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Abstract The interrelating dynamics of the primary tumor
cells and their surrounding microenvironment might deter-
mine phenotypic characteristics of disseminated tumor cells
and contribute to cancer metastasis. Cytoprotective mecha-
nisms (e.g., energy metabolism control, DNA damage
response, global translation control and unfolded protein
response) exert selective pressure in the tumor microenviron-
ment. In particular, adaptation to hypoxia is vital for survival
of malignant cells in the tumor and at distant sites such as the
bone marrow. In addition to the stress response, the ability of
tumor cells to undergo certain cellular re-differentiation
programmes like the epithelial-mesenchymal transition
(EMT), which is linked to cancer stemness, appears to be
important for successful cancer cell spread. Here we will
discuss the selection pressures that eventually lead to the
formation of overt metastases. We will focus the properties of
the microenvironment including (i) metabolic and cytopro-
tective programs that ensure survival of disseminated tumor
cells, (ii) blood vessel structure, and (iii) the hypoxia-
normoxia switch as well as intrinsic factors affecting the
evolvement of novel tumor cell populations.
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Abbreviations
ATF6 activating transcription factor 6
CTC circulating tumor cells

CXCR4 C-X-C chemokine receptor 4
DTC disseminated tumor cells
EGFR epidermal growth factor receptor
EIF2 eukaryotic initiation factor 2
EMT epithelial-mesenchymal transition
ER endoplasmatic reticulum
HIF-1 hypoxia inducible factor 1
HR homologous recombination
IRE1 inositol-requiring protein 1
MET mesenchymal-epithelial transition
NHEJ non-homologous end joining
PDI protein disulfide isomerase
PERK PKR-like ER kinase
PTEN phosphatase and tensin homolog
ROS reactive oxygen species
RTK receptor tyrosine kinase
SDF1 stromal cell-derived factor 1
UPR unfolded protein response

Introduction

Cancer cells might be characterized by heterogeneous
expression patterns of different genes. Within the
primary tumor of individual patients different phenotypes
of cancer cells exist. Tumor cells in the blood stream or
in the bone marrow may differ from the cells of the
primary tumor, and they frequently differ from each
other. Moreover, cells in solid metastases can exhibit
other phenotypes than those of the primary tumor and
released tumor cells. It has become obvious that tumor
cell populations are not only genetically heterogeneous,
but also novel phenotypes dynamically evolve depending
on the present microenvironmental conditions. Dynamic
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evolvement of novel cell populations affects biomarker
discovery, as the manifestation of novel cell populations
implies that the prediction capacity based on single
biomarker proteins may be limited. Application of
biomarkers for clinical detection of tumor cells implies
that only phenotypes that are positive for the selected
biomarker proteins can be detected, other cells which
may contribute significantly to the outcome of patients
remain invisible.

Understanding the microenvironmental conditions that
favour the evolvement of site specific cell phenotypes can
improve the detection of the clinically relevant populations
of tumor cells that are responsible for distant metastasis.
Cells of particular tumors such as breast or prostate cancer
are frequently osteotropic, whereby disseminated tumor
cells (DTC) within the bone marrow can be analyzed to
elucidate which cell phenotypes are selected to form distant
metastases.

In this review, the development of the primary tumor
microenvironment potentially influencing the release of
cancer cells into the blood and the settlement in the bone
marrow will be discussed and underlying mechanisms
affecting the evolvement of cell phenotypes under altering
microenvironmental conditions will be addressed.

The (dis)regarded Majority of Tumor Cells

Cancer arises from a normal cell that experienced a
malignant transformation, followed by invasion of the
surrounding tissue through the growing tumor cell popula-
tion [1]. Having reached the vasculature, tumor cells may
be transported by the blood stream to secondary sites where
they may form a new tumor cell colony [2]. However, there
must be a condition that prevents the formation of millions
of metastases in the same patient. The vast majority of
tumor cells within the primary tumor and DTC will not
form distant metastases, either because they die or remain
sedentary [3]. This can be exemplified by a simple
calculation. In DTC positive bone marrow samples of
5 ml usually 1–20 DTC are detectable [4–6]. The total
volume of human bone marrow is approximately 2500 ml.
In this simple scenario the total number of bone marrow
DTC would range between 500 and 10.000. Though this
expected DTC number is lower than a previous calculation
[7], it nevertheless exceeds by far the number of solid
metastases in one patient. Using a mouse model and mouse
melanoma cells it was demonstrated that cancer cells are
able to survive hemodynamic forces after arrest in the
microcirculation [8]. Instead, metastatic inefficiency seems
to be determined by the failure of solitary DTC or small cell
clusters to grow out at secondary sites [9]. Focussing on the
fate of single tumor cells the process of metastasis seems to

be extremely inefficient, since the majority of tumor cells
fail to become a metastasis founding cell [10]. With focus
to the tumor cell population as a whole that is ceaselessly
subjected to altering microenvironmental pressure, the
selection and adaptation process may be regarded as
efficient, as the process as a whole is able to create
metastases.

Properties of the Microenvironments

Different types of microenvironments are described to be
relevant in cancer. The structural composition of normal
human tissues and the increasing mass of tumor cells
leading to an unphysiological microenvironment affect
the tumor development. The human body consists of
different microenvironments like the brain, lung or breast
tissue, the bone marrow and the endothelium of the
blood vessels. In order to reach secondary sites,
circulating tumor cells (CTC) have to pass the endothe-
lium of the blood vessels at the primary tumor and DTC
might require a second transmigration step at the
secondary site [11]. During growth of a tumor colony
the tumor cells generate their own local microenvironment
within the primary organ (e. g. breast, lung or colon) [12].
Both normal and aberrant microenvironments are charac-
terized by their structural constitution, which is the
morphological context for the subsequent dynamic evolve-
ment of tumor cell phenotypes.

Normal epithelia—from which cancers evolve—cover
the surface of organs, possess few intracellular spaces and
lack blood vessels. To endow the cells with elasticity and to
maintain the cell shape, epithelial cells express the robust
cytoskeleton component of intermediary filaments by
which epithelial cells are interwoven with each other to a
large planar structure [13, 14]. In addition, epithelial cells
show a polarized structure with the basal side connected to
the basal lamina. The epithelium is separated from the
underlying mesenchyme by a basement membrane, which
must be passed by the tumor cells to reach the underlying
tissue. The mesenchyme consists of fibroblasts, which
secrete the extracellular matrix that can also serve as a
storage for growth factors, the intracellular space, blood
vessels and cells of the immune system that were recruited
from the bone marrow [15]. Since nutrients like glucose
and small molecules like oxygen are supplied to the
epithelial cells by the blood vessels, short diffusion ways
of these substances are essential for the survival of
epithelial cells [16]. This passive transport of small
molecules to the epithelial cells even in the normal
epithelium generates a permanent concentration gradient
of these substances from the blood vessels to the epithelial
cells. Epithelial cells are adapted to this condition by their
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polarized structure. Transmembrane growth factor receptors
and proteins for nutrient import are located on their basal
side. At this stage normal epithelia are highly structured
according to their optimal physiological demands and the
overall structure is static.

Genetic or epigenetic alterations in epithelial cells are
accompanied by phenotypic changes of the cell like
aberrant expression of receptor tyrosine kinases (RTK).
Albeit a fluent process, the final result is the conversion of
the normal cell to a cancer cell [1]. At that stage the
physiological structure of the epithelial cell layer begins to
collapse and is being converted to a dynamically changing
microenvironment with alterations in different conditions
such as pH value, oxygen and nutrient concentration,
growth factor concentration or the spatial assembly of cell
phenotypes [12, 17]. The aberrant cells become resistant to
contact inhibition and overcome their susceptibility to
anoikis, which is also a critical condition for the survival
of single tumor cells at secondary sites [11]. The growth of
the aberrant cell populations into the lumen of the
epithelium then leads to an increase of the diffusion ways
for growth and anti-growth factors, metabolites and small
molecules like oxygen.

Autocrine or paracrine production of growth factors in
aberrant cells leads to activation of the intracellular
signalling pathways and up-regulation of the protein levels
of the growth factor receptors. The overexpression of the
growth factor receptors EGFR (epidermal growth factor
receptor) and ErbB-2 during tumor progression can serve as
an example of a synergistic effect that promotes cellular
proliferation under shortage conditions. For example, the
increased protein levels of EGFR and ErbB-2 can result
from gene amplification, which is a much slower process
than upregulation on protein level [18]. Different pheno-
typic solutions can overcome one restriction for tumor cell
growth, which is called the principle of functional equiv-
alence [12]. For example, tumor cell growth and migration
is strongly dependent on the activity of the AKT pathway.
Activity of AKT can be maintained by overexpression of
EGFR, ErbB-2 and ErbB-3, mutations in the PI3K, over-
expression of AKT itself or functional disruption of PTEN
(phosphatase and tensin homolog).

After microinvasion of the tumor cells into the underly-
ing tissue, which requires the breakdown of the basal
membrane, tumor cells are subjected to local shortage in
nutrients and hypoxia. Such microenvironmental conditions
have been detected in cervical cancer, head and neck cancer
and melanomas. In all stages of breast cancer for example
the median oxygen partial pressure was detected as 37 mbar,
compared with 87 mbar of normal breast tissue. In the
normal breast oxygen partial pressures of less than 17 mbar
were not detected, whereas in approximately one-third of
the breast cancer cases values of less than 3 mbar were

observed [19]. Invasion of the local stroma by the tumor
cells where nutrient limitation is less may lead to the escape
from cell stress [16]. Alternatively, establishment of a local
vasculature supports not only the supply with nutrients but
also the dissemination from the primary tumor into the
blood stream as one of the first steps for tumor cell
dissemination [20].

Metabolic and Cytoprotective Programs that Ensure
the Survival of the Tumor Cells

Limited supply of growth factors can be compensated by
aberrant cells itself, whereas restricted oxygen partial
pressure, glucose or amino acid concentration are external
factors that limit cellular growth. The transport of these
substances is restricted by diffusion kinetics limited to a
distance of approximately 150 μm or 10 cell layers [21].
Polar metabolites like glucose diffuse between the intracel-
lular spaces and must be transported actively into the cells
by specific importer proteins (e. g. GLUT1 which is
regulated by the hypoxia inducible factor 1 alpha HIF-1
alpha [21]). Since the diffusion kinetics of glucose and
other nutrients is similar to oxygen, the cells also
experience deficiencies in other nutrients [22, 23]. In
contrast, the small uncharged molecule oxygen can pass
the plasma membrane, so that oxygen can be delivered to
dysplastic cell layers directly through the underlying cells.

While the normal oxygen concentration in the atmo-
sphere is 21%, the oxygen partial pressure in well
oxygenated tissue ranges between 5–9% and the normal
oxygen partial pressure in solid tissues is around 3%.
Hypoxia is considered at oxygen partial pressures at 1%
and the most extreme pole of oxygen deprivation is anoxia
(below 0.01%) [24, 25]. Cells require oxygen not only as a
terminal electron pair acceptor in the oxidative phosphor-
ylation, but also for synthesis reactions [26] and respond
with different adaptation programs in series to the dimin-
ished oxygen concentrations. In tumors Warburg observed a
shift in the energy conversion from oxidative phosphoryla-
tion to glycolysis mediated ATP production [27]. The
underlying molecular principles for this observation were
then addressed to a metabolic adaptation program that is
induced by HIF-1 alpha, that promotes the glucose
metabolism instead of the energy conversion in the
mitochondrion as well as the induction of angiogenesis
[16, 28, 29]. However, consumption-driven hypoxia, which
was most apparent at oxygen concentrations of 1–2%, was
observed in HIF-negative cells [16, 30]. These cells
exhibited increased mitochondrial function, thereby de-
creasing the local oxygen partial pressure.

Under even lower oxygen partial pressure the conversion
to ATP in the mitochondria becomes limiting. On the one
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hand, protein synthesis is required to cope with environ-
mental stress; however, the extreme demand of ATP forces
the cells to down regulate their global mRNA translation.
Under these conditions, the activity of mTORC1 that
controls the global RNA translation machinery is inhibited.
As a result, the global protein synthesis is diminished to
reduce ATP consumption, leading to selective translation of
those mRNAs that are most essential for the survival of the
cells [31, 32]. The global protein translation switches from
the normal cap-dependent translation to cap-independent
translation allowing only the translation of those mRNAs
that are most essential for survival [33]. Messenger RNAs
that allow the translation via specific 5′ UTR sequences
belong to proteins that are essential for cell survival and
apoptosis like HIF-1 alpha, VEGF, Grp78, protein disulfide
isomerase (PDI), p53, Bcl-2, c-Myc and others [31, 34].
One program that is activated in response to cell stress is
the unfolded protein response (UPR) [35, 36]. Proteins in
the endoplasmatic reticulum (ER) were malfolded under
adverse environmental conditions like hypoxia, altered
redox status, glucose deprivation, alterations in calcium
homeostasis or excessive protein load. After accumulation
of malfolded proteins under microenvironmental stress,
chaperones like Grp78 dissociate from receptor proteins
that span the ER membrane (activating transcription factor
6 (ATF6), inositol-requiring protein 1 (IRE1) and PKR-like
ER kinase, (PERK)) to refold their malfolded protein
substrates [33]. The released membrane receptors then
become triggered and activate the transcriptional branch
of the UPR. The mTOR pathway as a cellular administra-
tion programme senses stress indirectly by signal transmit-
ting proteins. Negative regulators of the mTOR pathway are
BNIP-3 (which is induced by HIF-1 alpha) that inhibits the
positive regulator Rheb–GTP, a small G protein. Activated
PERK as a modulator of downstream mTOR signaling
phosphorylates the alpha subunit of eukaryotic initiation
factor 2 (EIF2) which prevents the EIF2 beta mediated
initiation of the protein translation [37].

These cellular adaptation strategies efficiently enable
tumor cells to survive under adverse environmental con-
ditions like severe hypoxia combined with glucose and/or
serum deprivation. They can survive even anoxia (0.01% of
oxygen) for 24 h, which only blocks their proliferation.
However, the critical limit is reached after exposure to
0.01% of oxygen for 72 h which reduces the amount of
viable cells to 20–30% [38].

In tumor cells the metabolism can be affected by the
activity of oncogenes [16, 29]. One of the most striking
examples is the ErbB-2 mediated increase of HIF-1 alpha
expression [39]. Interestingly, ErbB-2 signaling increases
the translation of HIF-1 alpha and does not affect the half-
life of the HIF-1 alpha protein. Further downstream
signalling proteins of ErbB-2 have been identified to

increase HIF-1 alpha activity in breast and prostate cancer,
including phosphatidylinositol 3-kinase, AKT or PTEN [39,
40]. The AKT dependent translation of HIF-1 alpha was
then assumed to be dependent on mTOR activity [41].
Similar to the AKT pathway, activity of the mitogen-
activated protein kinase pathway also leads to accumulation
of HIF-1 alpha protein [42]. In this work it was also shown
that HIF-1 alpha subsequently increased hypoxia response
element activity, which overlaps with other cytoprotective
strategies like the UPR and the mTOR signalling [33].
Moreover, HIF-1 alpha can accumulate by loss of function
of the p53 tumor suppressor in cancer cells, which further
links the angiogenic switch to DNA damage response [43].

Emergence of Novel Phenotypes

Tumor cell progression can occur not only within primary
tumors, but also independently at secondary sites implicat-
ing an early dissemination of tumor cells from the primary
tumor [2, 44]. For this model a continuous release of cells
from the primary tumor occurs with sequential formation of
metastases at distant sites is proposed. DTC with the
capacity for metastatic outgrowth that are detected at the
time of diagnosis would then form solid metastases many
years later. It is also possible that low proliferating, Ki-67
negative or dormant DTC that have been disseminated in
early stages contribute to this delayed metastatic outgrowth
[45, 46]. Indeed, DTC/CTC seem to be heterogeneous with
regard to the expression of growth factor receptors,
adhesion molecules, proteases and their inducers and
receptors, major histocompatibility complex antigens or
signalling kinases [47–49].

In these models the term “early” describes a later process
than one would assume on the first look. Considering a
tumor diameter of approximately 1 cm at the time of
diagnosis, the primary tumor has existed for approximately
10–12 years [20, 44]. Hence, in these models the tumor has
already existed 6–9 years until the proposed “early”
dissemination has been implicated as a potential mechanism
for metastasis [20, 44, 50]. Even though “early” dissemi-
nation reduces the time for malignant transformation of the
cells, it is conceivable that within this time span the cancer
cells are able to colonize secondary organs [2, 44].
Importantly, the concept of “early” dissemination explicitly
includes the possibility of tumor cell dissemination closer
to the time of primary tumor diagnosis, so that early
disseminated cell are not necessarily the exclusive source of
later metastases [11].

On the other hand, due to the exponential growth of the
primary tumor the amount of cells that can contribute to
dissemination is strongly reduced at early dissemination.
Metastasis is an inefficient process [10], which further
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reduces the number of DTC that may contribute to distant
metastasis. The number of proliferating cells at secondary
sites was only around 3% as detected by Ki-67 staining in
mouse experiments, indicating that the majority of the cells
remain dormant [8]. Cancer stem cells have been proposed
as candidates for a cell subpopulation that is able to grow
out at secondary sites [51]. Cancer stem cells as a
subpopulation were implicated for leukaemia and multiple
myeloma, but until now the best defined system are the
CD34+ CD38− cells in acute myeloid leukaemia [52].
Moreover, the ability of cancer cells to transit between
epithelial and mesenchymal traits like loss of E-Cadherin
with nuclear accumulation of beta-catenin has been impli-
cated in cancer metastasis [53]. Since the majority of the
DTC pool seems to consist of dormant cells, metastases
may arise from the pool of low proliferating or quiescent
cells [54]. The concept of tumor cell dormancy has been
extended by the postulation of tumor mass dormancy [55].
Tumor mass dormancy describes a stage where cancer cells
are able to proliferate but the net growth of a tumor cell
colony is restrained through equilibrium between prolifer-
ation and apoptosis. The observation that metastatic relapse
in breast cancer patients can occur more than 10 years after
diagnosis and resection of the primary tumor [56] chal-
lenges any model of cancer metastasis. If metastatic relapse
results from the pool of the dormant cells, a mechanism is
required that confers the re-initiation of cell growth, which
is currently in focus of research activities. Approaches point
towards the impact of the microenvironment at secondary
sites. Possible mechanisms involve interleukins, the colony-
stimulating factor 1, or activation of the tumor cells via
uptake of the stromal cell-derived factor 1 via the C-X-C
chemokine receptor 1 [17]. Further, there is ample preclinical
evidence that the angiogenic switch may contribute to re-
activation of tumor cells after dormancy and the subsequent
formation of metastases [57]. The latter mechanism suits
well to the assumption that the hypoxic microenvironment
of the bone marrow may be considered as a reservoir for
DTC as precursors for later metastatic outgrowth [2]. In
particular the persistent exposition to hypoxia may be one
microenvironmental factor that can lead to the acquisition of
DNA damage in DTC, which is discussed below.

Under abnormal microenvironmental conditions a vi-
cious cycle of complicit interaction between aberrant cells
and their microenvironment evolves, thus accelerating the
malignant progression [58]. One driving force for the
emergence of novel tumor cell phenotypes in the primary
tumor is the competition of the cancer cells with each other,
which accelerates the malignant progression [16, 58]. In
contrast, bone marrow DTC exist as single tumor cells
embedded into a matrix of normal bone marrow cells [54,
59], so in the early onset of bone marrow metastases,
intercellular competition between tumor cells does not

contribute to malignant progression. Instead, factors like
SDF1, RANKL, TNF-related apoptosis-inducing ligand
or VEGF are critical for the survival of the tumor cells
and for the induction of the vicious cycle of bone
metastasis [45, 59, 60].

Citri and Yarden have underlined on the example of the
ErbB signalling network that robust systems consist of
modules that enable a system to locally contain inflicted
damage, as well as to promote evolvability. These compo-
nents offer alternative ways to generate an output in the
face of severe perturbations [61]. The ability of signalling
pathways to self organize a functional structure may be one
potential mechanism that supports functional plasticity that
contributes to the survival and evolvement of novel tumor
phenotypes.

An interesting extension of the hypothesis that DTC are
able to recirculate via the bloodstream into other distant
organs and even to the primary tumor [54] is the idea of
tumor self-seeding [62]. In this concept CTC derived from
the primary tumor can settle down in the primary tumor
again after a passage through the blood stream. Alterna-
tively, CTC that are released by metastases may be able to
return to its place of origin. Even though this concept
implies the evolvement of novel tumor cell phenotypes by
site-specific metastasis, the continual exchange of tumor
cell phenotypes between the tumor cell colonies tends to
equalize the molecular profiles of the primary tumor and its
metastases [62, 63]. Experimental evidence for the exis-
tence of tumor self-seeding was provided by mouse models,
which also showed that the tumor-derived cytokines IL-6
and IL-8 act as CTC attractants and for example the actin
cytoskeleton component fascin-1 mediates the CTC infil-
tration into the mammary tumors [64].

The Wall: Structure of Blood Vessels in Tumor Cell
Dissemination

Outside of the first microenvironment relevant in cancer—
the primary tumor—the composition of the blood vessels
affects tumor cell metastasis. Metastatic tumor cells pass at
least twice the endothelial cell layers to grow out at
secondary organs. In the first crossing the cells leave the
primary tumor into the blood stream and during extravasa-
tion at secondary sites they pass the endothelium the second
time. Cancer cells can be arrested in the capillaries of
secondary organs like the liver or lung by size restrictions,
which may lead to deformation of the cells under the local
blood pressure [10]. The high survival rates of such trapped
cells in the lung and the liver suggest that cancer cells can
persist under this mechanical stress for several days [8, 9].

The structure and penetrability of endothelial cell layers
varies massively within the human body, so that there is a
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site specific barrier for the release and infiltration of tumor
cells [65]. Arteries have thick walls, whereas the walls of
the veins are thin, and both arteries and veins are lined with
continuous nonfenestrated endothelium. In contrast, the
capillaries show a large degree of organ specific composi-
tion. Skin, brain and lung capillaries are continuous and
nonfenestrated as well, whereas the capillaries of the
endocrine glands (e.g. pancreas) are continuous and
fenestrated [65]. The capillaries of the liver and the bone
marrow are discontinuous, which means that the capillaries
show larger fenestrations or even gaps. In these capillaries,
the basement membrane is marginally formed. Fenestrae
are intercellular openings that increase the intracellular
transport. Normal fenestrae posses a diameter of around
70 nm, and the sinusoid fenestrations in the liver have a
diameter of 0.1 to 0.2 μm [66]. Since haematopoietic cells
are released from the bone marrow into the blood stream,
the gaps in the bone marrow sinusoids even allow
transendothelial migration of cells and allow the infiltration
of tumor cells without the process of extravasation [63, 67].
This structure of the bone marrow capillaries may allow the
settlement of a subpopulation of immature DTC in the bone
marrow [68].

In contrast, the blood brain barrier provides a sealed
microenvironment for tumor cell extravasation. Apart from
the absence of fenestrae, the endothelial cell structure with the
presence of a basement membrane, which is composed of
nidogens, laminins, collagen and heparan sulfate proteogly-
cans, provides a barricade for the extravasation of tumor cells
[63, 69]. In case of breast cancer the tumor cells first pass the
breast endothelium into the blood stream. However, both the
breast tissue and the breast vasculature may be subjected
repeatedly to drastic changes in the life cycle of the
mammary gland [70]. In particular, the regressing of the
vascular network after weaning of the child results in
extremely thin diameter capillaries with blind-ended stumps.
Moreover, the microvascularization of the lobules and the
ducts differ considerably. Lobules show a low number of
microvessels with large diameter and sinusoidal shape,
whereas ducts are surrounded by a high number of micro-
vessels with the appearance of typical small capillaries [71].
It has been shown that cells of ductal carcinoma in situ
require increased glucose uptake supplied by the vasculature
for invasion, which contributes to the correlation of increased
amounts of functional capillaries with a shortened survival of
the breast cancer patients [72, 73].

Hypoxia-normoxia-hypoxia: The Hard Way
Out from the Primary Tumor to the Bone Marrow

One cellular program that is activated after nutrient depriva-
tion and cell stress is induction of HIF-1 alpha induced and

VEGF mediated induction of angiogenesis [74]. Novel blood
vessels support the supply of the tumor cells with nutrients
and oxygen whereas microenvironmental stress occurs in the
less perfused microenvironments of a tumor (ischemia).
Structural abnormalities of the tumor vasculature, including
altering blood vessel diameters, blind ends, arterial-venular
shunts or temporal occlusions (acute hypoxia, followed by
reoxygenation) can also be found [58].

As an alternative, during tumor hypoxia migratory active
cell phenotypes evolve which share some attributes of
“migratory stem cells” or epithelial mesenchymal transition
(EMT) passed cells that are able to escape from the primary
tumor into the blood stream [20, 75]. After their passage
through the blood followed by settlement into the bone
marrow, a subset of DTC are assumed to be able to survive
in the hypoxic microenvironment of the bone marrow even
for decades [76]. It is possible that these cells can then
undergo the reverse reaction of EMT—mesenchymal
epithelial transition (MET)—, remain as epithelial pheno-
types or acquire a dormant state in the bone marrow and
can contribute later to the pool of bone marrow metastases
[2, 77].

Detection of all kinds of gene and genome aberrations, like
subchromosomal allelic losses, double strand breaks or
chromosome over replication shows that DNA damage
significantly contributes to the evolvement of novel DTC
genotypes [68, 78, 79]. Tumor hypoxia has been associated
with genetic instability, increased metastasis and poor patient
outcome [79–81]. The accumulation of DNA damages itself
may be due to affected DNA damage sensing and repair
mechanisms [82]. Large DNA aberrations are caused by
DNA double strand breaks, which are repaired by homolo-
gous recombination (HR) and non-homologous end joining
(NHEJ). It has been shown for breast cancer cell lines that
the protein of the HR BRCA1 is suppressed by hypoxia,
whereas the proteins of NHEJ remained unaffected [83].
Using the cell line HepG2 it was shown that the genes of
NHEJ Ku70, Ku80, and DNA-PKcs were induced by
hypoxia, which was confirmed on protein level [84].
Diminished homologous recombination may lead to genetic
instability by shifting the balance between the high-fidelity
homologous recombination and the error-prone NHEJ path-
ways of double-strand break repair in primary tumor cells
[83]. It was recently demonstrated that CTC that were
released from the primary tumor show an altered phenotype
compared to the parental tumor cells [85]. These CTC show
a hypoxic phenotype with overexpression of HIF-1 alpha,
asparagine synthetase and GLUT1. In addition, these CTC
exhibited greater aggressiveness in the mouse model. As
Kallergi et al. published, CTC from patients with metastatic
breast cancer are frequently HIF-1 alpha positive. This could
explain the metastatic potential of these cells and may
provide a therapeutic target for their elimination [86].
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A special aspect for tumor cell dissemination from
hypoxic areas of the primary tumor is their transfer into
the well oxygenated microenvironment of the blood [11,
25], which then may result in cell damage that is called
reoxygenation injury [87]. From that point reoxygenation
induced DNA damage is of special importance for the
selection of viable DTC in the bone marrow, since such
DTC are quickly confronted in the blood stream with
reoxygenation. Recently the presence and generation of
reactive oxygen species (ROS) attracted increased interest
as a microenvironmental factor as part of reoxygenation
affecting the survival of tumor cells. ROS are oxygen
molecules or ions that have been reduced incompletely by
one-electron reduction. Among others, the hydroxyl radical
OH− has been made responsible for DNA damage like
genomic instability, DNA strand breaks and point muta-
tions, [88, 89]. Upon reoxygenation, cells started apoptosis,
in which increased apoptosis rates were observed for cells
with a functional p53 protein [90]. Chan et al. have
proposed a model in which hypoxic or anoxic cells of the
primary tumor acquire HR defects like down regulation of
Rad51 which then leads to unrepaired single strand breaks
after reoxygenation [91]. When hypoxic cells experience
reoxygenation, ROS induced DNA damage may result in
apoptosis [90, 92]. Indeed the half-life of CTC ranges
between 1 to 2.4 h, and after 24 h the number of CTC
detection events reaches background levels [76]. However,
the hypoxic microenvironmental conditions of the bone
marrow fit well to an observed hypoxic CTC phenotype
[46, 86, 93]. Hence, hypoxic CTC may have a higher
probability to survive in the sanctuary of the bone marrow
than in the toxic microenvironment of the blood stream.

Interestingly, the vast majority of bone marrow DTC
appears to persist in a nonproliferating state, as shown by a
Ki-67 staining, which was interpreted as tumor cell
dormancy [3, 94]. This cellular adaptation strategy enables
tumor cells to persist in patients over decades after primary
tumor diagnosis [76]. Later metastatic outgrowth can be
supported by expression of the C-X-C chemokine receptor
4 (CXCR4) which enables the binding of the pro-survival
chemokine stromal cell-derived factor 1 (SDF1) [63].

Intrinsic Factors Affecting the Evolvement of Novels
Tumor Cell Phenotypes

The phenotypic heterogeneity of tumor cells can be
attributed to the evolvement of novel phenotypes during
the process of malignant progression as a reflection of
microenvironmental pressure in an adaptive landscape [12].
The phenotypic heterogeneity of primary tumor cells and
thus of DTC is also influenced by cell intrinsic develop-
ment and differentiation programmes [20]. As a result, the

evolvement of metastasis consists of at least four factors, in
which all factors interrelate with each other. The first aspect
is the development of the microenvironment in the primary
tumor, the second is the microenvironment of the secondary
site (including the blood stream), the third is the develop-
ment/selection of tumor phenotypes in response to all
microenvironmental factors and the fourth are cell intrinsic
differentiation programmes.

Models for cellular differentiation programmes based on
histopathological and molecular observations are essential
tools for investigation of cancer phenotypes. First, using a
set of biomarker proteins, primary tumors can be classified
into definite cancer subgroups with their own specific
clinical outcomes [95, 96]. However, for breast cancer it
has been shown that the probability for late-onset bone
metastasis (relapse >5 years after cancer diagnosis) is
associated with a gene expression signature of c-Src
activation independent of the hormone receptor status of
the primary tumor [45]. Cancer cell survival in the bone
marrow environment was supported by Src facilitating
CXCL12-CXCR4-AKT signalling and conferring resistance
to TRAIL [45]. Second, cell lines—especially MDA-MB-
231 cells in breast cancer—with their own specific
differentiation status and metastatic potential [97] were
frequently used as cellular models, e.g., for cellular
adaptation strategies and site specific dissemination [60,
85, 98, 99]. These experiments additionally show that
differentiated cells are one source to produce tumors. Third,
marker proteins indicative for epithelial differentiation like
cytokeratins [100] or EpCAM are most frequently used for
the detection of CTC and DTC in patient samples from a
variety of tumor entities like breast, lung, prostate or colon
cancer [2]. For that reason fundamental scientific and
clinical conclusions are extremely sensitive to the choice
of the most suitable set of biomarker proteins.

In breast cancer the development of different cellular
subgroups can be considered according to model for the
phylogenic breast differentiation applied to cancer cells
[101, 102]. In this model breast cancer stem/progenitor
cells are characterized by expression of cytokeratin 5/6 and
expression of the epidermal growth factor receptor EGFR
together with low expression of the cytokeratins 8 and 18.
In this model basal carcinoma arises from cancer stem/
progenitor cells or from intermediary glandular cells, and
can express both cytokeratin 5/6 and the cytokeratin 8 and
18. Luminal carcinomas derive from glandular cells and can
be detected by expression of cytokeratin 8 and 18, whereas
cytokeratin 5/6 expression is low in this subgroup.
Assuming breast cancers derive from cancer stem cells,
Korsching et al. proposed a model in which basal
carcinoma (EGFR overexpressing), ErbB-2 overexpressing
carcinoma and luminal carcinoma may derive from aberrant
transit amplifying cells [13]. This model also implies that
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vimentin expressing breast cancer cells rather derive from
bilinear glandular/myoepithelial breast progenitor cells than
being an indicator of EMT [13, 103]. Since normal
differentiated breast cells have a limited life span, the
conversion of such cells to cancer cells requires the
acquisition of self-renewal capabilities, thus the acquisition
of cancer stem cell attributes [104]. Assuming that cancers
derive from cancer stem cells solves the problem how
cancer cells become immortal and explains how metastases
form out of one single cell. However, similar to the
evolvement of different phenotypes under adverse micro-
environmental conditions, the cancer stem cell concept
implies the evolvement of different subpopulations, but in
this context novel phenotypes arise in the first line through
an intrinsic differentiation programme. Cancer stem cells
are a self-renewing subpopulation within the bulk of tumor
cells, which also have a differentiation component and are
required for initiation and maintenance of tumor growth
[105, 106]. The content of cancer stem cells within tumor
depends on the marker proteins applied (e. g ALDH1,
CD44+ 24− in breast cancer) leading to varying detection
rates for cancer stem cells. In case of breast cancer the
content of cancer stem cells ranges between 12 to 60
percent, whereas in acute myeloid leukaemia the stem cell
population (detected as CD34+ CD38− cells) in patient
samples ranges around 0.2% [52, 104].

The cancer stem cell concept predicts not only the
presence of semi-autonomous subpopulations like for the
cell populations under microenvironmental stress, but also
hierarchical order of cells in a tumor. The progenitors
within a heterogeneous population of tumor cells—in
which any of the cells may acquire stem cell attributes—
are committed to their immortal precursor [107]. Even
though it is expected that this acquisition should be difficult
to detect due to its transient nature, the experimental data
that were acquired for one breast cancer patient support this
concept [108]. Under the condition that the observed
CD44+ CD24+ and CD44+ CD24−/low cells in fact corre-
spond to different stages of the cellular differentiation
programme, in this particular patient a cell subpopulation
has obtained self-renewal capacity to contribute to the
extended stem cell population [109]. The gain of genetic
and epigenetic alterations leading to a cancer stem cell or an
aberrant cancer stem cell can result in a survival advantage
of this particular cell over the other tumor cells [107].
Similar to the influence of the tumor microenvironment,
this mechanism then again leads to the survival of the fittest
[110]. As a final consequence, cancer stem cell attributes
may be regarded as a phenotype responsible or associated
with tumor progression driving evolutional advantages
[104]. Hence the gain and loss of cancer stem cell attributes
might be treated in similar fashion like the gain and loss of
a hypoxic phenotype.

Alterations in the microenvironmental conditions acti-
vate cellular adaptation programmes like hypoxic adapta-
tion strategies, which also are able to affect the phenotype
of the cell. In particular, hypoxia was identified to promote
the transition from an epithelial to a mesenchymal
phenotype [111]. One link between mesenchymal stem
cells, epithelial differentiated cells and EMT seems to be
provided by HIF, since one of the proteins induced by HIF-
1 is vimentin, which is upregulated after exposition to
hypoxia, in which hypoxia promotes a dedifferentiated
phenotype in breast cancer [29, 112, 113].

Vimentin expression is one of the hallmarks in EMT and is
considered to be one indicator of a more mesenchymal
phenotype. We interpret in this manuscript the term “EMT”
and its association with cancer in accordance with most recent
reports [20, 75]. However, from the histopathological view,
this denotation might be considered as an unlucky term in the
context of cancer, since “EMT” in the embryonic develop-
ment and cancer is not exactly the same [114]. EMT is a
morphogenetic process in which cells lose their epithelial
characteristics and acquire mesenchymal-like migratory
phenotype during tumor progression, endowing cells with
invasive properties, thereby contributing to the formation of
metastases [53]. Mesenchymal cells do not show the apical-
basolateral organization of epithelial cells, but rather show a
spindle-like fibroblastic shape in cell culture. During acqui-
sition of mesenchymal traits, epithelial cells start to detach
from each other. As a result, mesenchymal cells contact only
focally resulting in degradation of adherens junctions like
nectin and desmosomes (desmocollin, desmoglein). In
cancer, induction of EMT can be accompanied by the
oncogenic receptor tyrosine kinase EGFR leading to down-
stream activation of Ras, Rac and Rho [115]. Importantly
EMT results in disassembly of the F-actin cytoskeleton, a
phenomenon that may be comparable with the induction of
breast cancer metastasis upon EGF stimulation leading to cell
migration [116]. Interestingly, induction of cell migration
including actin reorganization was mainly observed via
tyrosine 1248 activation of ErbB-2 leading to increased
activation of AKT in which gelsolin serves as actin
depolymerising factor [116, 117]. Knockdown of gelsolin
expression by siRNA in mammary epithelial MCF10A cells
resulted in activation of the EMT program, including
activation of AKT and Snail [118]. EMT in cancer results
in diminished cell adhesion, promoting cell motility with the
potential of the cells to metastasize and establish novel cancer
cell colonies at secondary sites [119]. Moreover, one
mechanism that is suggested to re-initiate proliferation in
dormant cancer cells, the angiogenic switch, can be supported
by EMT [57, 120]. However, EMT is not necessarily a
prerequisite for tumor cell dissemination because CTC with
clear epithelial markers such as EpCAM and cytokeratins are
frequently found in blood of cancer patients [54].
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The homology between stem cells and EMT was further
underlined by the observation that CD44+ CD24− cells
show overexpression of the EMT inducing transcription
factors such as Twist1, Twist2 and Snail [121]. The
pathways that are implicated in the regulation of breast
cancer stem cells show some degree of overlap with the
pathways identified in the oncogenic activation of cancer
cells [122]. One of these pathways is the axis from ErbB-2
via PI3K to AKT, including PTEN. Further pathways that
were implicated in the maintenance of stem cell attributes
are the canonical Wnt pathway, Notch and Hedgehog,
which are also suspected to be involved in EMT. In
addition—but not restricted to—TGFβ-signalling, RTK-
signaling, endothelin A receptor signaling and integrin
signaling has been implicated in the EMT process [75].
Analogous to the cytokeratins and CD44/CD24, which may
serve as marker proteins for epithelial differentiation and
the stem cell phenotype, respectively, negative testing for
E-cadherin expression together with nuclear β-catenin
accumulation can be used to identify EMT. These and
other observations recently attracted increasing interest, so
that currently attempts were made to find overlapping
principles between EMT and the stem cell phenotype [20,
75, 123].

The most reductionist viewpoint is that EMT describes a
process while stemness describes a cellular state. Both the
EMT passed phenotype and the cancer stem cell phenotype
show some degree of similarity with observations made in
the embryonic development [14] (but note refs [13, 114]).
Activation of a cellular program that shifts a cell away from
the indifferent state induces cellular differentiation. Hence,
the transition from mesenchymal cells to an epithelial
differentiated phenotype describes the process to reach a
differentiated state. Consequently, there exist only three
different cell types: stem-like cells, differentiated cells and
fluent graduations between. Cancer cells are able to both
acquire and switch between stemness and differentiation.
For example aberrations on nucleic acid and protein level
leading to aberrant activation of signaling pathways may
aberrantly induce cellular differentiation programs. External
factors are for example oxygen, glucose, growth factors and
cytokines, interaction with other cells and the structural
composition of the microenvironment [14, 75].

The degree of stemness of tumor cells in an adverse
microenvironment has interesting implications for the
dissemination of tumor cells into the blood stream and
their detection. If the most prominent site of malignant
progression is the hypoxic core within a primary tumor,
then we need models to address how these cells reach the
blood stream [58]. Hypoxia mediated EMT of differentiated
cells for example may confer increased migratory capacity
[112]. Alternatively, the accumulation of DNA aberrations
may lead to amplification of oncogenes like EGFR or

ErbB-2, followed by increased production of growth factors
as part of the malignant transformation process leading to
increased invasive and migratory capacity [116, 124]. In
other instances selection pressure leads to the evolvement
of phenotypes with increased motility as a result of the
completion for nutrients and space [12]. Since cell
migration requires large amounts of ATP for the actin
cytoskeleton assembly [125] this ATP cannot be used for
synthesis reactions. However, if cancer cells are able to
reach the surrounding stroma beyond the ischemic regions
of the tumor they can have access to increased amounts of
nutrients like glucose that can be metabolized both for
synthesis reactions or further cell migration [12]. Apart
from increased access to substrates, increased oxygen
concentration and diminished acidification in the surround-
ing stroma result in decreased microenvironmental stress.
Finally, a metabolically healthy cancer cell close to a blood
vessel that has experienced the typical stages of malignant
progression [1] may disseminate. As a result one would
observe different but functional equivalent phenotypes: a
primitive phenotype with at least partial loss of epithelial
characteristics, a malignant RTK overexpressing phenotype
or a phenotype as a result of an emergent process.

The protein expression profile of stem-like CTC/DTC
has implications for their detection in the blood and the
bone marrow. Since current CTC isolation systems (i.e.
CellSearch® system, CTC-Chip, Maintrac®, Adnagen)
almost completely rely on the expression of epithelial-
specific cell surface markers like EpCAM, only CTC with a
detectable expression of such proteins are isolated. Thus,
the putative subset of EpCAM CTC might escape most
current technologies. The phenotype of this cell population
might resemble a CD44+ CD24− phenotype with expression
of TWIST1 TWIST2, SNAIL, fibronectin, vimentin,
SLUG, and carbonic anhydrase IX [121, 126]. In breast
cancer patient samples, subsets of CTC and/or DTC with
some properties of this stem-like phenotype have been
detected which are suspected to be metastatic precursor
cells [127–129]. Since a broad range phenotypic determi-
nation of single cells is still difficult to perform, the stem-
like/EMT CTC/DTC phenotype remains to be identified. At
this stage application of cell lines as working models might
be an option. Sheridan et al. and Solakoglu et al. have
carried out valuable groundwork on this field of research
[6, 130]. Using cell lines that were directly generated from
DTC of breast cancer patients properties of such a primitive
phenotype could be collected [131, 132]. These experi-
ments showed a DTC phenotype with low expression on
protein level of cytokeratins and ErbB-2 with concomitant
high expression levels of vimentin. More recently, this DTC
phenotype was further characterized as CD44+ CD24−/low

with no detectable expression of EpCAM and low levels of
the RTK proteins EGFR, ErbB-2 and ErbB-3 [133]. In
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addition, an association with a stemness/EMT DTC
phenotype with high levels of UPR chaperones and
oxidoreductases was observed, suggesting that UPR medi-
ated cytoprotection from microenvironmental stress might
provide a survival advantage of such DTC in the hypoxic
microenvironment of the bone marrow. It has been

suggested that the microenvironment of the bone marrow
consists of an uneven distribution of local oxygen concen-
trations up to regions with almost anoxia [93]. Interestingly,
the hematopoietic stem cell niche is located in the region of
the bone marrow with the lowest oxygen partial pressure
and least perfusion [134]. In analogy to the uneven

Fig. 1 Schematic overview of tumor cell phenotypes involved in
breast cancer metastasis. The expansion of the tumor cell population
within the primary tumor can be steered by cancer cells with the
mesenchymal phenotype (cancer stem cells) or cells that have passed
EMT. Alternatively, the bulk of tumor cells with epithelial differen-
tiation push the tumor progression. These are the disseminated tumor
cells that are detected by their high expression of cytokeratins. All
these phenotypes can acquire genetic or epigenetic alterations, which
then are subjected to clonal selection resulting in clonal evolution of
the tumor cell population. At any stage of the tumor progression tumor
cells can be released into the blood stream (circulating tumor cells,
CTC). In addition, dynamic exchange of cancer cell populations can
occur through tumor self-seeding. Early dissemination can be
promoted by expression of pro-migratory factors like Twist and later
dissemination can be mediated ErbB-2/ErbB-3 heterodimer mediated
induction of cell migration. During the expansion of the primary
tumor local fluctuations in the microenvironment (hypoxia, acidifica-
tion (H+), nutrient deprivation) can create tumor cell subpopulations
that are specifically adapted to their microenvironmental conditions
(e.g. induction of HIF-1 alpha, VEGF, lactate dehydrogenase).
Persistent cell stress may lead to induction of cytoprotective
programmes like the unfolded protein response (UPR) together with
the mTOR mediated down regulation of the global protein synthesis.
Cell stress together with impaired expression of DNA repair proteins

can then further promote genetic and genomic aberrations or cell death
(necrosis). Acidic conditions can corrode the endothelial cell layer of
the blood vessels leading to an easy access of tumor cells to the blood
stream without the maneuver of invasion. During the passage to
secondary sites CTC are confronted with high oxygen partial pressure,
shortage of growth factors and mechanical destruction diminishing the
pool of CTC. The fenestrated capillary structure of the bone marrow
sinusoids provides easy access to the bone marrow stroma, whereas
the sealed structure of lung capillaries and the blood brain barrier
requires the expression of specific proteins like matrix metallopro-
teases and receptor tyrosine kinase mediated cell migration. Having
reached the bone marrow, DTC can fall into a non proliferative state
(dormancy). Alternatively, DTC are able to undergo productive
interactions with the bone marrow cells via the extracellular matrix,
direct-cell to cell contacts or by uptake of factors like SDF1 via its
receptor CXCR4. Cells of the growing tumor cell population are then
able to undergo EMT generating migratory active DTC that are able to
invade the bone marrow, which may lead to metastases. Since the
bone marrow is a hypoxic microenvironment with regions of lowest
oxygen partial pressure in the haematopoietic stem cell niche, hypoxia
adapted DTC populations might have a selection advantage in these
hypoxic areas. In analogy to hypoxia mediated EMT in the primary
tumor DTC can undergo this process in the bone marrow
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distribution of hematopoietic cells within the oxygen partial
pressure gradient, it might be possible that DTC of the bone
marrow are also spatially distributed along the oxygen
partial pressure gradient. DTC with high expression levels
of the UPR proteins might be located in more hypoxic
regions than low UPR protein expressing DTC [133].

After dissemination into the bone marrow, this DTC
population with a mesenchymal-like migratory phenotype
might undergo a mesenchymal-to-epithelial transition with
a regain of epithelial properties like cytokeratin expression
as an intermediate step to start metastatic outgrowth [75,
77]. As a consequence, these DTC would be already
detected by epithelial markers (i.e. EpCAM and cytokeratins)
and contain the pool of the well known DTC population with
their clinical significance [11]. This hypothesis might be an
approach to the understanding why in some studies a higher
incidence of DTC was observed than for CTC when both
bone marrow and blood samples from the same breast cancer
patients were investigated with epithelial differentiation
markers [94, 135]. Alternatively within the CTC, pool
selection of the most viable cells might be still in progress,
so that CTC detection is just a snapshot of the struggle
for survival, whereas DTC in bone marrow might
comprise the cell population that has already reached
the next selection level towards the formation of distant
metastasis.

Conclusion

If the majority of DTC were able to start metastatic
outgrowth there would be thousands of metastases in
cancer patients, which is clearly not the case [136]. Instead,
only a subpopulation of DTC is able to start metastatic
outgrowth; however, it is still unclear which phenotypic
characteristics enable DTC to do so. Figure 1 summarizes
the potential mechanisms and processes relevant for this
complex process. Survival programs include the induction
of HIF-1 alpha, the Warburg Effect, UPR, induction of
tumor cell dormancy or DNA-damage response pathways
like activation DNA-PKCS. Together with the protein
mediated survival programs, hypoxia induced DNA dam-
age like double strand breaks or point mutations can result
in the evolvement of novel genotypes. The plasticity of
epithelial cells allows the conversion of tumor cells from
one state to another by the processes of EMT and the
reverse reaction of MET. These programmes can be
promoted by intrinsic factors like oncogenic aberrations in
the cell signalling modules or by environmental stress.
During the recursive development of primary tumor cells
and their microenvironment under selection pressure novel
tumor cell populations emerge. Iteration of mutation and
selection in an adaptive landscape may lead to emergent

behaviour with generation of novel tumor phenotypes. This
might lead to tumor cell phenotypes having the capacity to
start early metastatic outgrowth, independent from their
classification as stem cells, EMT passed cells or differen-
tiated cells. Moreover, the concept of tumor self seeding
predicts a dynamic exchange of cancer cells between tumor
cell colonies in the human body. There is an urgent need for
reliable biomarkers for the detection of the CTC/DTC
phenotype that lack the common epithelial marker proteins
to get insight to the entire pool of released tumor cells.

Acknowledgements This work was supported by the Stiftung für
Pathobiochemie undMolekulare Diagnostik of the Deutsche Gesellschaft
für Klinische Chemie und Laboratoriumsmedizin and by the European
Community’s 7th Framework Programme (FP7/2007-2013) under grant
agreement n° 202230, acronym GENINCA.

References

1. Hanahan D, Weinberg RA (2000) The hallmarks of cancer. Cell
100:57–70

2. Pantel K, Brakenhoff RH (2004) Dissecting the metastatic
cascade. Nat Rev Cancer 4:448–456

3. Ranganathan AC, Adam AP, Zhang L, Aguirre-Ghiso JA (2006)
Tumor cell dormancy induced by p38SAPK and ER-stress
signaling: an adaptive advantage for metastatic cells? Cancer
Biol Ther 5:729–735

4. Braun S, Kentenich C, Janni W, Hepp F et al (2000) Lack of
effect of adjuvant chemotherapy on the elimination of single
dormant tumor cells in bone marrow of high-risk breast cancer
patients. J Clin Oncol 18:80–86

5. Riethdorf S, Wikman H, Pantel K (2008) Review: Biological
relevance of disseminated tumor cells in cancer patients. Int J
Cancer 123:1991–2006

6. Solakoglu O, Maierhofer C, Lahr G, Breit E et al (2002)
Heterogeneous proliferative potential of occult metastatic cells in
bone marrow of patients with solid epithelial tumors. Proc Natl
Acad Sci U S A 99:2246–2251

7. Pantel K, Schlimok G, Angstwurm M, Weckermann D et al
(1994) Methodological analysis of immunocytochemical screen-
ing for disseminated epithelial tumor cells in bone marrow. J
Hematother 3:165–173

8. Cameron MD, Schmidt EE, Kerkvliet N, Nadkarni KV et al
(2000) Temporal progression of metastasis in lung: cell survival,
dormancy, and location dependence of metastatic inefficiency.
Cancer Res 60:2541–2546

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

10. Chambers AF, Groom AC, MacDonald IC (2002) Dissemination
and growth of cancer cells in metastatic sites. Nat Rev Cancer
2:563–572

11. Pantel K, Brakenhoff RH, Brandt B (2008) Detection, clinical
relevance and specific biological properties of disseminating
tumour cells. Nat Rev Cancer 8:329–340

12. Gatenby RA, Gillies RJ (2008) A microenvironmental model of
carcinogenesis. Nat Rev Cancer 8:56–61

13. Korsching E, Jeffrey SS, Meinerz W, Decker T et al (2008) Basal
carcinoma of the breast revisited: an old entity with new
interpretations. J Clin Pathol 61:553–560

Interrelating Dynamics of the Tumor Cells 69



14. Thiery JP, Sleeman JP (2006) Complex networks orchestrate
epithelial-mesenchymal transitions. Nat Rev Mol Cell Biol
7:131–142

15. Bergfeld SA, DeClerck YA (2010) Bone marrow-derived
mesenchymal stem cells and the tumor microenvironment. Canc
Metastasis Rev 29:249–261.

16. Denko NC (2008) Hypoxia, HIF1 and glucose metabolism in the
solid tumour. Nat Rev Cancer 8:705–713

17. Joyce JA, Pollard JW (2009) Microenvironmental regulation of
metastasis. Nat Rev Cancer 9:239–252

18. Agelopoulos K, Greve B, Schmidt H, Pospisil H et al (2010)
Selective regain of egfr gene copies in CD44+/CD24−/low breast
cancer cellular model MDA-MB-468. BMC Cancer 10:78.

19. Dachs GU, Tozer GM (2000) Hypoxia modulated gene expres-
sion: angiogenesis, metastasis and therapeutic exploitation. Eur J
Cancer 36:1649–1660

20. Coghlin C, Murray GI (2010) Current and emerging concepts in
tumour metastasis. J Pathol 222:1–15.

21. Brahimi-Horn MC, Chiche J, Pouyssegur J (2007) Hypoxia and
cancer. J Mol Med 85:1301–1307

22. Vaupel P, Kallinowski F, Okunieff P (1989) Blood flow, oxygen
and nutrient supply, and metabolic microenvironment of human
tumors: a review. Cancer Res 49:6449–6465

23. Kallinowski F, Vaupel P, Runkel S, Berg G et al (1988) Glucose
uptake, lactate release, ketone body turnover, metabolic micromilieu,
and pH distributions in human breast cancer xenografts in nude rats.
Cancer Res 48:7264–7272

24. Bertout JA, Patel SA, Simon MC (2008) The impact of O2
availability on human cancer. Nat Rev Cancer 8:967–975

25. Ward JP (2008) Oxygen sensors in context. Biochim Biophys
Acta 1777:1–14

26. Noiva R (1999) Protein disulfide isomerase: the multifunctional
redox chaperone of the endoplasmic reticulum. Semin Cell Dev
Biol 10:481–493

27. Warburg O (1956) On respiratory impairment in cancer cells.
Science 124:269–270

28. Pouyssegur J, Dayan F, Mazure NM (2006) Hypoxia signalling
in cancer and approaches to enforce tumour regression. Nature
441:437–443

29. Semenza GL (2003) Targeting HIF-1 for cancer therapy. Nat Rev
Cancer 3:721–732

30. Papandreou I, Cairns RA, Fontana L, Lim AL, Denko NC (2006)
HIF-1 mediates adaptation to hypoxia by actively downregulating
mitochondrial oxygen consumption. Cell Metab 3:187–197

31. Graber TE, Holcik M (2007) Cap-independent regulation of gene
expression in apoptosis. Mol Biosyst 3:825–834

32. Baird NA, Turnbull DW, Johnson EA (2006) Induction of the heat
shock pathway during hypoxia requires regulation of heat shock
factor by hypoxia-inducible factor-1. J Biol Chem 281:38675–38681

33. Wouters BG, Koritzinsky M (2008) Hypoxia signalling through
mTOR and the unfolded protein response in cancer. Nat Rev
Cancer 8:851–864

34. Baird SD, Turcotte M, Korneluk RG, Holcik M (2006)
Searching for IRES. RNA 12:1755–1785

35. Rao RV, Peel A, Logvinova A, del Rio G et al (2002) Coupling
endoplasmic reticulum stress to the cell death program: role of
the ER chaperone GRP78. FEBS Lett 514:122–128

36. Rzymski T, Harris AL (2007) The unfolded protein response and
integrated stress response to anoxia. Clin Cancer Res 13:2537–2540

37. Connolly E, Braunstein S, Formenti S, Schneider RJ (2006)
Hypoxia inhibits protein synthesis through a 4E-BP1 and
elongation factor 2 kinase pathway controlled by mTOR and
uncoupled in breast cancer cells. Mol Cell Biol 26:3955–3965

38. Papandreou I, Krishna C, Kaper F, Cai D et al (2005) Anoxia is
necessary for tumor cell toxicity caused by a low-oxygen
environment. Cancer Res 65:3171–3178

39. Laughner E, Taghavi P, Chiles K, Mahon PC, Semenza GL
(2001) HER2 (neu) signaling increases the rate of hypoxia-
inducible factor 1alpha (HIF-1alpha) synthesis: novel mechanism
for HIF-1-mediated vascular endothelial growth factor expression.
Mol Cell Biol 21:3995–4004

40. Zhong H, Chiles K, Feldser D, Laughner E et al (2000)
Modulation of hypoxia-inducible factor 1alpha expression by
the epidermal growth factor/phosphatidylinositol 3-kinase/
PTEN/AKT/FRAP pathway in human prostate cancer cells:
implications for tumor angiogenesis and therapeutics. Cancer
Res 60:1541–1545

41. Pore N, Jiang Z, Shu HK, Bernhard E et al (2006) Akt1 activation
can augment hypoxia-inducible factor-1alpha expression by in-
creasing protein translation through a mammalian target of
rapamycin-independent pathway. Mol Cancer Res 4:471–479

42. Sheta EA, Trout H, Gildea JJ, Harding MA, Theodorescu D
(2001) Cell density mediated pericellular hypoxia leads to
induction of HIF-1alpha via nitric oxide and Ras/MAP kinase
mediated signaling pathways. Oncogene 20:7624–7634

43. Ravi R, Mookerjee B, Bhujwalla ZM, Sutter CH et al (2000)
Regulation of tumor angiogenesis by p53-induced degradation of
hypoxia-inducible factor 1alpha. Genes Dev 14:34–44

44. Klein CA (2009) Parallel progression of primary tumours and
metastases. Nat Rev Cancer 9:302–312

45. Zhang XH, Wang Q, Gerald W, Hudis CA et al (2009) Latent
bone metastasis in breast cancer tied to Src-dependent survival
signals. Cancer Cell 16:67–78

46. Pantel K, Schlimok G, Braun S, Kutter D et al (1993)
Differential expression of proliferation-associated molecules
in individual micrometastatic carcinoma cells. J Natl Cancer
Inst 85:1419–1424

47. Hemsen A, Riethdorf L, Brunner N, Berger J et al (2003)
Comparative evaluation of urokinase-type plasminogen activator
receptor expression in primary breast carcinomas and on
metastatic tumor cells. Int J Cancer 107:903–909

48. Klein CA, Seidl S, Petat-Dutter K, Offner S et al (2002)
Combined transcriptome and genome analysis of single micro-
metastatic cells. Nat Biotechnol 20:387–392

49. Thurm H, Ebel S, Kentenich C, Hemsen A et al (2003) Rare
expression of epithelial cell adhesion molecule on residual
micrometastatic breast cancer cells after adjuvant chemotherapy.
Clin Cancer Res 9:2598–2604

50. Talmadge JE (2007) Clonal selection of metastasis within the life
history of a tumor. Cancer Res 67:11471–11475

51. Polyak K, Hahn WC (2006) Roots and stems: stem cells in
cancer. Nat Med 12:296–300

52. Reya T, Morrison SJ, Clarke MF, Weissman IL (2001) Stem
cells, cancer, and cancer stem cells. Nature 414:105–111

53. Berx G, Raspe E, Christofori G, Thiery JP, Sleeman JP (2007)
Pre-EMTing metastasis? Recapitulation of morphogenetic pro-
cesses in cancer. Clin Exp Metastasis 24:587–597

54. Pantel K, Alix-Panabieres C, Riethdorf S (2009) Cancer micro-
metastases. Nat Rev Clin Oncol 6:339–351

55. Aguirre-Ghiso JA (2007) Models, mechanisms and clinical
evidence for cancer dormancy. Nat Rev Cancer 7:834–846

56. Hanrahan EO, Gonzalez-Angulo AM, Giordano SH, Rouzier R
et al (2007) Overall survival and cause-specific mortality of
patients with stage T1a, bN0M0 breast carcinoma. J Clin Oncol
25:4952–4960

57. Steeg PS (2006) Tumor metastasis: mechanistic insights and
clinical challenges. Nat Med 12:895–904

58. Xie K, Huang S (2003) Regulation of cancer metastasis by stress
pathways. Clin Exp Metastasis 20:31–43

59. Kingsley LA, Fournier PG, Chirgwin JM, Guise TA (2007)
Molecular biology of bone metastasis. Mol Cancer Ther 6:2609–
2617

70 K. Bartkowiak et al.



60. Ranganathan AC, Zhang L, Adam AP, Aguirre-Ghiso JA (2006)
Functional coupling of p38-induced up-regulation of BiP and
activation of RNA-dependent protein kinase-like endoplasmic
reticulum kinase to drug resistance of dormant carcinoma cells.
Cancer Res 66:1702–1711

61. Citri A, Yarden Y (2006) EGF-ERBB signalling: towards the
systems level. Nat Rev Mol Cell Biol 7:505–516

62. Norton L, Massague J (2006) Is cancer a disease of self-seeding?
Nat Med 12:875–878

63. Nguyen DX, Bos PD, Massague J (2009) Metastasis: from
dissemination to organ-specific colonization. Nat Rev Cancer
9:274–284

64. Kim MY, Oskarsson T, Acharyya S, Nguyen DX et al (2009)
Tumor self-seeding by circulating cancer cells. Cell 139:1315–
1326

65. Aird WC (2007) Phenotypic heterogeneity of the endothelium: I.
Structure, function, and mechanisms. Circ Res 100:158–173

66. Aird WC (2007) Phenotypic heterogeneity of the endothelium:
II. Representative vascular beds. Circ Res 100:174–190

67. Kopp HG, Avecilla ST, Hooper AT, Rafii S (2005) The bone
marrow vascular niche: home of HSC differentiation and
mobilization. Physiology (Bethesda) 20:349–356

68. Schmidt-Kittler O, Ragg T, Daskalakis A, Granzow M et al
(2003) From latent disseminated cells to overt metastasis: genetic
analysis of systemic breast cancer progression. Proc Natl Acad
Sci U S A 100:7737–7742

69. Engelhardt B, Sorokin L (2009) The blood-brain and the blood-
cerebrospinal fluid barriers: function and dysfunction. Semin
Immunopathol 31:497–511

70. Andres AC, Djonov V (2010) The mammary gland vasculature
revisited. J Mammary Gland Biol Neoplasia 15:319–328.

71. Djonov V, Andres AC, Ziemiecki A (2001) Vascular remodelling
during the normal and malignant life cycle of the mammary
gland. Microsc Res Tech 52:182–189

72. Silva AS, Gatenby RA, Gillies RJ, Yunes JA (2010) A
quantitative theoretical model for the development of malignan-
cy in ductal carcinoma in situ. J Theor Biol 262:601–613.

73. Safali M, Karslioglu Y, Arpaci F, Kurt B, Gunhan O (2010) A
distinct microvascular pattern accompanied by aggressive clin-
ical course in breast carcinomas: a fact or a coincidence? Pathol
Res Pract 206:93–97.

74. Banerjee S, Dowsett M, Ashworth A, Martin LA (2007)
Mechanisms of disease: angiogenesis and the management of
breast cancer. Nat Clin Pract Oncol 4:536–550

75. Polyak K, Weinberg RA (2009) Transitions between epithelial
and mesenchymal states: acquisition of malignant and stem cell
traits. Nat Rev Cancer 9:265–273

76. Meng S, Tripathy D, Frenkel EP, Shete S et al (2004) Circulating
tumor cells in patients with breast cancer dormancy. Clin Cancer
Res 10:8152–8162

77. Muller V, Alix-Panabieres C, Pantel K (2010) Insights into
minimal residual disease in cancer patients: implications for anti-
cancer therapies. Eur J Cancer 46:1189–1197.

78. Schardt JA, Meyer M, Hartmann CH, Schubert F et al (2005)
Genomic analysis of single cytokeratin-positive cells from bone
marrow reveals early mutational events in breast cancer. Cancer
Cell 8:227–239

79. Young SD, Marshall RS, Hill RP (1988) Hypoxia induces DNA
overreplication and enhances metastatic potential of murine
tumor cells. Proc Natl Acad Sci U S A 85:9533–9537

80. Rofstad EK, Gaustad JV, Egeland TA, Mathiesen B, Galappathi
K (2010) Tumors exposed to acute cyclic hypoxic stress show
enhanced angiogenesis, perfusion and metastatic dissemination.
Int J Cancer 127:1535–1546.

81. Walenta S, Wetterling M, Lehrke M, Schwickert G et al (2000)
High lactate levels predict likelihood of metastases, tumor

recurrence, and restricted patient survival in human cervical
cancers. Cancer Res 60:916–921

82. Freiberg RA, Krieg AJ, Giaccia AJ, Hammond EM (2006)
Checking in on hypoxia/reoxygenation. Cell Cycle 5:1304–1307

83. Bindra RS, Gibson SL, Meng A, Westermark U et al (2005)
Hypoxia-induced down-regulation of BRCA1 expression by
E2Fs. Cancer Res 65:11597–11604

84. Kang MJ, Jung SM, Kim MJ, Bae JH et al (2008) DNA-
dependent protein kinase is involved in heat shock protein-
mediated accumulation of hypoxia-inducible factor-1alpha in
hypoxic preconditioned HepG2 cells. FEBS J 275:5969–5981

85. Ameri K, Luong R, Zhang H, Powell AA et al (2010)
Circulating tumour cells demonstrate an altered response to
hypoxia and an aggressive phenotype. Br J Cancer 102:561–569.

86. Kallergi G, Markomanolaki H, Giannoukaraki V, Papadaki MA
et al (2009) Hypoxia-inducible factor-1alpha and vascular
endothelial growth factor expression in circulating tumor cells
of breast cancer patients. Breast Cancer Res 11:R84

87. Risom L, Lundby C, Thomsen JJ, Mikkelsen L et al (2007)
Acute hypoxia and reoxygenation-induced DNA oxidation in
human mononuclear blood cells. Mutat Res 625:125–133

88. Chen Y, Azad MB, Gibson SB (2009) Superoxide is the major
reactive oxygen species regulating autophagy. Cell Death Differ
16:1040–1052

89. Azad MB, Chen Y, Gibson SB (2009) Regulation of autophagy
by reactive oxygen species (ROS): implications for cancer
progression and treatment. Antioxid Redox Signal 11:777–790

90. Pires IM, Bencokova Z, Milani M, Folkes LK et al (2010)
Effects of acute versus chronic hypoxia on DNA damage
responses and genomic instability. Cancer Res 70:925–935.

91. Chan N, Pires IM, Bencokova Z, Coackley C et al (2010)
Contextual synthetic lethality of cancer cell kill based on the
tumor microenvironment. Cancer Res 70:8045–8054.

92. Hammond EM, Dorie MJ, Giaccia AJ (2003) ATR/ATM targets
are phosphorylated by ATR in response to hypoxia and ATM in
response to reoxygenation. J Biol Chem 278:12207–12213

93. Chow DC, Wenning LA, Miller WM, Papoutsakis ET (2001)
Modeling pO(2) distributions in the bone marrow hematopoietic
compartment. II. Modified Kroghian models. Biophys J 81:685–
696

94. Muller V, Stahmann N, Riethdorf S, Rau T et al (2005)
Circulating tumor cells in breast cancer: correlation to bone
marrow micrometastases, heterogeneous response to systemic
therapy and low proliferative activity. Clin Cancer Res 11:3678–
3685

95. Bryan BB, Schnitt SJ, Collins LC (2006) Ductal carcinoma in
situ with basal-like phenotype: a possible precursor to invasive
basal-like breast cancer. Mod Pathol 19:617–621

96. Cheang MCU, Voduc D, Bajdik C, Leung S et al (2008) Basal-
like breast cancer defined by five biomarkers has superior
prognostic value than triple-negative phenotype. Clin Cancer
Res 14:1368–1376

97. Lacroix M, Leclercq G (2004) Relevance of breast cancer cell
lines as models for breast tumours: an update. Breast Cancer Res
Treat 83:249–289

98. Putz E, Witter K, Offner S, Stosiek P et al (1999) Phenotypic
characteristics of cell lines derived from disseminated cancer
cells in bone marrow of patients with solid epithelial tumors:
establishment of working models for human micrometastases.
Cancer Res 59:241–248

99. Kang Y, Siegel PM, Shu W, Drobnjak M et al (2003) A
multigenic program mediating breast cancer metastasis to bone.
Cancer Cell 3:537–549

100. Moll R, Franke WW, Schiller DL, Geiger B, Krepler R (1982)
The catalog of human cytokeratins: patterns of expression in
normal epithelia, tumors and cultured cells. Cell 31:11–24

Interrelating Dynamics of the Tumor Cells 71



101. Bocker W, Moll R, Poremba C, Holland R et al (2002) Common
adult stem cells in the human breast give rise to glandular and
myoepithelial cell lineages: a new cell biological concept. Lab
Invest 82:737–746

102. Korsching E, Packeisen J, Agelopoulos K, Eisenacher M et al
(2002) Cytogenetic alterations and cytokeratin expression patterns
in breast cancer: integrating a new model of breast differentiation
into cytogenetic pathways of breast carcinogenesis. Lab Invest
82:1525–1533

103. Korsching E, Packeisen J, Liedtke C, Hungermann D et al
(2005) The origin of vimentin expression in invasive breast
cancer: epithelial-mesenchymal transition, myoepithelial histo-
genesis or histogenesis from progenitor cells with bilinear
differentiation potential? J Pathol 206:451–457

104. Shipitsin M, Polyak K (2008) The cancer stem cell hypothesis: in
search of definitions, markers, and relevance. Lab Invest 88:459–463

105. Trumpp A, Wiestler OD (2008) Mechanisms of disease: cancer
stem cells–targeting the evil twin. Nat Clin Pract Oncol 5:337–347

106. Clarke MF, Fuller M (2006) Stem cells and cancer: two faces of
eve. Cell 124:1111–1115

107. Marotta LL, Polyak K (2009) Cancer stem cells: a model in the
making. Curr Opin Genet Dev 19:44–50

108. Al-Hajj M, Wicha MS, Benito-Hernandez A, Morrison SJ,
Clarke MF (2003) Prospective identification of tumorigenic
breast cancer cells. Proc Natl Acad Sci U S A 100:3983–3988

109. Al-Hajj M, Clarke MF (2004) Self-renewal and solid tumor stem
cells. Oncogene 23:7274–7282

110. Shipitsin M, Campbell LL, Argani P, Weremowicz S et al (2007)
Molecular definition of breast tumor heterogeneity. Cancer Cell
11:259–273

111. Haase VH (2009) Oxygen regulates epithelial-to-mesenchymal
transition: insights into molecular mechanisms and relevance to
disease. Kidney Int 76:492–499

112. Lester RD, Jo M, Montel V, Takimoto S, Gonias SL (2007)
uPAR induces epithelial-mesenchymal transition in hypoxic
breast cancer cells. J Cell Biol 178:425–436

113. Helczynska K, Kronblad A, Jogi A, Nilsson E et al (2003)
Hypoxia promotes a dedifferentiated phenotype in ductal breast
carcinoma in situ. Cancer Res 63:1441–1444

114. Tarin D, Thompson EW, Newgreen DF (2005) The fallacy of
epithelial mesenchymal transition in neoplasia. Cancer Res
65:5996–6000, discussion 6000–5991

115. Thiery JP (2003) Epithelial-mesenchymal transitions in development
and pathologies. Curr Opin Cell Biol 15:740–746

116. Brandt BH, Roetger A, Dittmar T, Nikolai G et al (1999) c-erbB-
2/EGFR as dominant heterodimerization partners determine a
motogenic phenotype in human breast cancer cells. FASEB J
13:1939–1949

117. Dittmar T, Husemann A, Schewe Y, Nofer JR et al (2002)
Induction of cancer cell migration by epidermal growth factor is
initiated by specific phosphorylation of tyrosine 1248 of c-erbB-
2 receptor via EGFR. FASEB J 16:1823–1825

118. Tanaka H, Shirkoohi R, Nakagawa K, Qiao H et al (2006)
siRNA gelsolin knockdown induces epithelial-mesenchymal
transition with a cadherin switch in human mammary epithelial
cells. Int J Cancer 118:1680–1691

119. Sleeman JP (2000) The lymph node as a bridgehead in the
metastatic dissemination of tumors. Recent Results Cancer Res
157:55–81

120. van der Pluijm G (2011) Epithelial plasticity, cancer stem cells
and bone metastasis formation. Bone 48:37–43.

121. Mani SA, Guo W, Liao MJ, Eaton EN et al (2008) The
epithelial-mesenchymal transition generates cells with properties
of stem cells. Cell 133:704–715

122. Kakarala M, Wicha MS (2008) Implications of the cancer stem-
cell hypothesis for breast cancer prevention and therapy. J Clin
Oncol 26:2813–2820

123. Hanahan D, Weinberg RA (2011) Hallmarks of cancer: the next
generation. Cell 144:646–674.

124. Roetger A, Merschjann A, Dittmar T, Jackisch C et al (1998)
Selection of potentially metastatic subpopulations expressing c-
erbB-2 from breast cancer tissue by use of an extravasation
model. Am J Pathol 153:1797–1806

125. Feldner JC, Brandt BH (2002) Cancer cell motility–on the road
from c-erbB-2 receptor steered signaling to actin reorganization.
Exp Cell Res 272:93–108

126. Storci G, Sansone P, Trere D, Tavolari S et al (2008) The basal-
like breast carcinoma phenotype is regulated by SLUG gene
expression. J Pathol 214:25–37

127. Alix-Panabieres C, Vendrell JP, Pelle O, Rebillard X et al (2007)
Detection and characterization of putative metastatic precursor
cells in cancer patients. Clin Chem 53:537–539

128. Braun S, Hepp F, Sommer HL, Pantel K (1999) Tumor-antigen
heterogeneity of disseminated breast cancer cells: implications
for immunotherapy of minimal residual disease. Int J Cancer
84:1–5

129. Slade MJ, Payne R, Riethdorf S, Ward B et al (2009)
Comparison of bone marrow, disseminated tumour cells and
blood-circulating tumour cells in breast cancer patients after
primary treatment. Br J Cancer 100:160–166

130. Sheridan C, Kishimoto H, Fuchs RK, Mehrotra S et al (2006)
CD44+/CD24- breast cancer cells exhibit enhanced invasive
properties: an early step necessary for metastasis. Breast Cancer
Res 8:R59

131. Willipinski-Stapelfeldt B, Riethdorf S, Assmann V, Woelfle U et
al (2005) Changes in cytoskeletal protein composition indicative
of an epithelial-mesenchymal transition in human micrometa-
static and primary breast carcinoma cells. Clin Cancer Res
11:8006–8014

132. Bartkowiak K, Wieczorek M, Buck F, Harder S et al (2009)
Two-dimensional differential gel electrophoresis of a cell line
derived from a breast cancer micrometastasis revealed a stem/
progenitor cell protein profile. J Proteome Res 8:2004–2014

133. Bartkowiak K, Effenberger KE, Harder S, Andreas A et al
(2010) Discovery of a novel unfolded protein response pheno-
type of cancer stem/progenitor cells from the bone marrow of
breast cancer patients. J Proteome Res 9:3158–3168.

134. Parmar K, Mauch P, Vergilio JA, Sackstein R, Down JD (2007)
Distribution of hematopoietic stem cells in the bone marrow
according to regional hypoxia. Proc Natl Acad Sci U S A
104:5431–5436

135. Pierga JY, Bonneton C, Vincent-Salomon A, de Cremoux P et al
(2004) Clinical significance of immunocytochemical detection of
tumor cells using digital microscopy in peripheral blood and
bone marrow of breast cancer patients. Clin Cancer Res
10:1392–1400

136. Bross ID, Viadana E, Pickren J (1975) Do generalized metastases
occur directly from the primary? J Chronic Dis 28:149–159

72 K. Bartkowiak et al.


	The Interrelating Dynamics of Hypoxic Tumor Microenvironments and Cancer Cell Phenotypes in Cancer Metastasis
	Abstract
	Introduction
	The (dis)regarded Majority of Tumor Cells
	Properties of the Microenvironments
	Metabolic and Cytoprotective Programs that Ensure the Survival of the Tumor Cells
	Emergence of Novel Phenotypes
	The Wall: Structure of Blood Vessels in Tumor Cell Dissemination
	Hypoxia-normoxia-hypoxia: The Hard Way Out from the Primary Tumor to the Bone Marrow
	Intrinsic Factors Affecting the Evolvement of Novels Tumor Cell Phenotypes
	Conclusion
	References


