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Summary
Whereas in cancer the solely primary tumor can often be conquered with therapy, the
presence of metastases is frequently lethal. The multi‐step process of metastasis starts with
tumor cells disseminating from the primary lesion. The most commonly accepted theory
states that dissemination starts late in tumorigenesis, when the primary tumor cells have
acquired full malignancy. However evidence obtained from mainly breast cancer patients
and mouse models, indicates dissemination already starts during early tumor stages, when
tumors are still marked as benign. Although tumor dissemination might commence during
an early tumor stage, dissemination is only the first step in metastasis. The last step,
colonization of a cancer cell at a distant site leading to the outgrowth of secondary tumors,
is only completed by a small number of cells. Other evidence indicates that early spreading
tumor cells can also fulfill this ultimate step of metastasis. Nevertheless, the spread of
cancer cells is often not directly followed by the formation of malignant metastases. One
concept that explains this observation is the occurrence of dormancy. Here, tumor cells are
kept innocuous by the influence of antiangiogenic factors, the tissue microenvironment they
try to settle in, and/or the immune system. This might offer an interesting concept for
therapy: if tumor cells cannot be completely eliminated from the body, inducing and
prolonging an inactive state might be an option.
Abbreviations used: bone marrow (BM), carcinoma in situ (CIS), circulating tumor cell (CTC),
disseminated tumor cells (DTC), peripheral blood (PB), single‐nucleotide polymorphism (SNP)
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Introduction
Cancer is a widely spread disease and has a high mortality rate. From 2008, it was estimated
that throughout Europe 3.2 million people were diagnosed with cancer and 1.7 million
cancer patients died of cancer. Out of this number, breast cancer accounted for 7.5% of
deaths, making it the number three cause of death among the different cancers (2). Lethality
is often not a result of the damage caused by the primary tumor itself, but by complications
caused by metastasis. Metastasis is the formation of distant secondary tumors that derive
from cells that are released by the primary tumor. Metastasis starts with dissemination: the
process of cells that leave the primary tumor and spread throughout the body. The
basement membrane plays an important role in dissemination. It is a thin layer of specialized
extracellular matrix found between the connective tissue and the epithelium, covering
cavities and surfaces (e.g., the breast), or the endothelium, covering the blood vessels. In
this position, it gives support to tissues and regulates molecular transport and the signaling
between tissues (3). When the basement membrane is intact, cells cannot migrate out of
their home tissue. Therefore it is thought that the basement membrane needs to be
disrupted before cells can leave the primary lesion and disseminate to distant sites. Indeed,
the occurrence of metastasis is correlated with late and end stage malignant tumors, which
are marked by the disruption of the basement membrane (Table 1). In contrast, cells cannot
leave the primary tumor in early benign tumors, since the basement membrane is still intact
(Table 1) (4). This positions the fragmentation of the basement membrane as a hallmark of
the transition from benign to malignant.
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Table 1. The different stages of primary tumor development.
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Cancer cells need to undertake several steps to
complete metastasis. Firstly, the cells need to
escape the primary lesion by invading the host
tissue barriers surrounding the primary lesion.
Hereafter, they need to pass the basement
membrane to reach blood or lymphatic vessels for
transportation. In the vessels, the cells can
encounter the hostility of the immune system and
the damaging power of the vigorous blood flow.
This is then followed by attempts to halt in a
capillary bed of the target organ. Here the cell
needs to exit the vessel and settle in the target
tissue. Metastasis is completed when these
disseminated cells establish a tumor at this distant
site from the primary tumor (Figure 1) (5). This last
step is also referred to as colonization. The failure
of these cells somewhere down this path is rather
rule than an exception; thus metastasis is known as
an inefficient process. However, dissemination may
be a very efficient process.
The predominant theory places metastasis late in
tumor development. Since disruption of the
basement membrane and obvious invasion of the
surrounding tissue only present in late stages,
dissemination is thought not to occur during the
early stages. Furthermore, late dissemination fits in
the concept of clonal expansion of the tumor. This
theory states that Darwinian evolution applies to
tumorigenic genetic changes in a cell. This means
that the cell that acquires mutations that enable it
to grow faster than its neighboring cells, will
outgrowth the other tumor cells as so to become
the predominant cell type in the lump.
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Figure 1. Classical model of
metastasis.
Cells
start
disseminating from the primary
tumor at a late time point when
the basement membrane is
disrupted and the surrounding
tissue is invaded. Dissemination
takes place to lymphatic and
blood vessels to reach ectopic
tissues to establish metastases.
Figure derived from Röcken (6).

the predominant cell type in the lump. This is also applicable to the change from benign to
malignant. For this transition a tumor needs to obtain mutations that activate oncogenesis
and/or inactivate tumor suppressor genes. The more mutations a tumor cell has acquired,
the likelier these mutations will enable tumor cells to metastasize. Such a correlation,
between the risk on metastasis and the size of the primary tumor, has been observed (7,8).
Therefore it is generally thought that those cells that disseminate derive from the most
advanced tumor cell that is present in late tumors (Figure 2A). However, evidence challenges
this concept and supports a model where dissemination occur early (Figure 2B). Firstly, the
common occurrence of cancer of unknown primary origin shows that a tumor does not have
to be large to metastasize. Cancer of unknown primary origin presents in approximately 5%
of patients with distant metastasis (9). Secondly, M0 patients can relapse after complete
resection of their primary tumor (10). This contradicts the idea that cells can only
disseminate late from the most advanced clone. Thirdly, angiogenesis can already
commence when tumors are still marked as benign (11). Angiogenesis is the growth of new
blood vessels, sprouting from existing ones. In mammals angiogenesis only takes place
during embryogenesis, the female reproductive cycle, and/or wound healing. Furthermore,
it plays a vital role in malignancy. Like every tissue, a tumor needs the supply of nutrition and
it needs to remove waste. Nutrition is acquired from blood and waste is deposited in blood.

Figure 2. Late and early dissemination. A. Late dissemination. In early tumor stages the basement
membrane is intact and tumor cells have not left from the primary tumor site yet. In late tumor
stages, when the basement membrane is disrupted, cells excess blood and lymph vessel to spread to
distant locations. B. Early dissemination. Although the basement membrane is not disturbed in the
early tumor, tumor cells have disseminated from the primary tumor. Dissemination commences
during late tumor stages. Figure adjusted from Röcken (6).
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The growth of malignant tissue requires enhanced proportions of both nutrition delivery and
waste deposit. This increased demand can only be met by angiogenesis (12,13). Moreover,
these newly formed vessels are used for dissemination. Therefore, it is not surprising that
elevated vascularization has shown to be highly associated with an increased risk on
malignancy (14). Thus the early activation of angiogenesis suggests cells willing to
disseminate are being assisted. Fourthly, dormancy seems to occur. Tumor dormancy
signifies a cancer cell is shielded for clinical detection due to a prolonged quiescent or
proliferation‐apoptosis balanced state (15). Either way, dormant tumor cells are innocuous.
Dormancy can be induced after extravasation, when tumor cells arrive in a target tissue or
stay transitory in the bone marrow (BM) or in the lymph nodes. From here tumor cells die,
escape or prolong the dormant state (Figure 3). Tumor cell dormancy is a frequent occasion.
This is shown by autopsies performed on people aged over 70, revealing the presence of
multiple micrometastases that never made it to detection (16‐18). The occurrence of
dormancy may give a cell the possibility to disseminate early without leading directly to the
development of a secondary tumor when arriving at a distant location. All these different
types of evidence provide reasonable ground to question the predominate theory that states
that dissemination and colonization only take place during late CIS and thereafter. This
motivates to look further into the possibility of tumor cells commencing to disseminate
during early tumor stages potentially leading to a prior time point of colonization.
If early spreading tumor cells are responsible for colonization, the gauging of disseminated
tumor cells might be used to give a reliable prognosis for the occurrence of metastasis.
Currently, several indicators and methods are in use to give such a prediction. The most
commonly used method for classifying tumors is the TNM Classification, using an increasing
scale to indicate gravity. The TNM Classification describes the size and the histological
severity of the primary tumor (T0‐4), the degree of metastases in adjacent lymph nodes (N0‐
3), and the presence of metastases (M0/1) (19). Although the occurrence of metastases in
adjacent lymph nodes is highly predictive for the development of metastases at other sites
in most cancers (20), in breast cancer this is not always applicable. In breast cancer
metastases are not always found in adjacent lymph nodes while being detected at other
distant locations (7,21,22). In addition, it has been shown that lymph node status does not
need to be included to come to a reliable prognosis (7, 105). Therefore it seems that the
dissemination does not exclusively occur via the adjacent lymph nodes (7). This triggers the
search for better prognostic factors. Other well‐investigated markers are circulating tumor
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Figure 3. The paths a disseminated tumor cell can encounter upon extravasation. Upon
extravasation, tumor cells can arrive in transit or in a target tissue. Transit sites can be BM or lymph
nodes. Target tissue can either be one of these two or other tissues. Disseminated tumor cells can
encounter at any of these places death, dormancy, or outgrowth into a micrometastasis. In case of
dormancy, tumor cells may turn quiescent or find a balance between proliferation and apoptosis
keeping its tumor size equal. Arrows in green show tumor cells escaping the dormant state, resulting
in the outgrowth of metastases. Figure adjusted from Aguirre‐Gisho (15).

cells (CTCs) in peripheral blood (PB) and disseminated tumor cells (DTCs) in BM. The large
benefit of these markers is that they can be monitored over time. In contrast to lymph nodes
that are often removed when a patient is at risk of metastasis and so can only provide
information once. Especially the monitoring of CTCs would be desirable, since blood
withdrawal is a low invasive tool and can be easily performed on a regular basis. The
detection of CTCs in PB has been shown to function as a reliable prognostic factor (23‐26). It
has even been noted that elevated CTC levels during therapy predict augmented progression
and mortality in breast cancer patients (27). Nonetheless, studies show that DTCs in BM
have a stronger predictive value than the presence of PB CTCs (28‐31). Thus although the
monitoring of CTCs would be favorable, the detection in BM seems to be more reliable.
Therefore the focus here will be on BM DTCs for evidence of dissemination and subsequent
metastasis.
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This thesis will look into the time point of dissemination and the consequences for
metastasis. Evidence shows the bulk of the primary tumor possesses the potential to
metastasize, indicating this treat is acquired early in tumorigenesis. This is confirmed by the
detection of DTCs in BM during early tumor stages. Furthermore, the presence of BM DTCs
predict poor outcome. This contradicts the predominant theory that states that
dissemination only occurs from highly mutated cells late in tumor development. This thesis
will describe the evidence supporting the alternative theory that dissemination occurs early
in tumor development and discusses the consequences for the successive steps in
metastasis. Furthermore the concept of dormancy will be addressed by discussing both
endogenous and exogenous factors inducing and prolonging the dormant cell state.
Ultimately the consequences of early dissemination and the potential of dormancy for future
therapy will be discussed.
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Argumentation
1. Tumor cells hold the capacity to disseminate early
Hypothetically, tumors cells should have the capacity to disseminate in early phases in
tumorigenesis as first proposed by Bernards & Weinberg (32). They suggest that in case of
clonal expansion due to Darwinian evolution, there would be no benefit for a cell in
obtaining the capacity to metastasize, since metastatic capacity would not make a cell more
competitive in outgrowing its neighboring cells. Hence, they argue that the mutations that
result in proliferative advantage need to be the same mutations that give a cell the know‐
how to metastasize. If they argued correctly, the metastatic proclivity should be present in
the bulk of the primary tumor. This contradicts the traditional view proposing metastasis is
executed by rare cells appearing late in tumorigenesis (Figure 1). Indeed, research confirmed
the existence of such an inclination by comparing the gene expression profiles of primary
tumors and secondary tumors. It was shown that a primary tumor that will metastasize can
be distinguished from a benign tumor, even before the basement membrane is disrupted
(33‐36). For these gene expression profiles a section of a tumor was used, representing the
average expression profile of the entire tumor. This results in the conclusion that the
proclivity to metastasize is determined early in tumorigenesis.
Another argument supporting such a proclivity is the early initiation of angiogenesis.
Angiogenesis is thought to be a strict process that can be switched on or off. This depends
on the number of countervailing factors, either shifting the balance to an angiogenesis
activating or inhibiting state, a process known as the angiogenic switch (Figure 4) (37). This
switch is only turned on transiently in normal angiogenesis. In contrast to malignancy, when
the switch is continuously balanced to the active angiogenic state aiding the tumor to
expand and offering the possibility to disseminate (37). Angiogenesis has been
demonstrated to commence during benign tumor stages (11). This was first shown by an
experiment wherein pre‐malignant human urothelial cells, deriving from early tumor stages,
showed to stimulate capillary proliferation on rabbit iris while normal tissue did not show
such an effect (38). Hence, angiogenesis is a widely studied event. The protein probably
mostly studied in angiogenesis research, is he angiogenesis activator and angiogenic marker
VEGF (13,18). Over‐expression of VEGF and enhanced vessel density have been noted in
premalignant breast tumor stages in both mouse models (37,39) as in patient samples
(37,40,41).
Both the observation that the process of angiogenesis is already activated during
premalignant tumor stages as well by gene expression profiles showing a malignant future
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can be predicted early, show the proclivity to metastasize is already present in early stages.
However, this does not inevitably mean dissemination occurs early.
Figure 4. The postulated balance
mechanism for the angiogenic
switch. When angiogenic activators
shift the balance to the left,
angiogenesis induces. Normally this
shift is restored after angiogenesis
has been completed, done by a
rebalancing of inhibitors. On
contrary to cancer, where this
balance is not restored and
angiogenesis is a continuous
process. Figure derived from
Hanahan and Folkman (37).

2. Proof for early dissemination
The time point of dissemination can roughly be estimated by studying the number and types
of chromosomal aberrations in BM DTCs, since the number of chromosomal aberrations is
approximately proportional to the stage of tumorigenesis in the majority of tumor types
(42). Thus the later a cell disseminates, the more aberrations it will share with the primary
tumor. Additionally, this means fewer and different deviations in spread tumor cells are a
hallmark of early dissemination. Research comparing BM DTCs from breast cancer patients
to cells from the primary lesion, found that DTCs had acquired significantly fewer
aberrations than cells from the breast tumor (10,43). This was even seen in samples deriving
from M0 patients, who did not show any evidence of metastasis besides the presence of BM
DTCs (10).
Other evidence for early dissemination comes from a study on p53 status in primary
tumors versus DTCs in BM. The p53 gene is one of the most commonly mutated genes in
human cancers (44). In breast cancer, mutations in p53 arise late in breast oncogenesis
(8,45). Remarkably, this gene seems to be rarely mutated in DTCs in BM (46). In lung cancer
mutations in p53 in BM DTCs and their matched primary tumor were compared, mutations
in p53 appeared to be rare which was not the case for primary tumors (47). This gives
further evidence dissemination occurs before p53 mutations start accumulating in the
primary lung tumor.
More proof has been gathered in studies with cancer mouse models. Using the RET.AAD
mouse model, a model of spontaneous melanoma, Eyles et al. showed that disseminating
cells could already be detected three weeks after birth. At this time point, the primary tumor
still appeared to be in the neoplastic stage. The time of separation was traced by comparing
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the single‐nucleotide polymorphism (SNP) pattern of the primary tumor with its metastases,
these patterns exhibited strong differences. This indicates both tumors acquired most of
their mutations independently, suggesting the cells resulting in metastases must have
migrated from the primary lesion early in tumorigenesis (48). For breast cancer confirmative
results have been published. In mouse models BM DTCs were likewise detected in early
stages of breast cancer development. Moreover, when 607 breast cancer patient samples
were screened, no association between the stage of the tumor and the presence of BM DTCs
was found (49). This implies the spread of tumor cells is not bound to late tumor stages.
In summary, differences in the genetic aberrations between BM DTCs and primary tumors
and the early detection of DTCs in BM, argue dissemination is not exclusively bound to late
tumor stages in breast malignancy. However, the value of DTCs in metastasis can be
discussed.
3. The value of BM DTC detection for disease survival prognosis
Although the evidence supporting early dissemination is rather striking, this does not
inevitably mean these are the cells responsible for establishing metastases. E.g., Naume et al
have questioned the value of DTC detection in BM for metastasis prediction and thus the
potential of DTCs to establish metastases. They showed that the prognostic value of DTC
detection fluctuates between earlier specified breast cancer subtypes (50,51). Only in one
out of five subtypes, an association between the presence of DTCs in BM and disease‐free
survival was found (51). However, as Naume et al point out, several factors could have
influenced these results that question the malignant capacity of DTCs. Firstly, therapy after
surgery might have been more beneficial in the four other subgroups. After all, BM was only
aspirated just before surgery while the therapy applied after surgery might not have been as
successful in every subtype. This suggestion was confirmed in studies taking BM aspirates
three weeks after complete treatment and up to 42 weeks after the primary diagnosis,
showed to provide prognostic relevance – the presence of DTCs correlated with poor
prognosis (52,53). Secondly, disseminating breast cancer cells of different subtypes might be
predestined to tissues other than BM, resulting in the lack of detection in BM. Indeed, for
some subtypes they found metastases preferably developed in visceral organs (51).
Furthermore, several groups have confirmed that the presence of DTCs in BM is a strong
independent factor for poor disease‐free survival (22,28,54‐56). This indicates DTC detection
in BM can still be a valuable tool in predicting the progression of breast cancer.
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Although the potency of the value of DTC detection in BM might vary between breast
cancer subtypes, most groups do confirm its value in progression prediction. Although
evidence on whether also early disseminating cell can be responsible for colonization,
cannot be provided with these data.

4. Metastases are probably established at a parallel time point to the primary tumor
To know if early disseminating cells can actually establish metastases, it is important to know
at what time point these secondary tumors are established. Although it is generally thought
that metastasis is a late event in tumorigenesis, the detection of BM DTCs in early tumor
stages and the association between DTCs in BM and poor clinical prognosis indicate this
might be different. This leads to the next question: can those tumor cells that leave the
primary lesion complete metastasis? The linear progression model and the parallel
progression model discuss this topic, two terms proposed by Klein (Figure 5) (8). The linear
progression model states the primary tumor needs to reach to full malignancy before
metastasis starts. The parallel progression model states dissemination and the foundation of
tumors at distant sites start early. In the latter model, further somatic mutations are
acquired after cells disseminated to ectopic sites. These mutations are needed to bring the
metastasis to advanced malignancy, necessary for full malignant growth. As a result of this
order, the possibility to form secondary tumors is present at a much earlier time point.
Hence in this model, metastases do not start growing much later than the primary tumor
they originate from supporting the concept of early dissemination.

Figure 5. Linear progression model and parallel progression model. A. Linear progression model. The
primary tumor reaches full malignancy before it starts to metastasize. B. Parallel progression model.
The primary tumor starts already to metastasize in an early state where after metastases grow
parallel to the primary tumor. Figure adjusted from Klein (8).

Research studying growth rates supports the parallel progression model. Both primary
breast tumors and their secondary descendants grow by a linear exponential growth that
levels off as time passes, a pattern referred to as Gompertzian growth (57). This pattern is
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followed in a similar speed between primary and its matching secondary tumors (58‐60). If
the linear progression model is true, metastases should be small compared to the primary
tumor they derive from. However, metastases are found to be too big to meet both equal
Gompertzian growth and linear progression. Especially in case of cancer of unknown primary
origin, where the primary tumor cannot be located while metastases can (59,60).
Other support for the parallel progression model is provided by epidemiological studies. It
was calculated that metastases already start growing on average 5.8 years before the
diagnosis of the primary tumor has been made (60). In earlier studies specified for breast
cancer, metastases were estimated to start growing before the detection of the primary
tumor in 50 up to 90% of the cases (61,62). Thus the primary tumor does by no means need
to be large to metastasize. Moreover, clinical trials attacking the invasiveness of the primary
tumor were disappointing after promising preclinical studies. The drug in trial blocks matrix
metalloproteinases, proteins responsible for the degradation of the extracellular matrix that
are highly elevated in malignant tissues. Preclinical in mouse studies, this drug was highly
successful in preventing metastasis. However, in clinical studies this effectiveness was not
found (63). These drugs would have prevented late dissemination, if in line with the linear
progression model. Thus the failure of these drugs in humans further supports the parallel
progression model.
While in humans only indirect proof can support the parallel progression model, in mice
direct experimental evidence has been obtained. In a breast cancer mouse model,
micrometastases could already be detected in the lungs while the primary lesion was often
still at CIS stage (49). Since disseminated tumor cells need some time to grow into detectable
micrometastases, this suggest the metastasis founder cells already left the primary lesion
early in or even before the CIS stage. Moreover it shows that these early disseminating cells
were capable of establishing metastases. Thus current research seems to support the
parallel progression model, implying early disseminated cells can found metastases.
However, the parallel progression model needs complementation, since not every
disseminated cell colonizes a metastasis parallel to the primary tumor. Not every patient
with BM DTCs develops metastases and metastatic cancer can arise years after the
treatment of the primary tumor (55,64). Thus dissemination is not always directly followed
by the outgrowth of metastases, a mechanism for which exist several explanations.
5. The failure of disseminating cells to colonize may be caused by dormancy
Although the potential to metastasize is present in most malignant primary tumor cells and
cancer cells seem to start disseminating during early tumor stages, the step to successful
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colonization is sparsely made. While millions of cells can be shed into the blood stream every
day, e.g., rat mammary carcinomas shed on average 3.7 million tumor cells per 24 hours per
gram tissue in blood (65), the vast amount of these cells will never make it far in the process
of metastasis. Hence, metastasis seems to be a very inefficient process. Perhaps the primary
tumor only sheds cells incompetent of forming metastases, like apoptotic cells. Although in
breast cancer patients the majority of CTCs in PB seems not to be viable, a subset is (66). The
majority of DTCs in PB shows even no signs of apoptosis in breast and prostate cancer
patients (67).
Another explanation for inefficiency of metastasis can be found in the heterogeneity of
the cell population. Heterogeneity here indicates that not every cell has the adequate
qualities enabling indefinite replication. This is in line with the so‐called cancer stem cell
theory: only the cancer stem cells in a tumor population have to capacity to self‐renewal.
Subsequently, only the dissemination of these cells will lead to the colonization of
metastases (68).
A third explanation is the existence of dormancy, possibly inducible at different time
points in metastasis (Figure 3). Mouse models support this concept. The spontaneous
melanoma mouse model, mentioned earlier to provide in vivo evidence for early
dissemination, showed a delayed development of metastases in visceral organs. In these
organs the median age of onset was 233 days (48). Also patient data suggest the occurrence
of tumor dormancy. Cases are known wherein tumor cells continued to occupy the human
body for a long time after therapy, while often not leading to recurrence. Normally breast
cancer patients relapse in the first decade after mastectomy (64). However, CTCs have been
found in former early stage breast cancer patients as late as 22 years after removal of the
primary tumor (69). These patients are at low risk of relapse as shown by the lack of signs of
recurrence during the length of the study, suggesting tumor cells pursue dormant.
Interestingly, these CTCs still seemed to be replaced regularly. By withdrawing blood from
breast cancer patients at different intervals before and after mastectomy, the half‐life of
CTCs was determined between 1 and 2.4 hours. In the patient group used for the dormancy
study, this could not be determined (69). Nevertheless the half life of CTCs in these patients
is most likely situated in the same range, showing CTCs must be replaced by tumor cells
located somewhere unknown. Since the source of these cells was not detected and a short
half‐live is suggested, their preservation is probably maintained by apoptosis (69)(69,70).
This suggests the existence of dormant cells that continue to replicate at such a low pace,
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they do not expand nor cause disturbance. Thus dormancy can possibly be caused by both
cellular quiescence and a balanced apoptosis‐proliferation cycle.
Another, argument supporting the occurrence of dormancy can be found in several
studies modeling breast tumor growth. Gompertzian growth kinetics is currently the most
widely used method for therapy modeling; however, clinical data do not entirely seem to
overlap with this theory. Data suggest that tumors know periods of no obvious progression
interchanging with periods of swift expansion. This led to the suggestion by several groups
that the Gompertzian model should be expanded with periods of dormancy (71‐74).
Metastasis shows to be an inefficient process. Explanations are a possible heterogeneity
of cells in the primary tumor, not providing every cell the capacity to self‐renewal, and the
occurrence of dormancy.

6. Endogenous factors influencing dormancy
The failure of disseminated malignant cells to colonize at ectopic sites could be caused by
dormancy. What keeps these cells dormant? Weinberg (17) brings up several concepts about
why dormancy can develop. Firstly, he discusses the event of dormancy in primary tumors.
Here, he suggests a tumorigenic cell acquires several mutations that may seem promising
initially, yet ultimately causes its fall resulting in abrogated growth leading to dormancy
(Figure 6). Secondly, he addresses dormancy of disseminated cells. Once these cells acquire
a dormant state due to adaptation problems in the new surroundings, they need to pass
through years of slow proliferation before the chance to acquire the right treats needed to
defeat the new environment may occur. If dormancy results in complete senescence, it
seems improbable the cell will receive the right mutations to become hazardous. Thus he
questions if cells converted to dormancy possess the capacity to ‘awaken’ and turn
destructive, arguing this might be an irreversible process bringing cells to senescence. As a
result, Weinberg suggest that early disseminating cells are premalignant, cells that have not
yet acquired all the treats needed to accomplish hostile metastasis successfully (Figure 6).
Thus although the proclivity to metastasize might be present, only late clones leaving the
primary lesion are sufficient malignant to cause ectopic detriment when disseminated (17).
This may be an interesting concept for malignant tumors and some metastatic tumors,
earlier discussed evidence shows the SNP pattern of secondary tumors in a mouse
spontaneous melanoma model supports to originate from early disseminated tumor cells
(48). Furthermore, experiments using cell lines and xenograft mouse models showed tumor
cells that adopted a reversible dormant state. Here tumor cells underwent autophagy, a
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process whereby cells use their contents for hydrolysis as to produce energy if normal supply
is insufficient, upon the expression of tumor suppressor gene ARHI. This dormant process
was reversed upon withdrawal of ARHI induction and tumor cells started to proliferate
resulting in a fast growth of the xenograft (75,76). Also the earlier discussed occurrence of
relapse after even twenty years contradicts this idea (64).
Since it seems unlikely tumor cells acquire the accurate treats to metastasize successfully
once slowly proliferating, exogenous factors might play a significant role in inducing and
maintaining dormancy.

Figure 6. Endogenous factors leading to failure of malignancy and metastasis. An initiated tumor cell
may not acquire the right mutations to become malignant either at the primary or an ectopic location,
or only non‐malignant disseminate. Figure derived from Weinberg (17).

7. Exogenous factors influencing dormancy
Several exogenous aspects outside of the tumor cells act to instigate dormancy. These are
the prevention of angiogenesis, the influence of the surrounding microenvironment, and the
recognition by the immune system.
Vasculature is essential for tumor outgrowth. Without blood supply, metastases do not
surpass the micrometastatic size (11,18,77). Thus the stalling of disseminated cells can be
induced by a shift in the balance to the site of angiogenic inhibitors (Figure 7A). As a
consequence, cells can lose the dormant state by a shift to the site of angiogenic activators
(Figure 3). One provoking hypothesis is that this shift can be initiated by mastectomy
(74,78,79). Striking data revealing a pattern in time point of relapse after surgery triggered
this idea. A two‐peaked pattern in time seems to become evident after mastectomy without
further treatment. This counts for both the time point of detected relapse at the same
location as where the primary tumor was removed (80) as for death as a result of metastasis
(79). This suggests signaling of the primary breast tumor to its disseminated cells inhibits
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them to grow out into metastases. Nevertheless, these results must not be interpreted to
label surgery undesirable therapy (81). Patients that do not undergo any form of treatment
show to have a considerable higher death risk than those who do get treated (79). These
data are only meant to shed light on a possible relation between a primary tumor and its
progeny.
The microenvironment of a tumor consists out of normal cells and molecules neighboring
it. This microenvironment differs between tissues. Disseminating cells often attempt to
lodge in ectopic tissues, where they encounter a distinct microenvironment. As a result, a
tumor cell might not be as effective at this new site, simply due to this dissimilar ambient
that requires different treats to survive (Figure 7B). E.g., if tumor cells cannot adhere
appropriately to the extracellular matrix dormancy or cell death may be initiated (15,82).
Thus only those tumor cells that know how to adapt to locations where the
microenvironment differs will be able to conquer its new environment, allowing cancer cells
to survive and grow. This is also a possible explanation to why metastases seem to be prone
to develop in certain tissues than in others when originating from the same primary tumor.
Adaptation is probably easier and thus likelier to happen in these tissues (83,84).
Although the hypothesis that the immune system has an important influence on cancer
has often been doubted in the past, recent research seems to show the immune system
often fights tumor cells successfully off; these cells need to surpass immunosurveillance to
blast their malignancy (Figure 7C) (85). The influence of the immune system on cancer has
been proposed to know three phases: elimination, equilibrium, and escape (86). Elimination
covers the successful recognition and removal of cancer cells by the immune system (87).
The equilibrium is the period of dormancy; the immune system can arrest tumor growth
though complete elimination is not reached. This period is thought to end by either the
eventual successful removal of the dormant cell by the immune system or by the third
phase: escape. In the latter tumor cells find a way to surpass the immune system leading to
the outgrowth into a malignant metastasis. This process of mastering the immune system is
thought to happen either up on alteration in the tumor cells or by a weakened immune
system (86). Research using mice deficient for several components of the immune system
showed that the loss of certain components of the immune system resulted in more
frequent and/or more rapid appearing tumors than in wild type mice. Especially defects in
the development or function of Interferon γ (IFN‐γ) (88‐92), CD8+ memory T‐cell (48,93‐95),
CD4+ memory T‐cell (92,94), and natural killer (NK) cells (96,97) resulted in mice more
susceptible to cancer. IFN‐γ promotes both innate and adaptive mechanisms of the immune
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system, while CD8+ and CD4+ memory T‐cells are part of the adaptive and NK cells of the
innate immune system.
Several factors can induce dormancy. Today three processes are thought to induce
dormancy. These are the lack of tumor cells to activate angiogenesis, the microenvironment
surrounding a tumor cell, and the protecting influence of the immune system. If tumors
cannot always be successfully eliminated, keeping them dormant might be an interesting
alternative. Consequently, the stimulation of these three proposed naturally occurring
processes might be an interesting target for therapy.

Figure 7. Angiogenesis inhibition, microenvironment, and immune system can induce and prolong
tumor cell dormancy. A. Angiogenesis inhibition. The angiogenic switch is balanced to inhibition due
to the presence of angiogenesis inhibitors. B. Microenvironment. The tumor cell cannot accustom to
its new microenvironment, preventing the tumor cells from colonizing. C. Immune system.
Components of the immune system cannot eliminate tumor cells, though they can maintain these
cells dormant. Figure adjusted from Teng et al (98).
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Conclusion & therapeutic perspectives: inducing and prolonging dormancy
Although breast cancer mortality has decreased in the last decades due to increased
research and improved treatment, mortality persists high (2). An often‐used therapy is
chemotherapy. Chemotherapy drugs target rapidly dividing cells, while leaving quiescent or
slowly diving cells untouched. In case of early dissemination, cells will have migrated out of
the primary lesion and most will be in a non‐dividing state when chemotherapy commences.
Thus chemotherapy cannot eliminate these cells, explaining why chemotherapy is often not
curative (52,99). The same accounts for surgery in early‐stage breast cancer. If cells have
already migrated out of the primary lesion, this treatment will fail to prevent metastasis.
Subsequently, patients that have completed their therapy and are at that time declared
disease‐free might still have some dormant cells that after being awoken can develop into
devastating metastases. Hence, dormant tumor cells are an important target for the cure of
cancer. However, studying dormant cells is complicated for several reasons. Firstly, although
PB CTCs and BM DTCs can already be recognized and isolated, cells that have nested
elsewhere are difficult to locate and transfer to culture. Secondly, even if these cells can be
isolated and transferred to culture, expansion would change their footprint since a hallmark
of a dormant cell is its lack of active proliferation. Thirdly, isolation would change their
habitat and so their behavior while the host seems to have an important role in the
maintenance of dormancy. Consequently dormant cells can currently only be studied in their
natural environment, thus unfortunately animal models cannot be replaced yet.
Nonetheless, molecular studies assessing the question how dormancy can be induced should
find advantages in culture. After all, these cells are tumor cells and the number of easily
culturable tumor cell lines is extensive.
Not only the question how and why dormant cells depart from the dormant condition is
important. It is also vital to know if all disseminated tumor cells hold a potential to colonize
or if only certain tumorigenic cells possess this capacity. Possibly most cells are predestined
to fail and do not hold the capacity to surpass dormancy if encountered. The cancer stem
cell theory investigates if this distinction is present in tumor cells. If such heterogeneity is
true, therapy only needs to fight these cells that can colonize upon dissemination.
In addition, naturally occurring processes that influence dormancy should be further
investigated. Since the angiogenic switch, immunosurveillance, and the microenvironment
seem to be inducing the dormant state exogenously, acquiring more knowledge about how
these processes operate and how they can be stimulated might be the key to future cancer
therapy. Although it might be interesting to stimulate all three simultaneously, it is unclear if
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these forms of dormancy are mutually exclusive. Drug research has mostly been done with
antiangiogenic drugs, giving various results in the clinic. Problems encountered here include
enhanced growing tumors in mouse models making medication more likely to succeed (100),
the large diversity between tumors in different patients (101), adaptive resistance whereby
an initially effective drug shows to lose its effect over time (102,103), and the use of patients
with end‐stages cancers in clinical trials that have already founds ways to override all the
natural barriers and so are less like to be responsive to drugs (104). Despite the fact that
certain antiangiogenic drugs might not be beneficial to end‐stage patients, they may provide
striking effectiveness in inducing and preserving dormancy in patients in a less advanced
phase of the disease.
Studying the possibility to induce and prolong tumor cells dormant might provide the cure
for cancer. If not all cancer cells can be eliminated; research should look for methods to keep
these cells irrelevant. In this way, one day cancer might be treated as a chronic manageable
disease.
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