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Summary
Metastasis is a complex, multistep biological process, involving a multitude of genes and 
biomolecules. Despite the successful therapeutic management of breast cancer, including 
surgery, chemotherapy and radiation therapy, that can control primary tumor growth, meta-
static disease remains the greatest clinical challenge in oncology, as these methods are still 
not very effective in preventing relapses or in the management of breast cancer metastases. 
The knowledge of its mechanisms is still fragmentary and needs to be broadened in order to 
improve our therapeutic approach and influence on the long-term control of breast cancer 
progression. Despite the constant progress in understanding of breast cancer progression, it 
remains a major health problem around the world. Novel therapeutic modalities are being 
tested and developed, but the incidence and mortality rates are still frightening. In this paper, 
we review selected aspects of breast cancer metastasis, including the metastatic cascade and 
models of dissemination, tumor angiogenesis, disaggregation and migration of cells from the 
primary tumor, breaking the vascular wall, adaptation to a new environment, organotropism 
and dormant cells. The interactions between cancer cells and normal host cells contribut-
ing significantly to the metastatic cascade are highlighted, and a wide range of signaling and 
stimulating biomolecules and genes involved in the process are introduced.

breast cancer • dormant cells • metastasis • molecular mechanisms • metastatic cascade • models of 
dissemination • organotropism • ‘seed and soil’ hypothesis • tumor angiogenesis. 
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Introduction

Despite the constant progress in understanding of breast 
cancer progression, it remains a major health problem 
around the world. Novel therapeutic modalities are be-
ing tested and developed, but the incidence and mortality 
rates are still frightening. Tumor metastases are responsi-
ble for approximately 90% of cancer-related deaths [31]. It 
is established that between 25% and 50% of breast cancer 
patients will eventually develop deadly metastases, oc-
curring even decades after the time of diagnosis and pri-
mary tumor removal. Some histological subtypes of breast 
cancer and molecular marker expression are known as 
strong prognostic and predictive factors. For instance, the 
ER, PGR and HER2 negative cancers, called ‘triple nega-
tive’, are associated with significantly increased risk of 
progression and dissemination [21]. Unfortunately, the 
prognosis for patients with metastatic disease is gener-
ally unfavorable, with an average 5-year survival rate of 
about 25% [27,36]. The therapeutic options used in clinical 
practice, including surgery, chemotherapy and radiation 
therapy, can control primary tumor growth. However, 
these methods are still not very effective in preventing 
relapses and in the management of breast cancer metas-
tases. In order to improve long-term survival of cancer 
patients, it is essential to focus on prevention and treat-
ment of metastatic disease by targeting specific steps 
governing the metastatic cascade, blocking the coloniza-
tion of secondary organs and eradication of established 
metastases using novel modalities in addition to current 
treatment [8]. 

Metastatic cascade and models of dissemination

Our understanding of metastatic mechanisms is still frag-
mentary. To date, the hypothesis of ‘seed and soil’, coined 
by the English surgeon Stephen Paget in 1889, provides 
possibly the most appropriate definition of the process. 
The author made an observation that ‘organ-specific me-
tastases are due to the dependence of the seed (the can-
cer cell) on the soil (the secondary organ) [25]. Thus, the 
subsequent growth of cells ‘seeded’ to an organ depends 
on the compatibility of the ‘seed’ and the ‘soil’ encoun-
tered in the target organ. Currently, it is determined that 
the formation of a metastasis is a complex, multistep 
and multifunctional biological event. This process re-
sults from a sequential molecular cascade through which 
cancer cells spread from the primary tumor to distant 
anatomical sites, where they can proliferate and create 
secondary neoplastic foci [32]. This cascade of events in-
cludes the following steps: 1. angiogenesis, that is the de-
velopment of new blood supply to the growing tumor, 2. 
the escape of tumor cells from the primary tumor mass, 
3. the invasion of and migration through the basement 
membrane and extracellular matrix surrounding the tu-
mor epithelium, 4. subsequent invasion of the basement 
membrane supporting the endothelium of local blood 
vessels or lymphatics, 5. the intravasation of the tumor 
cells into the blood or lymphatic vessels, 6. the adhe-
sion of the circulating tumor cells to the endothelium of 

capillaries of the target organ site, 7. the extravasation 
and invasion of tumor cells through the endothelial cell 
layer, surrounding basement membrane and target organ 
tissue, 8. the growth of secondary neoplastic foci at the 
target organ site [5,10]. It is believed that the metastatic 
phenomenon is attributable to low efficiency. Only a small 
fraction of cancer cells entering the circulation will suc-
cessfully generate secondary tumors. That results from 
tumor cell death in the blood circulation, caused by expo-
sure to stress, hemodynamic forces, induction of anoikis 
due to lack of adhesion and immune attack by cytotoxic 
effector cells [22,23]. 

There are two major spatial-temporal models of tumor 
cell dissemination described [19,26]. Traditionally, it is 
stated that formation of metastases occurs late, at a time 
when the primary lesion has already reached a consid-
erable volume. This model, called the linear model of 
metastasis, is generally acceptable for most cancers, as 
the primary tumor volume represents the risk factor for 
dissemination. It is assumed that genetic modifications 
accumulate progressively in cancer cells. Consequently, 
cells with advantageous mutations will survive and ex-
pend through clonal evolution. According to this model, 
the process leads to separation of a small cell subpopula-
tion with acquired metastatic capacities within the pri-
mary tumor which, when disseminated, are more effec-
tive in colonizing distant organs. Based on this model, 
metastasis-driving mutations should occur rarely in the 
primary tumor, but frequently in the distant metastases 
[6]. Numerous studies have confirmed a similar molecular 
signature of the metastases and their corresponding pri-
mary tumors, which was interpreted as evidence for the 
linear model [2,28]. However, this model has recently been 
challenged by the parallel model of metastasis, proposed 
as an answer to observations suggesting that cancer cells, 
particularly in breast cancer, might disseminate early 
during tumor progression, even at pre-malignant stages 
of disease. This model implies independent evolution of 
disseminated cells. Some pieces of research demonstrate 
that genetic alterations found in breast cancer cells dis-
seminated into the bone marrow often differ significantly 
from those present in the primary tumor [4]. Accordingly, 
the genetic profile of disseminated tumor cells should 
be more relevant in predicting response to therapy in 
metastatic disease. 

Tumor angiogenesis

The first step in the metastatic cascade is formation of 
new blood vessels from pre-existing vasculature. When 
the process of angiogenesis occurs physiologically, for 
example during wound healing or pregnancy, there is a 
controlled balance between angio-inhibitory and pro-
angiogenic factors [29]. The impairment of these del-
icate controls favoring inappropriate angiogenesis is 
observed in cancer, as well as in many other disorders, 
including diabetic retinopathy, rheumatoid arthritis and 
psoriasis [5,11]. The currently well-accepted theory that 
the growth and survival of malignant tumors and the 
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progress of metastatic disease are dependent on oxygen 
and nutrients supplied by newly created vessels was 
based on pioneering research of Folkman in 1971. Now-
adays, microvessel density, a measure of angiogenesis, 
is known as a prognostic factor predicting the survival 
of cancer patients [37]. It is determined that hypoxia is 
a trigger factor for the molecular cascades underlying 
angiogenesis [9]. Under hypoxic conditions, the hypoxia 
inducible factor 1 (HIF-1) transcriptional complex is 
stabilized and consequently genes coding for angiogen-
esis- inducing factors, anaerobic metabolism, cell motil-
ity and resistance to apoptosis are activated [15]. HIF-1 
induces expression of the chemokine receptor CXCR4, 
which may mediate organ-specific dissemination, and it 
also interacts with lysyl oxidase (LOX), which is involved 
in collagen maturation [9]. Tumor cells and surrounding 
stromal cells stimulate angiogenesis by production of 
soluble proinflammatory and pro-angiogenic cytokines, 
such as tumor necrosis factor alpha (TNFα), vascular en-
dothelial growth factor (VEGF) and interleukin-8 (IL-8). 
They diffuse into nearby tissues and bind to receptors on 
the endothelial cells of pre-existing blood vessels in the 
vicinity of the tumor. As a result, adhesion molecules, 
including integrins, proteases and plasminogen activa-
tors, are secreted, and inhibitors, such as thrombospon-
din, are down-regulated [3]. Therefore, the stimulated 
endothelial cells begin their proliferation and degrade 
the surrounding stroma with the aid of proteases. The 
adhesive and de-adhesive interactions with stromal 
components, mediated predominantly by integrins, are 
responsible for their migration through the area of de-
graded stroma. These migrating endothelial cells form 
new, immature vessels, which undergo canalization and 
create a complete vascular network supplying blood to 
tumor cells. The intratumoral vessels are characterized 
by increased permeability, enabling the cancer cells to 
enter the systemic circulation. The blockage of tumor 
angiogenesis by means of inhibitors targeting the tu-
mor-associated endothelium is already used in clinical 
practice (endostatin, bevacizumab, etc.) [12].

Disaggregation and migration of cells from the primary 
tumor

The migratory and invasive abilities are the crucial pa-
rameters of cancer cells. Two fundamentally different 
patterns of cancer cell invasion are defined: single cell 
invasion and collective cell invasion [31]. The majority 
of cancers originate from epithelial tissues. In order to 
leave the primary tumor and invade the surrounding 
tissue, these tumor cells need to diminish their tight 
cell-cell adhesion. This process permits disaggregation 
of tumor cells from the primary site and aids initial dis-
semination. It is suggested that in most cases, single 
cells leaving the primary tumor undergo epithelial to 
mesenchymal transition (EMT), mediated by such mol-
ecules as TGFβ, MAP kinases, transcription regulators 
Twist and Snail (SNA, SNAI1), Wnt, Notch and Hedge-
hog [35]. The opposite process, MET-mesenchymal to 
epithelial transition, takes place when the metastasis 

is being formed in a specific organ. The mechanism of 
EMT, involving the loss of epithelial polarity and the 
achievement of a mesenchymal morphology, remains 
currently a major focus in metastasis research [33]. The 
disruption of cell-cell contacts and the acquisition of a 
fibroblastoid spindle-shape morphology connected with 
increased invasiveness and slower rates of cell division 
result in the release of single cells from a solid epithelial 
tumor. Despite the fact that the actual presence of EMT 
in patients is still debated, there is increasing evidence 
for this process in various human cancers, including 
breast cancer [30]. It is demonstrated that the expres-
sion of vimentin, a mesenchymal marker, in epitheli-
al cells of breast cancer is a factor indicating shorter 
postoperative survival of patients [34]. Moreover, the 
highly invasive metaplastic and claudin-low subtypes 
of breast cancer have been characterized by attenuated 
E-cadherin expression and elevated levels of the EMT-
inducing transcription factors Twist and Slug [16]. The 
data mentioned above suggest that epithelial to mesen-
chymal transition plays an important role in the process 
of metastasis and thus needs to be dissected apart. The 
significance of cadherins and catenins in the process of 
disaggregation is highlighted [5]. Cadherins are a large 
group of adhesion molecules that interact with the actin 
component of the cytoskeleton via the cytosolic proteins 
catenins. In this way, they are involved in maintaining 
tight intercellular adhesion interactions. The alteration 
in cadherin/catenin expression results in the loss of cell-
cell adhesion, which is demonstrated to be associated 
with metastatic phenotype [7]. 

Breaking the vascular wall

After escaping from the primary tumor site and enter-
ing the circulation, the breast cancer cells begin their 
migration towards distant organs. The first obstacle en-
countered by circulating tumor cells is the endothelial 
lining of the vascular wall. In some organs, such as bone 
marrow or the liver, the microvessels are comprised of si-
nusoids, which are highly permeable and represent weak 
barriers for cancer cells [21]. In contrast, in most organs, 
including the brain, the endothelial lining is tight and 
prevents easy penetration by the cells. It is established 
that leucocytes and blood platelets facilitate metastasis, 
forming complexes with tumor cells by L- or P-selectins. 
Increased expression of selectin ligands is attributable 
to metastatic progression and poor prognosis [20]. The 
extravasation is encouraged by the expression of genes 
responsible for remodeling the vasculature to increase 
permeability (e.g. the ANGPTL4 gene). Furthermore, also 
the chemokines expressed in a target tissue account for 
the migration of cancer cells, by interacting with their 
receptors. Chemokines are small cytokine-like proteins 
that elicit directional cell migration and activate signal-
ing pathways regulating cytoskeletal rearrangement and 
adhesion. It is determined, for example, that the CXCR4 
and CCR7 receptors and their ligands CXCL12 and CCL21, 
respectively, are used by breast cancer cells to arrest and 
migrate to secondary organs [24]. 
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Adaptation to new environment

Physiologically, cells are able to survive and proliferate 
only within their specific original tissue. However, the dis-
seminated cancer cells can form growing metastases in tis-
sues differing significantly from their origin. That is why 
the cancer cells must adapt to their new environment. At 
the time of initial invasion the tumor cells develop a bidi-
rectional relationship with the surrounding host stroma. 
Consequently, these interactions lead to progression. Tu-
mor cells (the ‘seeds’) exert an impact on many physiologi-
cal events of colonized tissue stroma (the ‘soil’), resulting 
in promotion of tumor growth. They twist and polarize 
inflammation, suppress the immune response, favor an-
giogenesis, and influence growth, survival and release of 
motility factors [14]. As a result, the stromal cells can alter 
their transcriptome in order to express genes creating an 
adequate environment for the disseminated cancer cells. 
Interestingly, scientific observations showed that tissue 
modifications occur prior to tumor cell seeding. These find-
ings led to the introduction of the pre-metastatic niche 
concept. According to this model, bone marrow derived 
cells (BMDCs), mobilized by factors released by the primary 
tumor, create a suitable microenvironment for metastatic 
colonization before the arrival of disseminated tumor cells. 
There are numerous molecules promoting the pre-meta-
static niche, including VEGFR1, LOX, periostin, tenascin-C, 
chemokines such as CXCL12, and many others [17]. 

Organotropism

Cancers arising at different primary sites show distinct 
and typical patterns of metastatic spread. This striking 
phenomenon has fascinated researchers since Paget’s 
‘seed and soil hypothesis’ [25]. In 1928 Ewing proposed 
an alternative rule of mechanical entrapment, suggesting 
that circulating tumor cell aggregates become trapped in 
the first vascular bed they encounter. Some metastatic le-
sions do support this idea, but many types of cancer me-
tastasize to sites that cannot be explained by simple blood 
pattern, for instance the propensity of breast cancer to 
metastasize to the long bones, brain and adrenal glands 
[5]. There are many examples of organ-selective seed-
ing. It is noted that breast cancers expressing the ERB-B 
oncogenes preferentially form metastases in the central 
nervous system, where heregulins and neuregulins, their 
binding ligands, are expressed, while breast cancer cells 
expressing CXCR2 tend to metastasize to tissues such as 
the lungs, which are rich in CXCL12 [38]. To date, several 
genes and molecules mediating metastatic colonization 

of breast cancer to bone, lung and brain have been identi-
fied. The expression of these genes in the primary tumor 
seems to predict organ-specific progression in patients 
[28]. However, the mechanism of re-seeding recently 
discovered in experimental tumors, suggesting that the 
metastatic cells can recirculate from the metastatic sites 
back to the primary tumor, alters the interpretation of 
previous observations [18]. If proven in human cancers, 
this mechanism could explain the origin of ‘metastatic 
signatures’ detected in primary tumors and weaken the 
predictive value of such signatures.

Dormant cells

The clinical observation of breast cancer patients reveals 
many cases of late relapses, appearing years or decades 
after surgical resection of primary lesions. The facts in-
dicate the occurrence of the ‘metastatic dormancy’ phe-
nomenon, associated with the presence of disseminated 
tumor cells of low proliferative and metabolism activities 
[13]. These cells are not capable of giving rise to a second-
ary tumor at the moment of their seeding, but remain vi-
able and acquire invasive abilities through genetic modi-
fications and interactions with the microenvironment. 
This state of dormancy could represent a major problem 
limiting the efficiency of adjuvant chemotherapy, aim-
ing to target active and proliferative cells, but failing to 
eradicate dormant metastases [1]. Understanding meta-
static dormancy is a crucial goal for science, as it could 
introduce novel therapies improving long-term control 
of cancer progression. 

Conclusions and future directions

It is now recognized that metastasis is an extremely com-
plex and multistep biological event. There is evidence 
that interactions between cancer cells and normal host 
cells contribute significantly to the metastatic cascade. 
A wide range of signaling and stimulating biomolecules 
and genes involved in the process are identified. However, 
there are still many questions awaiting answers. When, 
where and how do metastatic cells appear within the 
primary tumor? Can we identify circulating tumor cells 
with metastatic capabilities among the whole population 
of these cells? The solution of these and other problems 
could help us to understand the limitations of current 
therapies and to implement more effective drugs and 
therapeutic approaches. Thus, despite great advances in 
exploring the mechanisms of metastasis, this phenom-
enon remains the greatest clinical challenge in oncology.
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