues, but in the malignant cells the control of
these activities is tilted in favour of growth, invasion
and metastases.

Based on the clinical data and the notion of clinical
tumour progression we proposed a new strategy for the
development of prognostic biomarkers, in which the
markers are selected based on their function in tumour
growth, angiogenesis, invasion and metastatic progres-
sion. Such a strategy of using as biomarkers gene pro-
ducts that characterise the malignant phenotype may
not only serve a prognostic purpose, but in the process
it may allow us to learn about the progression of human
breast cancer during its clinical expression. Table 2
shows some examples of potential biomarkers for the
malignant phenotype. This is not meant as an exhaus-
tive list but rather as a work in progress.

Table 2
Malignant tumour phenotypes and potential biomarkers
Growth PCNA

Ki67
Neovascularisation Microvessel count (MVC)
Homophilic adhesion E-cadherin

Invasion, locomotion, metastasis nm23
Vimentin
Integrins
Proteolytic enzymes (uPA, MMP)
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Proliferating cell nuclear antigen (PCNA) is a cell
cycle kinetic marker that can be detected in paraffin-
embedded tissue [30-33]. In node-negative patients we
have shown that PCNA detected immunohistochemi-
cally is a marker of virulence only [34]. Irrespective of
the level of PCNA, the long-term DFS was similar but
80% of those patients having metastases developed
them by 2.5 years if PCNA was high, while in patients
with low levels it took 10 years for 80% of the meta-
stases to become evident. While the ultimate metasta-
genicity is the same, this difference in virulence may lead

1635

to a very different therapeutic plan depending on
patients’ age and other coexisting morbidities.

On archival tissue we determined microvessel count
(MVC) using immunohistochemical staining, for nm23-
H1, E-cadherin, p53 and vimentin protein expression
[35-38]. MVC is a measure of angiogenesis that accom-
panies tumour progression and metastasis [35,36,39,40].
Nm?23-H1 (referred to hereafter as nm23), a metastasis
suppressor gene product has a possible function in sig-
nal transduction, tumour cell shape, motility and base-
ment membrane protein deposition [41-43]. E-cadherin
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Fig. 2. Disease-free survival (DFS) in patients with node-negative breast cancer as a function of: (a) microvessel count (MVC); (b) nm23;

(c) E-cadherin; (d) p53; and (e) vimentin.



1636 R. Heimann, S. Hellman | European Journal of Cancer 36 (2000) 16311639

Table 3 Table 4

Multivariate analysis of prognostic factors for DFS Biomarkers and tumour size in node-negative breast cancer

Variable HR (95% CI) P T1 % T2 % P

Size 0.99 (0.95-1.03) 0.7 MVC Low 30 18 0.04

Grade (1-3) 0.5 (0.2-1.1) 0.1 High 70 82

MVC (high, low) 1.6 (0.4-6.6) 0.4 nm23 High 48 36 0.1

nm23 (high, low) 0.4 (0.1-1.1) 0.09 Low 52 64

Vimentin (high, low) 1.3 (0.5-3.4) 0.5 pS3 Low 72 62 0.1

E-cadherin 0.2 (0.1-0.6) 0.004 High 28 38

pS3 4.1 (1.5-11.6) 0.006 E-cadherin High 86 74 0.07
Low 14 25

DEFS, disease-free survival; HR, hazard ratio; CI, confidence
interval; MVC, microvessel count.

is a calcium-regulated homophilic adhesion molecule.
Decreased E-cadherin-mediated adhesion is one of the
changes characterising the invasive phenotype [44—47].
p53 a tumour suppressor gene product, regulates
directly or indirectly multiple cellular functions includ-
ing cell cycle checkpoints, apoptosis, angiogenesis as
well as the expression of some metastasis-related genes
[48,49]. In several studies, p53 overexpression has been
shown to be associated with poor prognosis in breast
cancer [50-53]. Vimentin is the mesenchymal cell’s
intermediate filament protein. Breast carcinomas
usually would not be expected to express this inter-
mediate filament protein, but a subset that does appear
to have a more invasive phenotype, possibly with a
higher capacity for cell invasion and motility [54-57].
Each of these biomarkers regulate important steps in
the malignant cascade. In Figs. 2(a—¢) we show the long-
term DFS in node-negative breast cancer patients as a
function of MVC, nm23, E-cadherin, p53 and vimentin.
The 14-year DFS in patients with either low MVC or
high nm23 is more than 90%. These two markers are
excellent in identifying good prognosis patients, but not
as good in identifying poor prognosis patients since
approximately two-thirds of patients with high MVC
and loss of nm23 are still cured with local therapy only.
E-cadherin appears to be better in identifying “bad”
prognosis patients while not as good in identifying good
prognosis patients. p53 which has multiple regulatory
functions and is at the crossroads of multiple cell func-
tions appears to be a strong prognostic factor separ-
ating good and bad prognosis patients. Vimentin,
however, does not appear to add much prognostic
information. In addition, we examined the prognostic
value of oestrogen receptor (ER), and found no sig-
nificant (P =0.6) difference in DFS between ER-positive
and ER-negative patients. The multivariate analysis
shown in Table 3 demonstrates that E-cadherin and p53
are the most significant biomarkers for predicting
metastasis.

Fig. 3 describes a putative malignant progression
scheme as determined from the proportion of <2 cm
node-negative breast cancers having each abnormality:
high angiogenesis (MVC) (70%), loss of nm23 (52%),

abnormal p53 (28%) and loss of E-cadherin (14%). This
suggests that the capacity for significant angiogenesis
followed by the loss of nm23 precedes the other
changes — if either is normal then metastases are rare.
Abnormalities in p53 and E-cadherin occur latter and
correlate with poor prognosis, thus they may be some of
the necessary changes permissive for successful meta-
stases. This can be seen in Fig. 4 where the outcome as a
function of a combination of the markers is analysed.
Increase in angiogenesis (as measured by MVC) is a
frequent early event of little significance if the latter
changes do not happen. This is followed by a change in
nm23. Mutations in p53 and loss of E-cadherin occur
later. In node-negative patients, as shown in Fig. 5, if
p53 is low and E-cadherin is fully expressed the DFS is
92%, while if p53 is high and E-cadherin is low the DFS
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is 43%. If either one is normal but the other marker is
abnormal the DFS is an intermediate figure of 63—72%.
The molecular biomarkers appear to be more important
than tumour size both from multivariate analysis (Table
3) and the data shown in Table 4, where the proportion
of T1 and T2 tumours with the respective abnormality
are presented. There is a trend for more abnormalities in
the larger tumours.

This analysis of biomarkers of metastatic progression
offers an opportunity to improve prognostication as
well as increasing our understanding of the malignant
cascade. Because even in our worst outcome group 43%
of the patients are long-term survivors there must be
additional necessary steps required for metastasis. These
could include interaction with the basement membrane
via integrins or specific receptors (laminin), and matrix
degradation [58—61]. Integrins are cell surface receptors
for extracellular and basement membrane components
like fibronectin and collagen. They consist of alpha and
beta subunits and connect the extracellular matrix to the
cytoskeleton. Integrins may help cell survival in the cir-
culation by contributing to the interaction between
tumour cells, leucocytes and platelets and thus the for-
mation of multi-cell emboli. Furthermore, interaction
with integrins result in the destruction of extracellular
matrix by activating matrix metalloproteinases. Matrix
metalloproteinases may degrade proteins directly and
additionally activate other proteases like urokinase
plasminogen activator. This may clear the way for
tumours en route to a distant site. We are currently
studying these processes for further prognostic infor-
mation.

5. Conclusions

Increasing our knowledge of invasion and metastasis
has obvious implications for the diagnosis and therapy
of cancer. Many current therapies particularly aimed at
tumour growth are toxic and are not always successful.
In order to limit aggressive therapy to patients with
poor prognosis we must determine whether a tumour
has the capacity to metastasise. Molecular biomarkers
for invasion and metastatic phenotypes have the poten-
tial to identify the patients who need therapy and spare
those without occult metastatic disease. Ideally antic-
ancer therapy should be specifically tailored to the
characteristics of the individual tumour. Advances in
cure can be achieved by both better selecting existing
therapies, as well as by using new therapies aimed at
particular tumour characteristics. This requires the
understanding of the pathways of malignant progres-
sion. Although the required phenotypes — prolifera-
tion, angiogenesis, invasion and metastases can be
similar — the specific molecular pathways leading to
them may be quite different in each tumour.
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