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REVIEW

Bone marrow as areservoir for disseminated tumor
cells: a special source for liquid biopsy in cancer
patients
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Besides circulating tumor cells, disseminated tumor cells (DTCs) in bone marrow (BM) might be used as a ‘liquid biopsy’
to obtain information helpful to steer therapies in individual patients. Moreover, the molecular characterization of DTCs
may provide important insight into the biology of cancer metastasis. BM is a frequent site of metastasis in breast,
prostate and lung cancer, and it might represent a sanctuary site for DTCs derived from various additional types of
epithelial tumors. Highly sensitive and specificimmunocytological and molecular methods enable the detection of DTCs
in BM of cancer patients at the single-cell level years before the occurrence of metastases. This information might be
useful to assess individual prognosis and stratify patients at risk to systemic adjuvant anti-cancer therapies. Although
most data on the prognostic value of DTCs are available for breast cancer, several single institution studies including
patients with colon, lung, prostate, esophageal, gastric, pancreatic, ovarian and head and neck carcinomas have also
documented an association between the presence of DTCs at primary surgery and subsequent metastatic relapse. Most
DTCs are in a dormant (that is, non-proliferative) stage, frequently express HER2 and display a cancer stem cell and
immune escape phenotype. Here, we summarize the current knowledge about specific biological properties of DTCs in
BM, and discuss the clinical relevance of DTC detection in cancer patients with regard to an improved individualized
therapeutic management. This will stimulate further technical developments that may make BM sampling more
acceptable for the clinical management of patients with solid tumors.
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Introduction

Early spread of tumor cells is usually undetected even by high-
resolution imaging technologies, preventing potentially effec-
tive early intervention. However, sensitive immunocytochemical
and molecular assays now enable the specific detection of
‘occult’ metastatic tumor cells even at the single-cell stage.’?
These technologies provide the potential to track systemic
tumor cell dissemination in the blood and homing to the bone
marrow (BM) as one of the first crucial steps in the metastatic
cascade.’®*

Various clinical studies have provided evidence for an
association between the presence of disseminated tumor cells
(DTCs) detected in BM at the time of initial tumor resection
and post-operative metastatic relapse in patients with cancers
of the breast,” prostate,® lung,® colon” and other epithelial

organs.8'9 This work paved the way for the introduction of
circulating tumor cells (CTCs) and DTCs in international tumor
staging systems.'® Over the past years, several reviews have
focused on CTCs.""~"® In this review, we will therefore focus on
the biology and clinical relevance of DTCs in the BM.

Molecular Determinants of Metastatic Spread to BM

Cytokeratins are currently the standard markers for detection of
epithelial tumor cells in mesenchymal organs such BM, blood or
lymph nodes.?'* Hematopoietic cells and BM stroma cells can
be a source of false-positive findings, but it appears that most
cytokeratin-positive cells in BM and blood samples are of
epithelial origin, as indicated by the analysis of large cohorts of
non-cancer control patients.'® The most important question,
whether these cytokeratin-positive cells are indeed tumor cells,
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was answered using whole genome amplification and com-
parative genomic hybridization of single DTCs.'® Most cyto-
keratin-positive cells show genetic changes, clearly indicating
that the cells are tumor cells.* 1718

However, DTCs in patients with breast cancer and other solid
tumors (for example, esophageal cancer) did not usually
contain the same genetic changes as the primary tumor,*17:18
suggesting that DTCs that disseminate early from their primary
tumor may undergo a parallel genetic progression independent
from the primary tumor.’® However, this parallel progression
theory is based on the genomic analyses of CTCs and primary
tumors using low-resolution technologies and small sample
sizes (that is, small pieces of the primary tumor and few DTCs
out of millions present in the BM). Thus, it cannot be excluded
that a small metastatic subclone might already exist in the
primary tumor and further genomic aberrations are not required
for metastatic colonization, which would explain the failure to
identify metastasis-specific mutations.'® Consistent with this
view loss of heterozygosity analyses of specific genomic
regions showed that genetic aberrations of CTC in early-stage
prostate cancer patients are identical to those in distinct, even
small, areas of the primary tumor.?® A similar finding was
recently observed in colorectal and prostate cancer patients
using next-generation sequencing; most CTC mutations were
also revealed in small subclones of the corresponding primary
tumors and metastases.?'?2 Thus, the parallel progression
theory needs to be revisited in future studies using new
technologies to capture larger amounts of DTCs and state-of-
the-art sequencing technologies for genomic analyses.?®

The Role of the BM in Clinical Cancer Dormancy

The dormancy issue is fascinating, studied mainly in breast
cancer where the evidence lies for dormant DTCs heralding
disease relapse decades later. Thus far, it is unclear how this
concept may relate to more aggressive cancer types such as
pancreatic cancers.?* Is this biology not appreciated because
of the late detection of fast moving diseases? Is parallel
progression and dormancy relevant here but simply unex-
plored, or is linear progression with showers of invasive cells
leaving the primary more likely?

Further molecular and functional analyses of DTCs may help
to unravel the puzzling phenomenon of ‘cancer dormancy’ (that
is, latency period between resection of the primary tumor and
metastatic relapse, which can take >10 years in breast
cancer).?>?® This latency period referred to as ‘cancer dor-
mancy’ is characterized by the presence of minimal residual
disease over many years before overt metastases may
eventually arise. It cannot be even excluded that many ‘cured’
cancer patients may harbor dormant tumor cells.?”

Cancer dormancy may represent a steady state char-
acterized either by DTCs that are unable to proliferate (for
example, important growth factors are not provided by the
microenvironment) or by a balance between cell proliferation
and death of DTCs. This state might be disturbed by both
changes in the DTCs (for example, additional mutations or
epigenetic modifications in genes controlling cell proliferation
and apoptosis) and the surrounding microenvironment (for
example, release of growth factors, angiogenic factors and
cytokines).?”?® The BM microenvironment has features
important for the maintenance of tumor dormancy of DTC such

as the balance between osteoblast and osteoclast activity,?-3°

homing of DTCs in the hematopoietic stem cell niche®' and
immunological T-cell memory.®> However, the role of the
immune system as a potentially important host component
for controlling metastatic progression is still under debate.
Certain subsets of macrophages can even support metastatic
spread by facilitating angiogenesis and extracellular matrix
breakdown and remodeling.®® An in-depth discussion of the
influence of the microenvironment is beyond the scope of this
article and we refer to the recent review from Hanahan and
Coussens.®*

Although the ability to induce angiogenesis is thought to be
important for the escape from cancer dormancy and the
subsequent formation of metastases,?’ the information on the
expression of angiogenic factors in DTCs is sparse. Mature
blood vessels produce signals that sustain tumor cell quies-
cence, whereas sprouting microvasculature provides stimuli
that reactivate DTCs, leading to metastatic relapse.®® Besides
angiogenesis, other micro-environmental processes may also
influence the dormant state of DTCs and micrometastases. For
example, in prostate cancer, GAS6 receptor status is asso-
ciated with dormancy and bone metastatic tumor formation.®

Moreover, during inflammation and wound healing a plethora
of cytokines is being released, and some of these factors can
induce the migration and growth of epithelial tumor cells.?’
Thus, it cannot be excluded that accidental bone fractures in
cancer patients with minimal residual disease might affect the
escape from dormancy.

It is still unclear whether the BM is only one of the many
homing sites of cancer cells or represents a special reservoir. A
recent experimental study indicated that dormant DTCs within
the BM are highly malignant upon injection into the mammary fat
pad, with the accelerated development of metastatic lesions
within the lung, liver and kidney. These data suggest that
disseminated breast cancer cells might acquire a highly
malignant and aggressive metastatic phenotype during
metastatic latency in the bone or, even more likely, that the
change in the microenvironment might induce a proliferative
switch in DTCs.*’

Search for Metastasis Initiating-Cells

The cancer stem cell concept has received great attention over
the past decade, but the hierarchical model is currently being
controversially discussed®® ‘Stemness’ or the ability to initiate
tumor growth at the primary or distant site might be rather a
state of tumor cells than the characteristic of a fixed population
of ‘stem cells’.

With regard to metastasis, it is assumed that cancer cells with
stem cell-like phenotype can disseminate from the primary
tumor to distant sites.?” Furthermore, primary tumor stem cells
show an expression profile associated with metastatic relapse
in breast cancer patients.>® Moreover, expression of the breast
stem cell marker aldehyde dehydrogenase 1 (ALDH1) was
associated with poor clinical outcome and only ALDH1-positive
cells were able to form metastasis in mice.*° Previously, it has
been shown that cancer stem cells may have a particular
capacity to undergo an epithelial-to-mesenchymal transition
(EMT),*' which increases their mobility and invasiveness and
allows them to survive their stressful passage through the blood
stream to distant organs.
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There is also some evidence that the founder cells of overt
metastases (that is, ‘metastatic stem cells’) might be among the
DTCs detected by the current methods in cancer patients®’:
(i) the presence of DTCs in BM is significantly correlated to
metastatic relapse; (i) most CTCs are non-proliferatingthat is,
Ki-67 negative) and resistant to chemotherapy, as postulated
for cancer stem cells; and (iii) subsets of DTCs have a breast
cancer stem cell phenotype (for example, CD44+CD24 ="'V,
CK19"MUC1 ~, EpCAM *). Moreover, we have generated cell
lines from DTC of patients with non-metastatic cancer (breast,
prostate and lung carcinomas) and recent proteomic analyses
showed that these cell lines express cancer stem cell (CD44"9",
CD24"°%) and EMT (cytokeratin'¥, EpCAM"", vimentin™9")
phenotypes with the expression of stress proteins that allow
DTCs to survive hypoxia and chemotherapy.*? Interestingly,
DTCs seem to lodge in the hematopoietic stem cell niches,>
which are located in the most hypoxic areas of the BM.
Thus, these cell lines might serve as interesting models for the
in-depth investigation of DTCs.

Moreover, a transcriptome analysis of osteotropic breast
tumor cells found in BM has revealed an osteoblast-like
phenotype: these tumor cells underwent an osteomimetism in
the bone by expressing a pool of genes normally expressed by
osteoclasts or osteoblasts.*® We can speculate that such an
adaptation may take place each time a CTC reaches a new
niche. It is, therefore, conceivable that DTC may acquire an
‘organ-mimetic phenotype’.

The reversal of EMT designated ‘mesenchymal-epithelial
transition (MET)’ has a crucial role for the ability of DTCs to
establish solid (micro-)metastasis. The exact mechanisms and
interplay of EMT and MET are only partially understood.*'
However, it is now increasingly accepted that tumor cells with
the highest epithelial-mesenchymal plasticity are probably the
founder cells of metastases in distant organs including the
bone.

Relation Between CTCs in Blood and DTCs in BM

Numerous investigations have provided evidence that CTCs are
a promising prognostic marker in breast cancer** and other
tumor types.*® However, it is still unclear whether they provide
complementary or redundant clinical information as DTCs. To
the best of our knowledge, comparative analyses of CTCs and
DTCs have been performed in only a limited number of
studies.*®

In breast cancer, the yield of CTCs was estimated to be lower
than that of DTCs,*’ but this depends on the techniques used
for CTC/DTC detection. CTCs and DTCs are detected in
individual patients at the same time with variable concordance
rates. Differences observed in some studies might be explained
to some extent by the different technologies used to detect
CTCs and DTCs. Interestingly, higher overall discordance of
CTC and DTC counts was found in patients after rather than
before adjuvant therapy,*® which suggests differential sensi-
tivity of DTCs and CTCs to chemotherapy. In this context, it
might be noteworthy that DTCs may express a set of stress
response proteins that may help them to survive
chemotherapy.*?

Controversy also remains regarding the clinical relevance of
CTCs versus DTCs. Some authors showed superior perfor-
mance of DTCs in predicting overall survival in both non-
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metastatic and metastatic breast cancer patients.*”*° In

contrast, others reported that CTCs predict overall survival in
metastatic patients, whereas DTCs do not.*® CTCs and DTCs
have identical impact on overall survival of non-metastatic and
metastatic patients, but disease-free survival is predicted only
by DTCs. Simultaneous detection of CTCs and DTCs was
shown to be associated with an especially poor prognosis and
increased incidence of disease-related deaths in non-meta-
static breast cancer patients.*®

Of note, it has recently been reported that counts of dis-
seminating tumor cells vary not only between BM and per-
ipheral blood but probably depend also on the vascular
compartment from which blood is being collected.®” Sub-
stantially higher numbers of CTCs were counted in central veins
thanin peripheral veins. It might be speculated that the numbers
of DTCs/CTCs might be site specific because the microvascular
system of different organs might have a variable potency for
filtering CTCs/DTCs.

In principle, CTCs might provide information on metastatic
cells derived from various distant sites, whereas the DTCs
reflect only the situation in the BM. However, the BM is a
reservoir for tumor cells and DTCs might reflect the ‘history’ of
tumor cell dissemination over an extended period of time,
whereas CTCs represent only a snapshot of tumor cell
dissemination.

Clinical Relevance of DTCs in Breast Cancer

Numerous studies have been published investigating the
presence and clinical relevance of DTCs in BM of breast cancer
patients. A pooled analysis consisting of 4703 breast cancer
patients showed that the presence of DTCs in the BM was not
only predictive of the development of skeletal metastases but
was also predictive for the development of metastases in other
organs.! More recently, similar data were obtained by a large
single-center cohort study (n=1378 patients) with long-term
observation time (median 82 months).%?

Besides their presence at primary diagnosis and surgery,
DTCs have been described to survive chemotherapy and
hormonal therapy, and they can persist in BM over many years
post surgery.27 This persistence is also linked to an increased
risk of late-metastatic relapse. For example, in high-risk breast
cancer patients (>3 involved axillary lymph nodes or extensive
invasion of cutaneous lymph vessels), the presence of tumor
cells after therapy was associated with an extremely poor
prognosis.

Besides CTCs, DTCs in the BM might be used as a liquid
biopsy to obtain information helpful to steer therapies in
individual patients. As most DTCs are in a non-cycling state,
chemotherapy might have rather limited effects on these cancer
cells.?” Thus, the use of targeted therapies in addition to
chemotherapy and radiotherapy has started a new erain clinical
oncology.®®

The HER2 proto-oncogene is currently the most predominant
biological target for systemic therapy. Several groups reported
a striking discrepancy between the detection of HER2-positive
DTCs and the HER2 score of the corresponding primary
tumor,®*%® suggesting that a small subclone of HER2-over-
expressing cancer cells easily missed by routine primary tumor
analysis may have the potential to disseminate. The detection of
HER2-positive DTCs was correlated to an unfavorable clinical
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outcome in breast and esophageal cancer.'’®* Thus, the
assessment of the HER2 status on DTCs might add important
information for the clinical management of cancer patients.

The assessment of other therapeutic targets, in particular
those involved in the complex interactions between DTCs and
the bone microenvironment (for example, RANK), might also be
important for the design of future clinical trials.?®

DTCs can be used as a monitoring tool for adjuvant therapy in
patients with primary cancer.?” For example, a majority of
initially DTC-positive primary breast cancer patients turned
negative during adjuvant treatment. As DTC-persistence
predicted an adverse outcome, serial DTC determination can
identify patients that will probably benefit from additional or a
switch of adjuvant therapy.

Presence of DTCs before primary systemic therapy was
found in a significant number of patients with localized
advanced breast cancer.>® DTCs were found to be a significant
prognostic factor for cancer-related death and could be an
additional surrogate predictor of response to primary systemic
therapy.

Clinical Relevance of DTCs in Colorectal Cancer

In colorectal cancer, a positive association between DTCs in BM
and an increased recurrence rate and reduced overall survival
has been so far reported.®® In contrast, reports on smaller
patient cohorts could not detect any association between
prognostic factors and the presence of DTCs, and the largest
study, including 275 patients and 206 non-cancer control
patients, presented no clinical follow up.®° Using reverse
transcriptase-PCR (RT-PCR) analysis with cytokeratin 20
(CK20) mRNA as marker transcript, two groups reported no
association to survival, whereas four groups found an asso-
ciation between the presence of CK20 transcripts and worse
overall survival.’® However, both negative reports were per-
formed on metastatic patients only. A more recent study
analyzed 75 colorectal cancer patients treated with radical
resection using a nested RT-PCR for carcinoembryonic antigen
and survivin. They found that CTCs and/or DTCs were inde-
pendent unfavorable prognostic factors apart from lymph
metastasis and adjuvant chemotherapy.®’

Clinical Relevance of DTCs in Lung Cancer

In non-small cell lung carcinomas, several immunocyto-
chemical studies investigated the prognostic relevance of DTCs
using the monoclonal antibody CK2 against CK18 or different
pan-cytokeratin antibodies.®® The rate of CKP°® cells in the
different studies ranged between 22 and 60%. Interestingly, a
higher frequency of DTCs was found in BM aspirations from the
rib of lung cancer patients® when compared with those taken
from the iliac crest. Irrespective of the localization of the BM
puncture, several studies have shown a correlation between
DTCs in BM and worse clinical outcome.®® However, the largest
study conducted so far on 296 patients could not find a sig-
nificant association between DTCs and clinical outcome.®?

Using RT-PCR-based assays, the follow-up database is small
thus far. Analyzing a small cohort of 50 patients free of overt
distant metastases, the presence of MAGE-A was associated
with poor prognosis.®®

Clinical Relevance of DTCs in Prostate Cancer

In prostate cancer, BM is the most prominent metastatic site,
and several research groups have focused on the detection of
DTCs in this organ over the past 10 years. However, most of the
studies included a relatively small number of patients and/or
follow-up information, and data about the influence of hormonal
treatment on prognosis are sparse or lacking. Using immu-
nocytochemistry, DTC detection rates ranged between 10 and
90% and some evidence for a correlation of DTCs to clinically
establishedrisk factors such as histological differentiation of the
primary tumor was found.%® Although a DTC-positive BM status
was associated with grading and increased risk of metastasis, a
previous study on 266 patients did not find a correlation of DTC
detection and survival.®* In contrast, a significant prognostic
relevance of DTCs in BM was found in 86/193 (44.6%) patients
with clinically localized prostate cancer submitted to neoad-
juvant hormonal therapy followed by radical prostatectomy.®®
Recently, DTCs detected in non-metastatic prostate cancer
patients before the onset of therapy were significantly asso-
ciated with clinical outcome.®®

There are also studies that used RT-PCR for DTC detection,
mostly amplifying prostate specific antigen (PSA)- or MAGE-
specific cDNAs as markers with strongly varying detection
rates.’® DTC detection correlated to PSA serum levels and
some evidence for the prognostic relevance of these findings
has been reported.

In conclusion, there is some evidence that the detection of
DTCs in the BM of prostate cancer patients might represent a
prognostic parameter, but larger multi-center studies followed
by nomogram testing against the established risk parameters
are required to introduce DTC detection into the future clinical
management of prostate cancer patients.

Here, we have focused on the main types of solid tumors (that
is, breast, colorectal, non-small lung and prostate carcinomas).
However, it should be mentioned that additional studies have
been performed in patients with other epithelial tumor entities,
such as gastric cancer,®” esophageal cancer,®%® pancreatic
cancer,® gynecological cancers®®7° and head and neck
carcinomas.””

Conclusions

Figure 1 summarizes the technical, biological and clinical
aspects of DTC detection. DTCs can be found in the BM of
patients from various epithelial tumors, including breast,
prostate, lung and colon cancer. Although DTCs may be also
present in other organs at the same time, it can be envisaged
that BM might serve as a reservoir of DTCs from where they may
re-circulate into other distant organs such as liver or lungs
where better growth conditions may exist. Thus, BM aspiration,
a routine diagnostic procedure in patients with leukemia, may
be used as a liquid biopsy in patients with solid tumors. At
present, the analysis of peripheral blood is considered a liquid
biopsy. However, the additional analysis of the BM may provide
complementary clinical information. The invasive procedure
might be improved by future technical developments that may
allow a gentler BM sampling.

The observed correlation between DTCs in the BM and local
relapse in breast cancer’? suggests that these cells might even
circulate back to the primary tumor site. This hypothesis is
supported by recent experimental findings in a mouse model,
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Technologies for Detection and Characterization of DTCs:

- Enrichment: Ficoll + magnetic beads
- ldentification: ICC/ RT-PCR /EPISPOT /Flow cytometry
- Characterization: FISH/CGH/Next-Gen Sequencing

Biological Functions of DTCs:

- Homing and extravasation to the BM

- Survival in hypoxic conditions

- Interactions with the BM environment
(e.g., hematopoietic stem cell niche)

- Induction and escape from dormancy

- Induction of relapse in BM and other organs -
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Characteristics of DTCs:

- Non proliferative (Ki67-) and dormant

- Stem cell like phenotype (e.g., CD44"9" CD24"°")
- Immune escape phenotype (MHC class | loss)

- High frequency of Her2 expression

Potential Clinical Relevance of DTCs :

Prognostic information

- Monitoring of therapies (e.g., chemotherapy/antibody therapy)
- ldentification of therapeutic targets and resistance mechanisms
- Stratification of individual patients for specific therapy

Figure 1.

Detection, biology and clinical relevance of disseminated tumor cells (DTCs) in BM. The figure summarizes (i) the current technologies for detection and

characterization of DTCs, (ii) the characteristics of DTCs, (iii) the biological functions of DTCs and (iv) the potential clinical relevance of DTCs. The scheme indicates that tumor cells
can be exchanged between the bone marrow and blood. Tumor cells in the blood are denoted CTCs. BM, bone marrow; CGH, comparative genomic hybridization; FISH, fluorescent
in situ hybridization; 1CC, immunocytochemistry; MHC, major histocompatibility class; RT-PCR, reverse transcriptase-PCR.

demonstrating that breast cancer cells can circulate back from
distant site for example, BM) to the primary site and contribute
to primary tumor growth.73 If BM is a particular sanctuary site for
DTCs, drugs targeting the BM-tumor interaction (for example,
biphosphonates or antibodies to the RANK ligand) may be
efficient to prevent metastatic or even local relapse. In this
context, it has been shown that treatment with biphosphonates
in breast cancer patients reduced the DTC counts in BM.”*

Whether DTCs use the BM environment as a niche to persist
in a dormant state over many years before they disseminate into
other organs is subject of current investigations. To understand
this stage of hibernation and the conditions enabling DTCs to
reactivate growth as well as to identify the founder cells of overt
metastases (‘metastases initiator cells’) are some of the most
important and challenging areas of research.

Conflict of Interest

The authors declare no conflict of interest.

Acknowledgements

We apologize for all the excellent work that we did not cite in this
review. KP is supported by European Research Council
Investigator Grant ‘DISSECT’ (no. 269081); CA-P is supported
by Grant ‘INCa-DGOS-Inserm 6045’ and other national INCa
Grants; KP and CA-P are both supported by the ERA-NET
TRANSCAN Grant ‘CTC-SCAN’.

References

1. Braun S, Vogl FD, Naume B, Janni W, Osborne MP, Coombes RC et al. A pooled analysis of
bone marrow micrometastasis in breast cancer. N Engl J Med 2005;353:793-802.

BoneKEy Reports | NOVEMBER 2014

N

w

~

o

o

-

<)

©

. Parkinson DR, Dracopoli N, Gumbs Petty B, Compton C, Cristofanilli M, Deisseroth A et al.

Considerations in the development of circulating tumor cell technology for clinical use. J Trans/
Med 2012;10:138.

. Cristofanilli M, Budd GT, Ellis MJ, Stopeck A, Matera J, Miller MC et al. Circulating tumor cells,

disease progression, and survival in metastatic breast cancer. N Engl J Med 2004;351:
781-791.

. Husemann'Y, Geigl JB, Schubert F, Musiani P, Meyer M, Burghart E et al. Systemic spread is

an early step in breast cancer. Cancer Cell 2008;13:58-68.

. Kollermann J, Heseding B, Helpap B, Kollermann MW, Pantel K. Comparative immuno-

cytochemical assessment of isolated carcinoma cells in lymph nodes and bone marrow of
patients with clinically localized prostate cancer. Int J Cancer 1999;84:145-149.

. Pantel K, Izbicki J, Passlick B, Angstwurm M, Haussinger K, Thetter O et al. Frequency and

prognostic significance of isolated tumour cells in bone marrow of patients with non-small-cell
lung cancer without overt metastases. Lancet 1996;347:649-653.

. Lindemann F, Schlimok G, Dirschedl P, Witte J, Riethmuller G. Prognostic significance of micro-

metastatic tumour cells in bone marrow of colorectal cancer patients. Lancet 1992;340:685-689.

. Effenberger KE, Schroeder C, Eulenburg C, Reeh M, Tachezy M, Riethdorf S et al. Dis-

seminated tumor cells in pancreatic cancer-an independent prognosticator of disease
progression and survival. Int J Cancer 2012;131:E475-E483.

. Vashist YK, Effenberger KE, Vettorazzi E, Riethdorf S, Yekebas EF, Izbicki JR et al.

Disseminated tumor cells in bone marrow and the natural course of resected esophageal
cancer. Ann Surg 2012;255:1105-1112.

. American Joint Committee on Cancer. Breast. In: Edge S, Byrd DR, Compton CC, Fritz AG,

Greene FL, Trotti A (eds). AJCC Cancer Staging Manual, 7th edn. New York: Springer, 2010:
347-376.

. Krebs MG, Metcalf RL, Carter L, Brady G, Blackhall FH, Dive C. Molecular analysis of circulating

tumour cells-biology and biomarkers. Nat Rev Clin Oncol 2014;11:129-144.

. Lianidou ES. Circulating tumor cells-new challenges ahead. Clin Chem 2012;58:805-807.
. Pantel K, Alix-Panabieres C. Real-time liquid biopsy in cancer patients: fact or fiction? Cancer

Res 2013;73:6384-6388.

. Joosse SA, Hannemann J, Spotter J, Bauche A, Andreas A, Muller V et al. Changes in keratin

expression during metastatic progression of breast cancer: impact on the detection of cir-
culating tumor cells. Clin Cancer Res 2012;18:993-1003.

. Braun S, Pantel K, Muller P, Janni W, Hepp F, Kentenich CR et al. Cytokeratin-positive cells in

the bone marrow and survival of patients with stage |, II, or Ill breast cancer. N Engl J Med
2000;342:525-533.

. Pantel K, Brakenhoff RH, Brandt B. Detection, clinical relevance and specific biological

properties of disseminating tumour cells. Nat Rev Cancer 2008;8:329-340.

. Stoecklein NH, Hosch SB, Bezler M, Stern F, Hartmann CH, Vay C et al. Direct genetic analysis

of single disseminated cancer cells for prediction of outcome and therapy selection in
esophageal cancer. Cancer Cell 2008;13:441-453.



Disseminated tumor cells in bone marrow
K Pantel and C Alix-Panabieres

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44

45.

46.

47.

48.

. SchardtJA, Meyer M, Hartmann CH, Schubert F, Schmidt-Kittler O, Fuhrmann C et al. Genomic

analysis of single cytokeratin-positive cells from bone marrow reveals early mutational events in
breast cancer. Cancer Cell 2005;8:227-239.

. Vogelstein B, Kinzler KW. Cancer genes and the pathways they control. Nat Med 2004;10:

789-799.

. Schmidt H, DeAngelis G, Eltze E, Gockel |, Semjonow A, Brandt B. Asynchronous growth of

prostate cancer is reflected by circulating tumor cells delivered from distinct, even small foci,
harboring loss of heterozygosity of the PTEN gene. Cancer Res 2006;66:8959-8965.
Lohr JG, Adalsteinsson VA, Cibulskis K, Choudhury AD, Rosenberg M, Cruz-Gordillo P et al.
Whole-exome sequencing of circulating tumor cells provides a window into metastatic prostate
cancer. Nat Biotechnol 2014;32:479-484.

Heitzer E, Auer M, Gasch C, Pichler M, Ulz P, Hoffmann EM et al. Complex tumor genomes
inferred from single circulating tumor cells by array-CGH and next-generation sequencing.
Cancer Res 2013;73:2965-2975.

Moller EK, Kumar P, Voet T, Peterson A, Van Loo P, Mathiesen RR et al. Next-generation
sequencing of disseminated tumor cells. Front Oncol 2013;3:320.

Hidalgo M. Pancreatic cancer. N Engl J Med 2010;362:1605-1617.

Uhr JW, Pantel K. Controversies in clinical cancer dormancy. Proc Natl Acad Sci USA
2011;108:12396-12400.

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

Kang Y, Pantel K. Tumor cell dissemination: emerging biological insights from animal models
and cancer patients. Cancer Cell 2013;23:573-581.

Semesiuk NI, Zhylchuk A, Bezdenezhnykh N, Lykhova A, Vorontsova AL, Zhylchuk VE et al.
Disseminated tumor cells and enhanced level of some cytokines in bone marrow and peripheral
blood of breast cancer patients as predictive factors of tumor progression. Exp Oncol
2013;35:295-302.

Lu X, MuE, WeiY, Riethdorf S, Yang Q, Yuan M et al. VCAM-1 promotes osteolytic expansion
of indolent bone micrometastasis of breast cancer by engaging alpha4beta1-positive osteoclast
progenitors. Cancer Cell 2011;20:701-714.

Ell B, Mercatali L, Ibrahim T, Campbell N, Schwarzenbach H, Pantel K et al. Tumor-induced
osteoclast miRNA changes as regulators and biomarkers of osteolytic bone metastasis. Cancer
Cell 2013;24:542-556.

Shiozawa Y, Pedersen EA, Havens AM, Jung Y, Mishra A, Joseph J et al. Human prostate
cancer metastases target the hematopoietic stem cell niche to establish footholds in mouse
bone marrow. J Clin Invest 2011;121:1298-1312.

Mahnke YD, Schwendemann J, Beckhove P, Schirrmacher V. Maintenance of long-term
tumour-specific T-cell memory by residual dormant tumour cells. Immunology 2005;115:
325-336.

Condeelis J, Pollard JW. Macrophages: obligate partners for tumor cell migration, invasion, and
metastasis. Cell 2006;124:263-266.

Hanahan D, Coussens LM. Accessories to the crime: functions of cells recruited to the tumor
microenvironment. Cancer Cell 2012;21:309-322.

Weis SM, Cheresh DA. A wake-up call for hibernating tumour cells. Nat Cell Biol 2013;15:
721-723.

Taichman RS, Patel LR, Bedenis R, Wang J, Weidner S, Schumann T et al. GAS6 receptor
status is associated with dormancy and bone metastatic tumor formation. PLoS ONE
2013;8:61873.

Marsden CG, Wright MJ, Carrier L, Moroz K, Rowan BG. Disseminated breast cancer cells
acquire a highly malignant and aggressive metastatic phenotype during metastatic latency in
the bone. PLoS ONE 2012;7:e47587.

Beck B, Blanpain C. Unravelling cancer stem cell potential. Nat Rev Cancer 2013;13:727-738.
Liu R, Wang X, Chen GY, Dalerba P, Gumney A, Hoey T et al. The prognostic role of a gene
signature from tumorigenic breast-cancer cells. N Engl J Med 2007;356:217-226.
Ginestier C, Hur MH, Charafe-Jauffret E, Monville F, Dutcher J, Brown M et al. ALDH1 is a
marker of normal and malignant human mammary stem cells and a predictor of poor clinical
outcome. Cell Stem Cell 2007;1:555-567.

Tam WL, Weinberg RA. The epigenetics of epithelial-mesenchymal plasticity in cancer. Nat
Med 2013;19:1438-1449.

Bartkowiak K, Effenberger KE, Harder S, Andreas A, Buck F, Peter-Katalinic J et al. Discovery
of a novel unfolded protein response phenotype of cancer stem/progenitor cells from the bone
marrow of breast cancer patients. J Proteome Res 2010;9:3158-3168.

Bellahcene A, Bachelier R, Detry C, Lidereau R, Clezardin P, Castronovo V. Transcriptome
analysis reveals an osteoblast-like phenotype for human osteotropic breast cancer cells. Breast
Cancer Res Treat 2007;101:135-148.

Zhang L, Riethdorf S, Wu G, Wang T, Yang K, Peng G et al. Meta-analysis of the prognostic
value of circulating tumor cells in breast cancer. Clin Cancer Res 2012;18:5701-5710.
Alix-Panabieres C, Pantel K. Circulating tumor cells: liquid biopsy of cancer. Clin Chem
2013;59:110-118.

Bednarz-Knoll N, Alix-Panabieres C, Pantel K. Clinical relevance and biology of circulating
tumor cells. Breast Cancer Res 2011;13:228.

Wiedswang G, Borgen E, Schirmer C, Karesen R, Kvalheim G, Nesland JM et al. Comparison of
the clinical significance of occult tumor cells in blood and bone marrow in breast cancer. Int J
Cancer 2006;118:2013-2019.

Daskalaki A, Agelaki S, Perraki M, Apostolaki S, Xenidis N, Stathopoulos E et al. Detection of
cytokeratin-19 mRNA-positive cells in the peripheral blood and bone marrow of patients with
operable breast cancer. Br J Cancer 2009;101:589-597.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Benoy IH, Elst H, Philips M, Wuyts H, Van Dam P, Scharpe S et al. Real-time RT-PCR detection
of disseminated tumour cells in bone marrow has superior prognostic significance in
comparison with circulating tumour cells in patients with breast cancer. Br J Cancer
2006;94:672-680.

Bidard FC, Vincent-Salomon A, Sigal-Zafrani B, Dieras V, Mathiot C, Mignot L et al. Prognosis
of women with stage IV breast cancer depends on detection of circulating tumor cells rather
than disseminated tumor cells. Ann Oncol 2008;19:496-500.

Peeters DJ, Van den Eynden GG, van Dam PJ, Prove A, Benoy IH, van Dam PA et al.
Circulating tumour cells in the central and the peripheral venous compartment in patients with
metastatic breast cancer. Br J Cancer 2011;104:1472-1477.

Domschke C, Diel IJ, Englert S, Kalteisen S, Mayer L, Rom J et al. Prognostic value of
disseminated tumor cells in the bone marrow of patients with operable primary breast cancer: a
long-term follow-up study. Ann Surg Oncol 2013;20:1865-1871.

Wan L, Pantel K, Kang Y. Tumor metastasis: moving new biological insights into the clinic. Nat
Med 2013;19:1450-1464.

Braun S, Schlimok G, Heumos |, Schaller G, Riethdorf L, Riethmuller G et al. ErbB2
overexpression on occult metastatic cells in bone marrow predicts poor clinical outcome of
stage I-Il breast cancer patients. Cancer Res 2001;61:1890-1895.

Krishnamurthy S, Bischoff F, Ann Mayer J, Wong K, Pham T, Kuerer H et al. Discordance in
HER2 gene amplification in circulating and disseminated tumor cells in patients with operable
breast cancer. Cancer Med 2013;2:226-233.

Siddappa CM, Watson MA, Pillai SG, Trinkaus K, Fleming T, Aft R. Detection of disseminated
tumor cells in the bone marrow of breast cancer patients using multiplex gene expression
measurements identifies new therapeutic targets in patients at high risk for the development of
metastatic disease. Breast Cancer Res Treat 2013;137:45-56.

Gruber |, Fehm T, Taran FA, Wallwiener M, Hahn M, Wallwiener D et al. Disseminated tumor
cells as a monitoring tool for adjuvant therapy in patients with primary breast cancer. Breast
Cancer Res Treat 2014;144:353-360.

Sola M, Margeli M, Castella E, Cirauqui B, Mariscal A, Rull M et al. Detection of disseminated
tumor cells in locally advanced breast cancer patients before primary systemic therapy. Breast
2013;22:908-913.

. Riethdorf S, Wikman H, Pantel K. Review: biological relevance of disseminated tumor cells in

cancer patients. Int J Cancer 2008;123:1991-2006.

Flatmark K, Bjornland K, Johannessen HO, Hegstad E, Rosales R, Harklau L et al.
Immunomagnetic detection of micrometastatic cells in bone marrow of colorectal cancer
patients. Clin Cancer Res 2002;8:444-449.

Wu P, Tang RN, Zou JH, Wang FC. The prognostic role of disseminated tumor cells detected in
peripheral blood and bone marrow of colorectal cancer. Hepatogastroenterology
2012;59:2164-2167.

Rud AK, Borgen E, Maelandsmo GM, Flatmark K, Le H, Josefsen D et al. Clinical significance
of disseminated tumour cells in non-small cell lung cancer. Br J Cancer 2013;109:
1264-1270.

Sienel W, Mecklenburg I, Dango S, Ehrhardt P, Kirschbaum A, Passlick B et al. Detection of
MAGE-A transcripts in bone marrow is an independent prognostic factor in operable non-small-
cell lung cancer. Clin Cancer Res 2007;13:3840-3847.

Berg A, Berner A, Lilleby W, Bruland OS, Fossa SD, Nesland JM et al. Impact of disseminated
tumor cells in bone marrow at diagnosis in patients with nonmetastatic prostate cancer treated
by definitive radiotherapy. Int J Cancer 2007;120:1603-1609.

Kollermann J, Weikert S, Schostak M, Kempkensteffen C, Kleinschmidt K, Rau T et al.
Prognostic significance of disseminated tumor cells in the bone marrow of prostate
cancer patients treated with neoadjuvant hormone treatment. J Clin Oncol 2008;26:
4928-4933.

Lilleby W, Stensvold A, Mills 1G, Nesland JM. Disseminated tumor cells and their prognostic
significance in nonmetastatic prostate cancer patients. Int J Cancer 2013;133:149-155.
Bubnovskaya L, Kovelskaya A, Gumenyuk L, Ganusevich |, Mamontova L, Mikhailenko V et al.
Disseminated tumor cells in bone marrow of gastric cancer patients: correlation with tumor
hypoxia and clinical relevance. J Oncol 2014;2014:582140.

Driemel C, Kremling H, Schumacher S, Will D, Wolters J, Lindenlauf N et al. Context-dependent
adaption of EpCAM expression in early systemic esophageal cancer. Oncogene
2014;33:4904-4915.

Romero-Laorden N, Olmos D, Fehm T, Garcia-Donas J, Diaz-Padilla I. Circulating and
disseminated tumor cells in ovarian cancer: a systematic review. Gynecol Oncol 2014;133:
632-639.

Walter CB, Taran FA, Wallwiener M, Rothmund R, Kraemer B, Krawczyk N et al. Prevalence
and prognostic value of disseminated tumor cells in primary endometrial, cervical and vulvar
cancer patients. Future Oncol 2014;10:41-48.

Grobe A, Blessmann M, Hanken H, Friedrich RE, Schon G, Wikner J et al. Prognostic relevance
of circulating tumor cells in blood and disseminated tumor cells in bone marrow of patients with
squamous cell carcinoma of the oral cavity. Clin Cancer Res 2014;20:425-433.

Bidard FC, Vincent-Salomon A, Gomme S, Nos C, de Rycke Y, Thiery JP et al. Disseminated
tumor cells of breast cancer patients: a strong prognostic factor for distant and local relapse.
Clin Cancer Res 2008;14:3306-3311.

Kim MY, Oskarsson T, Acharyya S, Nguyen DX, Zhang XH, Norton L et al. Tumor self-seeding
by circulating cancer cells. Cell 2009;139:1315-1326.

Aft R, Naughton M, Trinkaus K, Watson M, Ylagan L, Chavez-Macgregor M et al. Effect of
zoledronic acid on disseminated tumour cells in women with locally advanced breast cancer: an
open label, randomised, phase 2 trial. Lancet Oncol 2010;11:421-428.

NOVEMBER 2014 | www.nature.com/bonekey


http://www.nature.com/bonekey

	title_link
	Introduction
	Molecular Determinants of Metastatic Spread to BM
	The Role of the BM in Clinical Cancer Dormancy
	Search for Metastasis Initiating-Cells
	Relation Between CTCs in Blood and DTCs in BM
	Clinical Relevance of DTCs in Breast Cancer
	Clinical Relevance of DTCs in Colorectal Cancer
	Clinical Relevance of DTCs in Lung Cancer
	Clinical Relevance of DTCs in Prostate Cancer
	Conclusions
	A11
	A12
	ACKNOWLEDGEMENTS
	A13
	Figure™1.Detection, biology and clinical relevance of disseminated tumor cells (DTCs) in BM. The figure summarizes (i) the current technologies for detection and characterization of DTCs, (ii) the characteristics of DTCs, (iii) the biological functions of




