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A B S T R A C T

The search for disseminated cancer cells has become a routine procedure in many clinical

centres since the pioneering work of Riethmüller and Schlimok was published in the mid

1980s. Until today, clinical studies have mostly focused on the prognostic role of dissemi-

nated cancer cells that can be detected in bone marrow samples before manifestation of

metastasis. As a more recent development, the field is increasingly concentrating on the

prognostic information provided by tumour cells circulating in the peripheral blood instead

of analysing the nature of disseminated tumour cells that have successfully homed to a

new microenvironment and may eventually grow into metastases. This review critically

questions that direction and proposes exploiting the unique opportunities provided by

the direct molecular analysis of metastatic precursor cells for a better understanding of

metastasis, tumour dormancy, therapy target identification, and personalised medicine

in an adjuvant therapy setting.

� 2008 Elsevier Ltd. All rights reserved.
1. Brief historical and critical introduction

Soon after the Halsted-paradigm of a continuous lymphatic

cancer spread from the local mammary cancer to distant

metastatic sites had been falsified in large clinical studies,1

the idea was born to search systematically for disseminated

tumour cells (DTCs) in bone marrow samples of breast cancer

patients. The concept was equally simple and convincing:

since increasing numbers of patients with initially non-meta-

static disease presented to the hospital, it became obvious

that metastases emerging months to years after surgery are

derived from tumour cells that had disseminated before

resection of the primary tumour. Therefore, metastatic pre-

cursor cells should be detectable at distant sites and their

eradication should enable prevention of later arising metasta-

ses. Both facets of the concept were promoted and actively

pursued from the beginning by G. Riethmüller2,3 who influ-
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enced many scientists working in the field today. To detect

DTCs, bone marrow was chosen as the distant organ since

specific histogenetic markers, epithelial cytokeratins, were

identified as not being expressed in bone marrow but abun-

dantly in epithelial cancer cells, and therefore enabled spe-

cific detection of DTCs. Moreover, by demonstrating in vivo

binding of the antibody 17-1A, directed against the epithelial

cell adhesion molecule (CD326 or EpCAM),4 to single, early-

disseminated tumour cells in patients,3 and by testing the

antibody in a randomised, prospective clinical trial,5,6 Riet-

hmüller promoted what could retrospectively be defined as

the first cancer stem cell-directed therapy in an adjuvant set-

ting. The story has taken this interesting turn since today Ep-

CAM is commonly used to identify cancer stem cells, also

termed tumour initiating cells, of various epithelial malignan-

cies.7–10 Together, these and other early studies paved the

way for the currently emerging synthesis of research on early
.
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metastasis, single cell genomics, cancer stem cell biology, and

personalised medicine.

During the first years after successful establishment of a

detection assay, clinical and experimental studies concen-

trated on proving that cytokeratin-positive cells in bone mar-

row are indeed tumour cells, thereby also addressing

fundamental questions of early metastasis and minimal

residual disease (MRD). In contrast, recent efforts rather aim

to facilitate implementation of MRD detection into clinical

practice – mostly by substituting bone marrow for blood as

the source of tumour cells. Therefore, far too few groups are

actively engaged in exploring the opportunities that the char-

acterisation of DTCs provides for cancer research and too lit-

tle progress has been made in the molecular characterisation

of DTCs. Thus, the reader may be referred to relatively old re-

views11,12 to catch up on most available data. Basic research

on micrometastases - as DTCs were originally called - has

got stuck in a premature stage with more reviews being pub-

lished than original work as a typical symptom. This review

hopes to raise interest in studying DTCs by summarising

some recent and potentially thought-provoking findings.

2. A sceptical view on the role of DTCs or CTCs
as prognostic marker

In 1987 the first systematic and relatively large series of 212

patients was published comprising patients with breast and

colorectal cancer as well as an additional 75 noncarcinoma

patients that were tested for the presence of cytokeratin-posi-

tive cells in bone marrow.3 Cytokeratin-positive cells were

only found in carcinoma patients. Subsequently, follow-up

studies demonstrated prognostic relevance for positive sam-

ples, first for colorectal cancer13,14 and then for breast can-

cer.15 Since then, at least in breast cancer, the prognostic

impact of DTCs could be firmly established by combining data

from several studies.16 However, 20 years after the first sys-

tematic search for DTCs, it becomes increasingly question-

able whether the prognostic factor ‘DTC’ will be included in

clinical routine outside of academic centres. While the enor-

mous diversity of methodological approaches for DTC detec-

tion have largely been reduced by a consensus protocol,17

recent technical developments18,19 will further position the

detection of circulating tumour cells in peripheral blood

(CTCs) into the centre of clinical attention. Easier access to

blood compared to bone marrow clearly supports this ratio-

nale; however, one should be aware that the prognostic role

of CTCs has yet to be established (here, I do not consider

PCR-based studies as they cannot differentiate between CTCs

and circulating nucleic acids). While the prognostic signifi-

cance of CTCs in metastatic patients could be confirmed for

breast cancer18,20 after a first report for melanoma had been

published,21 currently available data point to a lack of prog-

nostic impact of CTCs in early stage patients.22 Thus, the field

is more or less starting de novo and it has to be awaited

whether the numerous studies under way will eventually

identify early stage patients with CTCs in their blood sample

at risk of relapse or amenable for monitoring studies.23 In the

most optimistic scenario, CTC detection may eventually sub-

stitute DTC detection in bone marrow as prognostic marker.
But even if CTC or DTC detection will enable monitoring of

systemic disease, it has to be demonstrated that it will pro-

vide prognostic information as precise as that derived by

one of the many ‘poor prognosis’ signatures derived from

microarray studies of the primary tumour.24 Some of these

signatures have been reduced to a number of genes that can

be handled in routine laboratories either by small microarrays

or a limited number of PCR reactions and are currently under

prospective evaluation in large studies.24 Eventually, we will

need to compare the prognostic impact of DTC or CTC with

these or other molecular assays. It can be foreseen that

counting DTCs and CTCs, even during follow-up, is unlikely

to change clinical decision-making unless these representa-

tives of smouldering MRD will provide predictive information,

i.e. clues for the adequate selection of systemic therapies.

3. A less sceptical view on the role of DTCs for
the understanding of metastasis

For the reasons mentioned above, simple counting of DTCs or

CTCs in bone marrow or blood, respectively, or limited pheno-

typic or genotypic characterisation by double staining or FISH

analysis, may fall short in the attempt to significantly alter

clinical routine to the benefit of the patients. However, com-

prehensive molecular characterisation of DTCs and possibly

also of CTCs may provide important insights into the biology

of metastasis. This, in turn, may then be translated into a no-

vel diagnostic pathology of systemic disease that indeed may

improve patient care. First examples are already emerging.

3.1. The time point of tumour cell dissemination

Traditionally, metastasis is viewed as the last step of breast

cancer progression for several, partially obvious reasons.

Most importantly, distant growths are usually detected after

diagnosis of a primary tumour and breast cancer patients

die on average within 2½ years after diagnosis of clinically

manifest metastases.25 The fact that metastasis is associated

with increased tumour diameter (i.e. T-stage) was also com-

monly interpreted as evidence for late dissemination of tu-

mour cells. The prevailing concept holds that tumour cells

evolve mostly within the primary tumour, acquire the capa-

bility to metastasis by additional mutations, disseminate

and grow out.26 The theoretical flaws of this concept within

an evolutionary paradigm of cancer progression have been

pointed out before.27 More importantly, we recently demon-

strated that the central predictions from the concept could

neither be verified in mouse models nor in patients.28

Firstly, if the association of large tumour size and metasta-

sis is caused by increasing numbers of disseminating cells

able to home to and survive in an ectopic environment, one

would expect to detect higher numbers of DTCs in patients

with large tumours when compared to patients with small tu-

mours. However, this is not the case. Patients with tumours

larger than 5 cm (pT3) do not have more DTCs in bone mar-

row than patients with small tumours and conflicting data

exist whether or not the prevalence of DTCs in pT3-staged pa-

tients is marginally higher than in pT1-stage (tumour diame-

ter < 2 cm) patients or not.16,28 Nevertheless, even the
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increased detection of a single DTC in 106 bone marrow cells

in 10% of patients in the study by Braun and coworkers16 is

strikingly out of proportion to the 90–350 times higher num-

ber of tumour cells in pT3/pT4 tumours compared to pT1 tu-

mours. In addition, it is not clear whether the marginally

higher detection rate of DTCs in late stage tumours reflects

an increased rate of dissemination or the onset of active pro-

liferation of DTCs in bone marrow as consequence of the

longer duration of a pT3-disease compared to a pT1-disease

(i.e. as consequence of the lead time effect).29

Secondly, if repeated rounds of selection and clonal

expansion precede dissemination, characteristic genetic

changes that accumulate late in primary tumours should

be detectable in DTCs. Analysis of primary tumours demon-

strated that many mutations such as TP53 mutations are rel-

atively rare in pT1 tumours and significantly more frequent

in pT4 tumours (11% versus 35%, p<0.001),30 and therefore

represent events that accumulate during tumour growth in

advanced tumours. The linear progression model described

above predicts that DTCs in bone marrow display most of

the genetic aberrations present in the predominant cellular

genotype in the primary tumour plus additional changes.

However, so far we have detected only one case with TP53

mutations in M0 stage breast cancer patients31 and also

rarely found the most prevalent chromosomal aberrations

of the primary tumours, such as 8q gain, 13q loss, 16q, 17p

loss.32

Thirdly, a higher number of aberrations in the DTCs than

in the primary tumour would be consistent with a model pre-

dicting linear accumulation of mutations. However, in breast

cancer, DTCs display significantly fewer aberrations than the

cells in the primary tumour. Moreover, about 50% of cytoker-

atin-positive cells displayed normal karyograms.32,33 This

observation is puzzling as chromosomal aberrations are ac-

quired before the invasive stage of local progression.34 How-

ever, we could confirm by identification of small allelic

losses that most of these genomically normal-appearing cyto-

keratin-positive cells are of cancerous origin.33 From this data

it was clear that dissemination is not commonly a late event

on the genomic trajectory of progression and the question ar-

ose as to when it takes place during morphologically defined

stages of tumour growth.

Therefore, we attempted to pinpoint the onset of tumour

cell dissemination in spontaneous mouse models. In two

mouse models, the MMTV-driven HER2-transgenic mouse

and the MMTV-driven PyMT transgenic mouse, we noted that

breast cancer cells leave the primary site before invasive can-

cers became morphologically detectable and can be found in

bone marrow and lung tissue.28 Transmission electron

microscopy revealed that individual cells break through the

basement membrane at the stage of atypical hyperplasia

and molecular analysis revealed both upregulation of proteo-

lytic enzymes at this stage as well as of Twist, a master regu-

lator of invasion.35 Notably, in the HER2 model, Twist

expression was higher at the stage of atypical hyperplasia

than in the invasion front of the primary tumour. When

breast cancer patients with DCIS, a non-invasive lesion, were

subsequently investigated, cytokeratin-positive cells were de-

tected in bone marrow at rates significantly higher than pub-

lished for patients without malignancies.28
Together these results suggest that dissemination of tu-

mour cells is neither dependent on tumour size nor on the

presence of chromosomal aberrations. In many patients, tu-

mour cells may have disseminated in an early stage of tu-

mour development.

3.2. Is a dissemination-phenotype only transiently
expressed?

During exponential tumour growth the number of DTCs in

bone marrow neither increases substantially in mouse mod-

els nor in breast cancer patients. The underlying mechanism

for this observation is neither understood nor is it clear

whether tumour subgroups exist that behave differently. As

mentioned above, expression of Twist, a transcription factor

regulating several key steps of genetic programs for invasion

and migration, was higher in earlier, rather than later, lesions

of HER2 transgenic mice. One possible explanation is that

cancer cells are selected for survival and proliferation within

the primary tumour. Such cells, when disseminating, may fail

to successfully colonise distant sites although they may be

circulating in the peripheral blood stream. Alternatively, but

not mutually exclusive, a genetic or epigenetic activation of

a migratory and invasive behaviour may be more frequently

followed by cellular proliferation than vice versa. After dis-

seminating from the primary site, homing to the distant site,

initiating colonisation, and differentiating during tumour

mass formation, cancer cells may thus lose the ability to

spread further. It is interesting in this context that it is still

not clear whether the first diagnosed metastases seed sec-

ondary metastases. Data from large epidemiological dat-

abases suggest that in breast cancer such a metastatic

cascade is not frequent29 because the time courses cannot

be fit into a sequential model. However, in very late stages

of systemic disease, general dissemination from various tu-

mour colonies may also contribute to shortened survival as

suggested by the prognostic impact of CTCs on survival in

metastatic breast cancer.18,20

3.3. The divergence of local and systemic cancer and
personalised medicine

Apparently, primary tumours and disseminated cancer cells

diverge early and acquire different genotypes during systemic

progression. Cancer progression may also involve continuous

genomic remodelling. It is currently unclear whether cells fit

for dissemination preserve their genotype during metastatic

outgrowth or whether colonisation and outgrowth requires

ongoing selection of chromosomal aberrations. We first gath-

ered evidence for the latter scenario, which would explain

why primary tumours and manifest metastasis share more

chromosomal aberrations than primary tumours and DTCs

(Hodak and Klein, unpublished data). Outgrowth seems to re-

quire different genotypes than dissemination and cells at the

primary site and at ectopic sites may recruit similar mecha-

nisms for tumour expansion, such as the loss of tumour sup-

pressor genes.

Therefore, early dissemination and clonal divergence of lo-

cal and systemic disease will have significant impact on ther-

apeutic decision-making. If response to therapies depends on
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the genetic activation of the targeted pathway, as has been

mostly observed so far,36,37 it will be mandatory to assess

the genetics of systemically spread cancer cells and not of pri-

mary tumours. From this perspective, personalised medicine

should be based on molecular characteristics of the target

cells of adjuvant therapy, i.e. the DTCs, and not on the local

disease that has been resected by the surgeon. One striking

example is the recent finding that HER2 gains in oesophageal

DTC are highly predictive for poor outcome while HER2 ampli-

fications in primary tumours were not informative. Therefore,

patient selection for HER2-targeting therapies based on HER-

status of DTCs should be explored.38

3.4. Migrating cancer stem cells (MCSC)

The molecular analysis of DTCs will further allow the testing

of some of the predictions derived from the cancer stem cell

concept. Here, only a subpopulation of a hierarchically or-

dered tumour is able to initiate tumour growth, the so-called

cancer stem cells (CSCs). Currently, CSCs are identified by

transplantation of sorted tumour cell populations into immu-

nodeficient mice and growth within weeks must be observed

for defining CSCs,7 a rationale that is not unequivocally ac-

cepted.39 These subpopulations are characterised by expres-

sion of a specific marker-phenotype. Subsequently, the

existence of migrating cancer stem cells was proposed40

which eventually gives rise to metastasis. However, so far, a

direct link between CSCs, MCSCs, and their phenotype has

not been firmly established. In one study based on two se-

lected cell lines, co-expression of the CSC marker CD133 with

CXCR4 was proposed to define the MCSC population that can

give rise to pancreatic cancer metastases.41

The analysis of DTCs may help to identify MCSCs directly

at the sites of metachronous metastasis. The currently dis-

cussed markers for CSCs should be tested for being expressed

on DTCs. In a first study, the putative stem-like phenotype of

mammary CSCs (CD24low, CD44+, ref.(7)) was found in all bone

marrow samples that harboured cytokeratin-postive cells.42

However, due to the double-staining and triple-staining

method applied, which cannot exclude cross-reaction of the

secondary antibodies, these first data must be viewed with

caution. Thus, there is ample opportunity for DTC research

to clarify the role of CSCs in metastasis and to identify puta-

tive therapy targets on metastasis-initiating cells.

4. Tasks ahead

The proposed dynamic model of cancer progression leads to

different consequences than the linear progression model26

or the static model deduced from transcriptional profiling of

primary tumours and metastases, which rejects evolutionary

selection processes.43,44 The two latter concepts suggest that

primary tumours are adequate models of the systemic dis-

ease, which may be true to a certain degree since all cancer

cells, i.e. from local and from systemic tumours, are selected

within the genetic background of the individual patient. The

individual genetic background certainly has a major impact

on the power of microarray studies to predict outcome.45 Pri-

mary tumours may therefore be useful to estimate prognosis
and susceptibility to systemic therapies; however, due to ge-

netic divergence of locally growing and systemically spread-

ing cancer cells, the predictive power for selection of

targeted therapies will inevitably be imperfect. What is

needed is an in-depth analysis of the individual disease, in

particular of the systemically spread cancer cells instead of

focussing on the local disease. We need to gather as much

information as possible on the target cells of systemically

administered therapies. This includes an understanding of

the cellular interactions between DTCs and the ectopic envi-

ronment, the mechanisms inducing, maintaining and break-

ing cellular dormancy, and, of immediate importance, the

presence or absence of molecular therapy targets. This infor-

mation at hand, minimal residual cancer may eventually turn

out to be the Achilles’ heel of the disease and successful tar-

geting may enable the prevention of lethal metastasis.46
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