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Abstract

Introduction We evaluated whether CK19, one of the main
cytoskeleton proteins of epithelial cells, is released as full-length
protein from viable tumor cells and whether this property is
relevant for metastatic progression in breast cancer patients.

Methods EPISPOT (EPithelial ImmunoSPOT) assays were
performed to analyze the release of full-length CK19 by
carcinoma cells of various origins, and the sequence of CK19
was analyzed with mass spectrometry. Additional functional
experiments with cycloheximide, Brefeldin A, or vincristine were
done to analyze the biology of the CK19-release. CK19-
EPISPOT was used to detect disseminated tumor cells in bone
marrow (BM) of 45 breast cancer patients who were then
followed up over a median of 6 years.

Results CK19 was expressed and released by colorectal (HT-
29, HCT116, Caco-2) and breast (MCF-7, SKBR3, and MDA-
MB-231) cancer cell lines. The CK19-EPISPOT was more

sensitive than the CK19-ELISA. Dual fluorescent EPISPOT with
antibodies against different CK19 epitopes showed the release
of the full-length CK19, which was confirmed by mass
spectrometry. Functional experiments indicated that CK19
release was an active process and not simply the consequence
of cell death. CK19-releasing cells (RCs) were detectable in BM
of 44% to 70% of breast cancer patients. This incidence and
the number of CK19-RCs were correlated to the presence of
overt metastases, and patients with CK19-RCs had a reduced
survival as compared with patients without these cells (P =
0.025, log-rank test; P=0.0019, hazard ratio, 4.7; multivariate
analysis).

Conclusions Full-length CK19 is released by viable epithelial
tumor cells, and CK19-RCs might constitute a biologically
active subset of breast cancer cells with high metastatic
properties.

Introduction

Cytokeratins (CKs) constitute the largest intermediate filament
protein subgroup and represent a multigene family with more
than 20 different types of polypeptides that are divided into
acidic type | (CK9-CK20) and basic type Il (CK1-CK8) kerat-
ins [1]. Cells of normal epithelium express at least one type |

and one type Il keratin. CKs form the cytoskeleton of epithelial
cells, and their main function is to maintain the epithelial cell
integrity. However, other functions include roles in cell signal-
ing, stress responses, and apoptosis [2]. CKs undergo a com-
plex regulation involving post-translational modifications and
interactions with self and with various classes of associated

BM: bone marrow; CK: cytokeratin; DTCs: disseminated tumor cells; EPISPOT: epithelial imnmunospot; FC: flow cytometry; FCS: fetal calf serum;
ICC: immunocytochemistry; mAb: monoclonal antibody; RCs: releasing cells; WB: Western blot.
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proteins [2]. During apoptosis, epithelial cells are targets of
caspase-mediated proteolysis [3]. CK19, one of the three
main keratins besides CK8 and CK18 expressed in simple or
stratified epithelium and in various carcinomas including
breast cancer [4], is cleaved by caspase 3, and the soluble
fragments are released and detected in cancer patients [5]. In
contrast, the release of intact, nondegraded CK molecules has
not yet been demonstrated.

Bone marrow (BM) is the common homing site for dissemi-
nated tumor cells (DTCs) in patients with epithelial tumors and
the predominant site of overt metastasis in breast cancer [6].
However, the survival analysis of large cohorts of breast can-
cer patients [7] and further immunophenotyping of DTCs has
indicated that only a subset of DTCs might be relevant for met-
astatic relapse [6]. Thus, the characterization of the biologic
properties of DTCs is of utmost importance. Interestingly,
CK19 expression is the most common single marker used for
the RT-PCR-based detection of DTCs in the BM of breast can-
cer patients, and the detection of DTCs expressing this partic-
ular cytokeratin is correlated to an unfavorable prognosis
because of metastatic relapse [6]. It can therefore be specu-
lated that CK19 not only is a marker for epithelial tumor cells
but also may have some biologically relevant functions in early
metastatic spread. In view of the recent hypothesis on the role
of cancer stem cells in metastatic spread [6], it also is interest-
ing that CK19 has been suggested as a potential breast stem/
progenitor cell marker [8-10]. Thus, it can be speculated that
CK19-positive tumor cells might be an important subset of
breast cancer cells.

The present investigation is an extension of our initial work
[11], including now as novel findings (a) the proof that full-
length CK19 is released by cancer cells, (b) detailed clinical
data on the cancer patients, and (c) most important, clinical
follow-up information including multivariate analysis. Our data
suggest that the presence of CK19-releasing tumor cells in
BM of breast cancer patients is linked to metastatic progres-
sion. This discovery may contribute to a better understanding
of the heterogeneous biologic potential of DTCs in breast can-
cer patients.

Materials and methods
Cell lines

Colorectal (HT-29-ATCC: HTB-38; CaCo-2-ATCC: HTB-37;
HCT116-ATCC: CCL-247) and mammary (MCF-7-ATCC:
HTB-22; SKBR3-ATCC: HTB-30; MDA-MB-231-ATCC: TB-
26) adenocarcinoma cell lines were used for the optimization
of the CK19-EPISPOT. Head and neck squamous cancer cell
lines (SCC-14C/SCC-22A) were kindly provided by Prof.
Brakenhoff (Department Otolaryngology, Amsterdam, The
Netherlands). ML-1 and C643 thyroid cancer cell lines were
kindly provided by Dr. Grimm (Department of Nuclear Medi-
cine, Regensburg University, Germany) and Dr. Heldin

Page 2 of 10

(page number not for citation purposes)

(Department of Genetics and Pathology, Uppsala University
Hospital, Uppsala, Sweden), respectively.

HT-29 and HCT 116 cells were maintained in McCoy's 5A
medium (Invitrogen, Leiden, The Netherlands); CaCo-2 and
C643 cells, in minimal essential medium (Eurobio); and MCF-
7, SKBR3, MDA-MB-231, ML-1, SCC-14C, and SCC-22A
cells, in Dulbecco's modified Eagle's medium (DMEM; Bio-
chrom KG, Berlin, Germany). These media were supple-
mented with 1% L-glutamine (GlutaMax; Life Technologies,
Paisley, Scotland), 10% fetal calf serum (FCS; Life Technolo-
gies), 500 U/ml penicillin and 500 pg/ml streptomycin (Life
Technologies).

Patients and healthy controls

As shown in Table 1, 45 breast cancer patients (median age,
49 years; range, 31-66 years) at different stages (20 stage IV
patients with overt metastases and 25 patients with apparently
localized disease: stage |, one patient; stage lll, 19 patients;
inflammatory cancer, 5 patients) were included at the Val
d'Aurelle Centre (Montpellier), as well as 11 patients with a
lymphoma as the negative control group. All breast cancer
patients included in this study (from 1996 through 1998) were
participating in a therapeutic trial with the agreement of the
local bioethics committee, and BM aspirates were taken at the
time of diagnosis of their breast cancer. Concerning the con-
trol group, the BM aspirates were taken for the diagnosis of
their lymphoma. Written informed consent was obtained from
all patients. All 25 breast cancer patients with apparently local-
ized disease were included after surgery but before any sys-
temic treatment (e.g., radiotherapy/chemotherapy). BM
aspiration in the 20 patients with metastatic cancer was per-
formed before and after initiation of systemic therapy (9 and
11 patients, respectively).

Preparation of BM

BM was aspirated from the upper iliac crest, and mononuclear
cells were isolated with Ficoll-density centrifugation, as
described previously [12]. Cells derived from BM samples
were then cryopreserved in liquid nitrogen before the CK19-
EPISPOT.

CYFR 21-1 measurement

CYFRA 21-1 was measured with the CYFRA 21-1 immuno-
metric assay (B.R.A.H.M.S., Hennigsdorf, Germany) in culture
supernatants (Tables 2 and 3).

EPISPOT assays

The EPISPOT was performed as previously described [13].
For the CK19-EPISPOT, the anti-CK19 Ks19.1 (6 ug/ml) and
the Alexa488-conjugated anti-CK19 Ks19.2 (3 ug/ml) mAbs
(Progen Biotechnik GMBH, Heidelberg, PA) and/or and the
Alexa555-conjugated anti-CK19 mAb AE1 (8 ug/ml) (Chemi-
con International, Temecula, CA) were used.



Table 1

Patient characteristics

Variable Patients (n = 45)
Number (%)

Age

<50 years 25 (55.6)

>50 years 20 (44.4)
Tumor status

PT 9 (20)

PT, 19 (42.2)

pT, 5(11.1)

pT, 11 (24.5)

pT, 1(2.2)
Lymph node status

pN, 4 (8.9)

pN; 41 (91.1)
Metastasis

M, 20 (44.4)

M, 25 (55.6)
Grade

1 2 (4.4)

2 17 (37.8)

3 23 (51.1)

Unknown 3(6.7)
Estrogen-receptor and progesterone status

ER+ 25 (56.8)

ER 19 (43.2)

PR+ 21 (47.7)

PR 23 (52.3)

For the dual-fluorescent CK19/MUC1-EPISPOT, a mixture of
anti-CK19 mAb Ks19.1 and anti-MUC1 mAb 115D8 (5 ug/ml)
(Centocor, Malvern, PA) with a mixture of Alexa488-conjugated
anti-CK19 mAb Ks19.2 and Alexa5%%-conjugated anti-MUCH1
mAb DF3 (1:3,000) (Centocor) were used.

CK19-EPISPOT with Brefeldin A was performed to study the
CK19 intracellular transport. Brefeldin A (3 ug/ml) was added
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in the culture medium of MCF-7 cells during the 24-hour cell-
incubation step of the EPISPOT.

Flow-cytometry experiments

The expression of CK19 in cancer cell lines (HT-29, HCT-1186,
CaCo?2, MCF-7, SKBR3, MDA-MB-231, SSC-14C, SSC-
22A, ML1, and C643) was determined with flow cytometry
(FC 500 apparatus; Beckman-Coulter, Villepinte, France)
(Table 2). Intracytoplasmic CK19 staining was performed by
using the Alexa88- or Alexa555-conjugated anti-human CK19-
Ks19.2 mAb (Progen Biotechnik), and the IntraPrep permea-
bilization reagent kit (Beckman-Coulter).

Immunocytochemistry

Cell lines were immunostained with Alexa488-conjugated anti-
CK19 mAb, as described earlier for the flow cytometry (Table
2). Then cells were seeded on glass slides, which were
mounted in ProLong Gold antifade reagent with DAPI (Invitro-
gen) and analyzed (Axio Imager M1, Carl Zeiss Vision, Halber-
moos, Germany).

MCF-7 cells were incubated with vincristine, 20 pmol/l
(Sigma-Aldrich, Steinheim, Germany), an inducer of apopto-
sis, and immunostained by using the M30 CytoDEATH Fluo-
rescein (Peviva, Bromma, Sweden) and the Alexa®55-
conjugated anti-CK19 mAb Ks19.2.

A dual immunostaining was performed on MCF-7 cells by
using the Alexa*88-conjugated anti-CK19 mAb Ks19.2 and the
Alexa5%%-conjugated anti-MUC1 mAb DF3. Nuclear counter-
staining was performed with DAPI.

Western blot

To detect the expression of CK19 protein in the cell lines
(MCF-7,SSC-14C, SSC-12A, and C643; Table 2), cells were
lysed in Triton-DOC lysis buffer. After centrifugation, superna-
tants were collected and analyzed with Western blotting. Sam-
ples were mixed with an equal volume of 2 x Laemmli buffer,
boiled (5 min), and then loaded onto a 12% polyacrylamide
gel. Proteins were electroblotted onto Immobilon membranes,
and CK19 was detected by using the Alexa*88-conjugated
anti-CK19 KS 19.2 mAb. The Immobilon membrane was
scanned by using a Typhoon model 8600 phosphorimager
with ImageQuant software (Molecular Dynamics, Sunnyvale,
CA).

Mass spectrometry and protein identification

MCF-7 and C643 cells were cultured in FCS-free medium and
tested with the EPISPOT to confirm that full-length CK19 still
could be detected. FCS-free medium was used as negative
control. Five milliliters of each cell-culture supernatant was
concentrated by using 5-kDa cut-off centrifugal filter units (Mil-
lipore). The concentrated supernatants were diluted with 50
mmol/l ammonium bicarbonate in a volume of 50 pl and
digested with 1 ug trypsin at 37°C. Hydrophobic proteins
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Table 2

Detection of CK19 in cancer cell lines by different methods

Colorectal cells Breast cells Head/Neck cells Thyroid cells
HT29 HCT116 Caco-2 MCF?7 14C 22A ML1 C643
Detection of intracellular CK19
FC + + + +
ICC + + + +
WB ND ND ND + ND
Detection of released CK19
EPISPOT + + + +
ELISA + + + +

CK19 detection. FC = flow cytometry; ICC = immunocytochemistry; WB = Western blot; ND = not determined; EPISPOT = EPithelial
ImmunoSPOT assay; ELISA = CYFRA 21-1 immunometric assay (B.R.A.HM.S.).

attached to the centrifugal filter unit were digested with 1 pg
trypsin in 50 pl 10% (vol/vol) acetonitril in 50 mmol/l ammo-
nium bicarbonate at 37°C. Samples were cleaned of salts by
using STAGE tips [14].

Nanoscale LC-MS/MS was performed by coupling an Agilent
1100 Series LC system to a LTQ XL quadrupole ion-trap mass
spectrometer (Finnigan, San Jose, CA), as described earlier
[15].

Table 3

Statistical analysis

Kaplan-Meier life-table curves were used to visualize for overall
survival. The log-rank test was used to compare significance of
differences between the curves.

Cox's proportional hazards regression model with a stepwise
selection procedure was applied to investigate main prognos-
tic factors. Hazards ratios with 95% Cls were presented to
display modifications in the risk of death.

All statistical tests were two-sided, and a P value of less than
0.05 was considered statistically significant. Statistical analy-

Comparative sensitivity of two immunometric assays for detection of released CK19 in cancer cells

Cells/well HT-29 cells HCT 116 cells Caco-2 cells MCF-7 cells
EPISPOT ASSAY
1,000 212.5 +32.7 867.0 + 28.4 600.0 £ 56.5 113.3+£4.7
(21.3%) (86.7%) (60.0%) (11.4%)
100 19.8+ 3.3 93.0 £ 3.0 67.5%+7.0 135+ 2.1
(19.8%) (93.0%) (67.5%) (13.5%)
10 20x0 7318 55+ 05 2.0%+0.7
(20.0%) (73.0%) (55.0%) (20.0%)
1 0.25 £ 0.38 1.0x0 0.4+05 0.23+£0.94
(25.0%) (100.0%) (40.0%) (23.0%)
ELISA
1,000 21+£3.0 12.0+9.2 16.7+ 2.9 16.2+5.2
100 0.2+0.2 1.0x14 1.5+1.8 2.6 0.7
10 0.0x0.0 0.0+ 0.0 0.0+ 0.0 0.0x0
1 0.0+ 0.0 0.0+ 0.0 0.0+ 0.0 00x0

EPISPOT and ELISA assays. Cells were cultured for 24 hours on nitrocellulose membranes of the Elispot plates. For the EPISPOT, values are
expressed asCK19-releasing cells per well (mean + SD of three experiments, with two wells in each experiment). Supernatants of the cultured
cells were tested by the CYFRA 21-1 immunometric assay, and results are expressed as nanograms per milliliter.
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ses were performed by using the SAS v9 software (SAS Insti-
tute, Cary, NC).

Results

Release of CK19 by cancer cells

To evaluate whether epithelial tumor cells can release the
CK19 protein, we applied two immunometric assays (ELISA
and EPISPOT) to a panel of different cancer cell lines (Table
2). The ELISA detected an epitope on the CYFRA 21-1 part of
CK19 in the cell-culture supernatants, whereas the
CK19(Alexa488)-EP|ISPOT (Figure 1a), an adaptation of the Elis-
pot technique, detects fingerprints of the CK19 protein
secreted by single epithelial cells on a solid membrane [13].
Green fluorescent immunospots correspond to viable CK19-
releasing cells (RCs).

For the CK19-EPISPOT, two mouse monoclonal anti-CK19
antibodies, clones Ks19.1 (specific for the amino acids 311 to
335) and Ks19.2 (specific for the amino acids 346 to 368),
recognizing both epitopes on the CYFRA 21-1 fragment, were
used (Figure 1b). The antibodies used in both immunometric
assays were not able to distinguish the soluble fragment
CYFRA 21-1 and the full length of CK19. In parallel, we
assessed the intracellular expression of CK19 protein with
flow cytometry, immunocytochemistry (ICC), and Western blot
experiments. CK19 expression and release were detected in
colon and breast cancer cell lines but not in the head and neck
squamous and thyroid cancer cell lines analyzed (Table 2). The
lack of CK19 expression in the two head and neck cancer cell
lines is of interest, given the reported impact of CYFRA 21-1
measurements in this disease [16]. Thus, it can be speculated
that CK fragments found in the blood of head and neck cancer
patients might not be the results of active release but rather
reflect apoptotic or necrotic processes.

We determined the sensitivity of the CK19-EPISPOT in com-
parison to the CYFRA 21-1 ELISA by using the same antibody
clones in both immunometric assays. Serial dilutions of the HT-
29, HCT 116, Caco-2, and MCF-7 cell lines were tested
(Table 3). CK19-EPISPOT was able to detect tumor cells even
at the lowest concentration (1 cell/well), whereas at least 100
cells were needed to obtain a positive ELISA signal, indicating
a two-orders-of-magnitude greater sensitivity of the EPISPOT.
Taken together, these results indicate that the CK19-EPIS-
POT permitted the enumeration of very small numbers of
CK19-RCs.

Release of the full-length CK19 protein by cancer cells
Several groups demonstrated that the release of CYFRA 21-1
occurs when CK19 is cleaved by caspase 3 during apoptosis
[3,17]. However, it is still debated whether MCF-7 cells
expresses caspase 3 [18]. Other caspases (e.g., caspase 7
and 9) can cleave cytokeratins in a similar manner, and these
caspases might be active in MCF-7 cells lacking caspase 3
[18].
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Figure 1
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Detection of CK19 protein. (a) CK19-EPISPOT assay procedure. Day
1: The membranes of the ELISPOT plates are coated with an anti-
human CK19 monoclonal antibody (mAb, Ks19.1). Days 2 to 3: Next,
the cells are seeded in each well and cultured for 48 hours. During this
incubation period, the released specific proteins are directly immuno-
captured by the immobilized mAb on the bottom of the well. Plates are
then washed, and cells are removed. The presence of the released
CK19 protein is revealed by the addition of an anti-human CK19 mAb
(Ks19.2) conjugated with a fluorochrome. Day 4: Fluorescent immunos-
pots are counted with an automated reader. One immunospot corre-
sponds to the fingerprint left only by one viable releasing epithelial
tumor cell. (b) Schematic representation of the assumed binding sites
of anti-cytokeratin antibodies and cleavage site for caspase 3 on the
human CK19 protein [3,40].

To demonstrate that the CK19 protein released by the cancer
cells analyzed was the intact full-length CK19 protein and not
its soluble fragment, we developed a dual-fluorescent CK19-
EPISPOT that is able to distinguish both peptides (i.e., the full
length CK19 and the CYFRA 21-1). Thus, for the coating step,
the same anti-CK19 antibody Ks19.1 that recognizes an
epitope on the CYFRA 21-1 fragment of the CK19 (amino
acids 311 to 335) (Figure 1b) was used. For the revelation
step, we used monoclonal antibody Ks19.2 recognizing CK19
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at the amino acids 346 to 368 and monoclonal antibody AE1
recognizing CK19 on a different epitope, localized on the
other side of the cut site of the caspase 3 at the amino acids
145 to 227 (Figure 1b). Ks19.2 and AE1 were conjugated
with two different fluorochromes (i.e., Alexa488 and Alexa®55,
respectively). By using this dual-fluorescent CK19(Alexa488)/
CK19(Alexas88).EPISPOT on MCF-7 breast cancer cells only
dualbellow) immunospots were observed (Figure 2a), indicating
that all cells released the intact full-length CK19 protein. Sim-
ilar results were obtained with the two other breast cancer cell
lines, SKBR3 and MDA-MB-231 (data not shown).

In addition, the release of full-length CK19 protein (400 amino
acids) by MCF-7 cells was investigated with peptide sequenc-
ing by using nanoscale reversed-phase liquid chromatography
tandem mass spectrometry (LC MS/MS analysis) (data not
shown). Peptides were detected ranging from CK19 amino
acids 8 to 398, which demonstrated that the full-length CK19
was present in the cell-free supernatant. Importantly, the tryp-
tic peptide 'GQVGGQVSVEVDSAPGTDLAK' (amino acids
227 to 247), which can emerge only from the entire CK19 pro-
tein, was detected (data not shown).

Active release of CK19 by viable cancer cells

It has been reported that the CK19 is released by apoptotic or
necrotic cells [19,20]. We reversely inhibited translation by
incubation of the cells with cycloheximide to analyze whether
CK19 release is an active process that requires protein trans-
lation. The addition of cycloheximide to cell cultures before
and during the incubation step of the CK19-EPISPOT led to a
decrease in the size and the number of CK19 spots or even
their disappearance, confirming that the de novo synthesis of
the CK19 protein by viable epithelial cancer cells is required
for the active release of CK19 (Figure 2b). Moreover, to study
the CK19-release pathway, we inhibited the protein transport
in the Golgi apparatus by incubation of the cells with the lac-
tone antibiotic, Brefeldin A. The addition of Brefeldin A to cell
culture during the CK19-EPISPOT did not affect the CK19
release, demonstrating that the CK19 protein is not in transit
through the endoplasmic reticulum or the Golgi apparatus
(data not shown).

MUCHT is another specific tumor-associated marker that has
been already used for the detection of disseminating tumor
cells [21,22]. We previously showed that the release of MUC1
is restricted to viable tumor cells (e.g., MCF-7) [13]. We there-
fore  optimized a  dual-fluorescent = MUC1(Alexas55)/
CK19(Alexad88)-EPISPOT to verify whether these cells were
able to release both proteins simultaneously. We observed
that a majority of the immunospots obtained after 24 hours of
cell culture were yellow, resulting from an equivalent mixture of
the released MUC1 and CK19 proteins and confirming that
these cells were viable cells able to neosynthetize and actively
release in vitro MUC1 and CK19 (Figure 2c). In additional ICC
experiments, we showed that MCF-7 cells with an intact
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Figure 2
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EPISPOT assays and immunocytochemistry experiments. (a) Dual-fluo-
rescent CK19-EPISPOT assay with two different couples of mAbs.
Red and green immunospots represent protein fingerprints of cells
releasing CK19 detected with anti-CK19 AE1Alexa555 gnd Ks19.2Alexa488
mADbs, respectively. Yellow fluorescent immunospots (Merge) are the
results of dual staining with both mAbs. (b) Single-fluorescent CK19
Ks19.2(Alexa488)-EPISPOT assay on MCF-7 cells without and with the
addition of cycloheximide (50 pg/ml). (c) Dual-fluorescent CK19
Ks19.2(Alexa488)/MUC 1 (Alexas55) EPISPOT assay on the MCF-7 cancer
cell line. Green and red immunospots represent CK19-RCs and
MUC1-RCs, respectively. Yellow fluorescent immunospots (Merge) are
the results of dual staining with both mAbs. (d) Immunostaining of the
nucleus(@ar), the MUC1 (Alexa555) and the CK19 Ks19.2(Alexa488) of breast
MCF-7 cells (/eff). Inmunostaining of the nucleus(dar), the CK19
Ks19.2(Alexa555) and the cleaved cytokeratin 18 with the M30 CytoDE-
ATHFTClof MCF-7 cells after an incubation with vincristine (20 umol/l),
an inducer of apoptosis (right). The antibody M30 CytoDEATH which
recognizes a neo-epitope formed after caspase cleavage of cytokeratin
18 at Asp396 (CK18Asp396-NE M30 neo-epitope) during and after
apoptosis, does not bind native CK18 of normal cells and is a very reli-
able and convenient tool for demonstration of apoptosis in single cells
[41]. CK19 vesicles were detectable in the viable but not in the apop-
totic MCF-7 cells.




nucleus (DAPI staining) contained CK19 vesicles with a
peripheral MUC1 expression at the cell membrane (Figure 2d).
Induction of apoptosis with vincristine and green staining of
apoptotic cells showed that these CK19 vesicles were detect-
able only in the subset of nonapoptotic MCF-7 cells (Figure
2d).

CK19-releasing cells in BM of breast cancer patients
The detection and characterization of DTCs in the BM of
patients with solid epithelial tumors is an emerging clinical
research field, in particular in breast cancer patients [23].
Recently, we demonstrated the presence of CK19-RCs, even
in the absence of overt metastases (stage M), indicating clin-
ically occult homing of viable cancer cells in BM [11]. Here, we
confirmed the specificity of the CK19-EPISPOT by demon-
strating consistently negative findings in 11 BM samples from
control patients (data not shown).

The main purpose of the present study was to obtain informa-
tion on the prognostic relevance of CK19-RCs. Breast cancer
patients were followed up for a median period of 6 years, and
comparison of survival distribution with Kaplan-Meier analysis
by using the log-rank test was performed. The clinical informa-
tion on the patients is shown in Table 1. Most patients were in
an advanced disease stage. Of the 25 M-patients (565.5%), 6
patients were free of lymph-node metastases, whereas the
remaining 19 patients already had histologically detectable
nodal metastasis. Twenty (44.5%) M, patients had overt dis-
tant metastases localized in BM/liver (n = 6), BM (n = 3), lung
(n=8), liver (n =2), BM/lung (n = 2), lung/liver (n = 1), liver/
brain (n = 1), skin (n = 1), and BM/liver/lung (n = 1). Among
45 breast cancer patients, 19 experienced disease recur-
rence: local relapses were diagnosed in two (4.5%) patients,
and new distant metastases were diagnosed in 17 (38%)
patients in the liver (n=4), BM (n=4), lung (n = 3), BM/brain
(n = 2), mediastinum (n = 1), skin/lung (n = 1), skin (h = 1),
bone/meningitis (n = 1), and pleura (n = 1). Twenty-nine
(64.5%) deaths were reported.

All M, patients received an anthracycline-based chemotherapy
regimen. Considering the bad prognosis of the patients with
massive lymph node involvement, 8 patients received, in addi-
tion, a high dose of chemotherapy with autologous bone mar-
row transplantation, and 5 patients received a sequential
association of anthracycline and docetaxel. Nearly all patients
(except for two) with hormone receptor-positive tumors
received adjuvant tamoxifen therapy.

All M, patients received a chemotherapeutic treatment after
the bone marrow sampling. Considering the heterogeneity of
settings of this population, the numerous chemotherapeutic
regimens (e.g., four cycles of the FAC65 regimen, seven
cycles of a sequential association AC65-docetaxel, four
cycles of an FEC100 regimen, and then autologous bone mar-
row transplantation) are not reported here in detail.

Available online http://breast-cancer-research.com/content/11/3/R39

The enumeration CK19-RCs and MUC1-RCs allowed the
detection of viable DTC in 44% and 48% of M, patients,
respectively, whereas the corresponding detection rates were
70% and 65% in M, patients, respectively. If the results of
both CK19- and MUC1-RC measurements were combined, it
showed that viable DTCs were present in 56% and 90% of M,
patients and M, patients, respectively. The number of DTCs
was significantly higher (P = 0.01) in the M, patients (CK19-
RCs: median, 7; range, 0 to 758; MUC1-RCs: median, 10;
range, O to 812) compared with the M, patients (CK19-RCs:
median, O; range, O to 254; MUC1-RCs: median, 0; range, O
to 32).

We calculated the Kaplan-Meier curves for patients, depend-
ing on the presence or absence of either CK19-RCs or
MUC1-RCs. As shown in Figure 3a, the detection of CK19-

Figure 3
(a) _ 100
S
s
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@ soemese6
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Survival data. Kaplan — Meier estimates of cancer-related survival of
breast cancer patients, according to the presence or absence of viable
CK19-RCs. (a), MUC1-RCs (b), and subpopulations of cells
CK19*MUCT-, CK19+tMUCT1+ (c) in the BM. RCs = releasing cells.
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RC was prognostically relevant (P = 0.0067); no obvious dif-
ference was noted in the sites of metastasis between patients
with and without CK19-RCs. In contrast, the detection of
MUC1-RCs had no prognostic impact (P = 0.6106; Figure
3b).

We also calculated the Kaplan-Meier curves for the three sub-
sets CK19, CK19+*MUC1+, and CK19+MUCT1- (Figure 3c).
Because of the low number of cases, the P value (P=0.1027)
did not reach statistical significance, but the results showed
that breast cancer patients harboring the subset of
CK19+*MUC1-DTC had the worse survival curve.

Subsequently, multivariate analysis was performed, taking the
most important variables into account. Type of therapy was
strongly linked to TNM stage and was therefore not consid-
ered an independent variable. As shown in Table 4, the pres-
ence of CK19-RCs was the strongest prognostic predictor,
with a hazard ratio of 4.7 and a P value of 0.0019. Because of
the limited number of patients, the nature of the multivariate is,
however, rather exploratory.

Discussion

In contrast to the common concept that cytokeratins are
released in fragmented forms only by epithelial cells (e.g., as a
result of apoptosis), we provide here the first evidence for a
release of full-length CK19 by viable epithelial tumor cells.
Control experiments were performed to demonstrate that this
release was an active process and not simply the conse-
quence of apoptosis. In addition, our clinical follow-up results
— although still preliminary — suggest that viable tumor cells
secreting CK19 may contribute to metastatic progression.

By using the EPISPOT on different breast and colon cancer
cell lines with monoclonal antibodies targeting different
epitopes of CK19, we showed that a significant fraction of
these cells release the intact full-length CK19. As immunos-
pots are the protein fingerprints left only by the viable RCs, a
cell culture is needed to accumulate a sufficient amount of the
released marker proteins. Thus, dying cells that do not secrete
adequate amounts of protein are not detected, as previously
described [13,24,25]. The full-length nature of the released

Table 4

Multivariate hazard ratios for death from breast cancer

Variable Hazard ratio (95% ClI) P value
CK19-RC 4.71 (1.78-12.52) 0.0019
MUC1-RC 0.44 (0.18-1.07) 0.0710
ER status 0.45 (0.20-1.01) 0.0528
TNM stage 1.92 (0.92-3.99) 0.0830

Cl = confidence interval; RC = releasing cell; ER = estrogen
receptor.
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CK19 protein was confirmed by proteomic experiments on
MCF-7 breast cancer cell supernatants: (a) we did not detect
a specific tryptic fragment peptide, which should have been
detected if the CYFRA 21-1 were present in the culture super-
natant; and (b) we found a specific hydrophobic peptide
(amino acids 227 to 247), which can emerge only from the
intact insoluble CK19 protein.

By using different combinations of dual-fluorescent EPISPOT,
immunocytochemical analyses and cycloheximide, Brefeldin A
or vincristine cell-incubation, we obtained the first evidence
that the release of the intact full-length CK19 protein might be
an active process, probably mediated by vacuoles or vesicles
but using another protein-transport pathway than that
between the classic endoplasmic reticulum to the Golgi appa-
ratus. The precise mechanism, however, remains to be eluci-
dated. Keratin-like antigens can be released during cell
invasion [26], and ultrastructural studies indicated an associa-
tion of keratin proteins with secretory granules [27] and mucin
droplets [28]. However, the CK19 molecule lacks a secretory
leader and hydrophobic membrane-translocation sequence.
Moreover, it has no precursor [29], and it has never been
located in the endoplasmic reticulum and Golgi apparatus. A
possible mechanism might be blebbing of proteins of the cyto-
plasm surrounded by plasma membrane (like viral budding
[30]) or the release through exosomes known to contain
cytoskeletal proteins and to be involved in metastasis [31].

In a first attempt to unravel whether the release of CK19 has a
biologic function in tumor progression, we applied the CK19-
EPISPOT to detect with a high sensitivity viable cells releasing
CK19 in the BM of breast cancer patients. The consistent neg-
ative findings in samples from patients without carcinoma sup-
ported the assumption that CK19-RCs appear to be DTCs.
CK19-RCs were frequently found in the BM of breast cancer
patients, and the number of CK19-RCs was correlated with
the disease stage. This observation is consistent with the fact
that BM is the most prominent distant site for metastatic pro-
gression in breast cancer [7]. Most important, our clinical fol-
low-up data suggest, for the first time, that the release of CK19
seems to be important for the occurrence (M, patients) or pro-
gression (M, patients) of metastasis in breast cancer patients.
Although the biologic role of CK19 release remains to be elu-
cidated, it might be noteworthy that another cytokeratin (kera-
tin 17) was recently implicated in epithelial cell growth
regulation [32]. Moreover, Ding et al. [33] showed that overex-
pression of CK19 in hepatocellular carcinoma cells is related
to metastatic behavior.

The assumption that not all DTCs are relevant to metastatic
progression was emphasized by the present observation that,
in contrast to CK19-RCs, DTCs releasing MUC1 had no prog-
nostic impact. However, the number of patients analyzed in our
study is far too small to exclude that MUC1-expressing cells
might have clinical relevance in certain subsets of breast can-



cer [34]. Nevertheless, our results indicate that DTCs with dif-
ferent phenotypes appear to have a heterogeneous potential
to contribute to metastatic relapse, which is consistent with
previous reports on the expression of the HER2 oncogene
[35] and the urokinase-type plasminogen-activator receptor
[36,37] on DTCs.

Although we cannot exclude the possibility that CK19 release
is only a marker for the detection of DTCs, we propose that
DTCs with the CK19+/MUC1- phenotype might have a partic-
ular biologic potential. This assumption also is supported by
the findings of Gudjonsson et al. [8], who reported that
CK19+/MUCT- cells in the human breast may have stem cell-
like properties. These data are consistent with a report from
Max Wicha's group [9] on mouse mammary cells, which
showed that CK19 might be a putative stem-cell marker and
the findings of Peterson et al. [10] indicating CK19 as a
marker of breast cancer progenitors.

Conclusions

In conclusion, our present data suggest a potential role of
CK19 release as an indicator of aggressive behavior of dis-
seminated breast cancer cells. Besides further investigation of
the underlying mechanism, larger studies are now required to
evaluate whether the CK19-EPISPOT will provide more help-
ful clinical information than the current immunocytochemical or
RT-PCR-based DTC detection assays [38]. In addition, the
EPISPOT can be applied to the detection and characterization
of circulating tumor cells in the peripheral blood, an application
that has generated substantial interest over the past years
[23,39].

Competing interests
The authors declare that they have no competing interests.

Authors' contributions

CAP and KP carried out the study design, data mining, data
analysis, and manuscript writing. JPV helped to draft the man-
uscript. MS carried out the proteomic experiments. CAP and
OP carried out the research, in particular, the EPISPOT
assays. EB and GM carried out the statistical analyses. MF
carried out the inclusions of the breast cancer patients, and
WIJ helped to gather clinical data for all the patients. All
authors read and approved the final manuscript.

Acknowledgements

This work was supported by the Ministére de I'Economie des Finances
et de I'Industrie, the Ligue National Contre le Cancer and European
Commission (DISMAL-project, contract no.LSHC-CT-2005-018911).
We are grateful to Mrs. Mialanes, Gueroult, and Damen for their excel-
lent technical assistance. We thank Drs. Weinberg (MIT, Boston) and
Uhr (UT Southwestern, Dallas) for critical reading of the manuscript.

References
1. Fuchs E, Weber K: Intermediate filaments: structure, dynamics,
function, and disease. Annu Rev Biochem 1994, 63:345-382.

Available online http://breast-cancer-research.com/content/11/3/R39

2. Coulombe PA, Omary MB: 'Hard' and 'soft' principles defining
the structure, function and regulation of keratin intermediate
filaments. Curr Opin Cell Biol 2002, 14:110-122.

3.  Dohmoto K, Hojo S, Fujita J, Yang Y, Ueda Y, Bandoh S, Yamaji Y,
Ohtsuki Y, Dobashi N, Ishida T, Takahara J: The role of caspase
3 in producing cytokeratin 19 fragment (CYFRA21-1) in human
lung cancer cell lines. Int J Cancer 2001, 91:468-473.

4. Chu PG, Weiss LM: Keratin expression in human tissues and
neoplasms. Histopathology 2002, 40:403-439.

5. Pujol JL, Grenier J, Daures JP, Daver A, Pujol H, Michel FB: Serum
fragment of cytokeratin subunit 19 measured by CYFRA 21-1
immunoradiometric assay as a marker of lung cancer. Cancer
Res 1993, 53:61-66.

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

7. Braun S, Vogl FD, Naume B, Janni W, Osborne MP, Coombes RC,
Schlimok G, Diel IJ, Gerber B, Gebauer G, Pierga JY, Marth C,
Oruzio D, Wiedswang G, Solomayer EF, Kundt G, Strobl B, Fehm
T, Wong GY, Bliss J, Vincent-Salomon A, Pantel K: A pooled anal-
ysis of bone marrow micrometastasis in breast cancer. N Eng/
J Med 2005, 353:793-802.

8. Gudjonsson T, Villadsen R, Nielsen HL, Ronnov-Jessen L, Bissell
MJ, Petersen OW: Isolation, immortalization, and characteriza-
tion of a human breast epithelial cell line with stem cell prop-
erties. Genes Dev 2002, 16:693-706.

9. Dontu G, El-Ashry D, Wicha MS: Breast cancer, stem/progeni-
tor cells and the estrogen receptor. Trends Endocrinol Metab
2004, 15:193-197.

10. Petersen OW, Gudjonsson T, Villadsen R, Bissell MJ, Ronnov-Jes-
sen L: Epithelial progenitor cell lines as models of normal
breast morphogenesis and neoplasia. Cell Prolif 2003,
36(suppl 1):33-44.

11. Alix-Panabieres C, Vendrell JP, Pelle O, Rebillard X, Riethdorf S,
Muller V, Fabbro M, Pantel K: Detection and characterization of
putative metastatic precursor cells in cancer patients. Clin
Chem 2007, 53:537-539.

12. Braun S, Pantel K, Muller P, Janni W, Hepp F, Kentenich CR, Gas-
troph S, Wischnik A, Dimpfl T, Kindermann G, Riethmuller G,
Schlimok G: Cytokeratin-positive cells in the bone marrow and
survival of patients with stage I, Il, or Ill breast cancer. N Eng/
J Med 2000, 342:525-533.

13. Alix-Panabieres C, Brouillet JP, Fabbro M, Yssel H, Rousset T,
Maudelonde T, Choquet-Kastylevsky G, Vendrell JP: Characteri-
zation and enumeration of cells secreting tumor markers in
the peripheral blood of breast cancer patients. J Immunol
Methods 2005, 299:177-188.

14. Rappsilber J, Ishihama Y, Mann M: Stop and go extraction tips
for matrix-assisted laser desorption/ionization, nanoelectro-
spray, and LC/MS sample pretreatment in proteomics. Anal
Chem 2008, 75:663-670.

15. Ringrose JH, van Solinge WW, Mohammed S, O'Flaherty MC, van
Wijk R, Heck AJ, Slijper M: Highly efficient depletion strategy for
the two most abundant erythrocyte soluble proteins improves
proteome coverage dramatically. J Proteome Res 2008,
7:3060-3063.

16. Maass JD, Hoffmann-Fazel A, Goeroegh T, Hoffmann M, Meyer JE,
Gottschlich S, Rudert H, Maune S: Cyfra 21-1: a serological help
for detection of distant metastases in head and neck cancer.
Anticancer Res 2000, 20:2241-2243.

17. WuF, Nishioka M, Fujita J, Murota M, Ohtsuki Y, Ishida T, Kuriyama
S: Expression of cytokeratin 19 in human hepatocellular carci-
noma cell lines. Int J Oncol 2002, 20:31-37.

18. Janicke RU: MCF-7 breast carcinoma cells do not express cas-
pase-3. Breast Cancer Res Treat 2008 in press.

19. Ku NO, Liao J, Omary MB: Apoptosis generates stable frag-
ments of human type | keratins. J Bio/ Chem 1997,
272:33197-33203.

20. Sheard MA, Vojtesek B, Simickova M, Valik D: Release of cytok-
eratin-18 and -19 fragments (TPS and CYFRA 21-1) into the
extracellular space during apoptosis. J Cell Biochem 2002,
85:670-677.

21. de Cremoux P, Extra JM, Denis MG, Pierga JY, Bourstyn E, Nos C,
Clough KB, Boudou E, Martin EC, Muller A, Pouillart P, Magde-
lenat H: Detection of MUC1-expressing mammary carcinoma
cells in the peripheral blood of breast cancer patients by real-

Page 9 of 10

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7979242
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7979242
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11792552
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11792552
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11792552
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11251967
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11251967
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11251967
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12010363
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12010363
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7677981
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7677981
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7677981
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18404148
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18404148
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18404148
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16120859
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16120859
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11914275
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11914275
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11914275
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15223047
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15223047
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14521514
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14521514
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17327507
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17327507
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10684910
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10684910
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15914200
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15914200
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15914200
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12585499
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12585499
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12585499
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18494517
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18494517
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18494517
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10928185
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10928185
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11743639
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11743639
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9407108
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9407108
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11968007
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11968007
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11968007
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10955792
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10955792

Breast Cancer Research Vol 11 No 3 Alix-Panabiéres et al.

22.

283.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

time polymerase chain reaction. Clin Cancer Res 2000,
6:3117-3122.

Pierga JY, Bidard FC, Denis MG, de Cremoux P: Prognostic value
of peripheral blood double detection of CK19 and MUC1
mRNA positive cells detected by RT-quantitative PCR in 94
breast cancer patients with a follow up of 9 years. Mo/ Oncol
2007, 1:267-268.

Alix-Panabieres C, Riethdorf S, Pantel K: Circulating tumor cells
and bone marrow micrometastasis. Clin Cancer Res 2008,
14:5013-5021.

Czerkinski C, Nilsson LA, Nygren H, Ouchterlony O, Tarkowski A:
A solid-phase enzyme-linked immunospot (ELISPOT) assay
for enumeration of specific antibody-secreting cells. J Immu-
nol Methods 1983, 65:109-121.

Alix-Panabieres C, Rebillard X, Brouillet JP, Barbotte E, Iborra F,
Segui B, Maudelonde T, Jolivet-Reynaud C, Vendrell JP: Detection
of circulating prostate-specific antigen-secreting cells in pros-
tate cancer patients. Cl/in Chem 2005, 51:1538-1541.
Bjorklund B, Bjorklund V: Specificity and basis of the tissue
polypeptide antigen. Cancer Detect Prev 1983, 6:41-50.
Bendayan M: Ultrastructural localization of cytoskeletal pro-
teins in pancreatic secretory cells. Can J Biochem Cell Biol
1985, 63:680-690.

Warhol MJ, Roth J: The ultrastructural labelling of keratin pro-
teins in normal human colonic mucosa by a low temperature
embedding, protein A-gold technique. J Submicrosc Cytol
1985, 17:357-361.

Bader BL, Jahn L, Franke WW: Low level expression of cytok-
eratins 8, 18 and 19 in vascular smooth muscle cells of human
umbilical cord and in cultured cells derived therefrom, with an
analysis of the chromosomal locus containing the cytokeratin
19 gene. Eur J Cell Biol 1988, 47:300-319.

Lodge R, Gottlinger H, Gabuzda D, Cohen EA, Lemay G: The
intracytoplasmic domain of gp41 mediates polarized budding
of human immunodeficiency virus type 1 in MDCK cells. J Viro/
1994, 68:4857-4861.

Hegmans JP, Gerber PJ, Lambrecht BN: Exosomes. Methods
Mol Biol 2008, 484:97-109.

Kim S, Wong P, Coulombe PA: A keratin cytoskeletal protein
regulates protein synthesis and epithelial cell growth. Nature
2006, 441:362-365.

Ding SJ, Li Y, Tan YX, Jiang MR, Tian B, Liu YK, Shao XX, Ye SL,
Wu JR, Zeng R, Wang HY, Tang ZY, Xia QC: From proteomic
analysis to clinical significance: overexpression of cytokeratin
19 correlates with hepatocellular carcinoma metastasis. Mo/
Cell Proteomics 2004, 3:73-81.

Sieuwerts AM, Kraan J, Bolt J, Spoel P van der, Elstrodt F, Schutte
M, Martens JW, Gratama JW, Sleijfer S, Foekens JA: Anti-epithe-
lial cell adhesion molecule antibodies and the detection of cir-
culating normal-like breast tumor cells. J Nat/ Cancer Inst
2009, 101:61-66.

Braun S, Schlimok G, Heumos |, Schaller G, Riethdorf L, Rieth-
muller G, Pantel K: ErbB2 overexpression on occult metastatic
cells in bone marrow predicts poor clinical outcome of stage
I-11l breast cancer patients. Cancer Res 2001, 61:1890-1895.
Heiss MM, Allgayer H, Gruetzner KU, Funke |, Babic R, Jauch KW,
Schildberg FW: Individual development and uPA-receptor
expression of disseminated tumour cells in bone marrow: a
reference to early systemic disease in solid cancer. Nat Med
1995, 1:1035-1039.

Meng S, Tripathy D, Shete S, Ashfaq R, Saboorian H, Haley B,
Frenkel E, Euhus D, Leitch M, Osborne C, Clifford E, Perkins S,
Beitsch P, Khan A, Morrison L, Herlyn D, Terstappen LW, Lane N,
Wang J, Uhr J: uPAR and HER-2 gene status in individual breast
cancer cells from blood and tissues. Proc Nat/ Acad Sci USA
2006, 103:17361-17365.

Pantel K, Alix-Panabieres C, Riethdorf S: Cancer metastasis. Nat
Rev Clin Oncol 2009, 6:339-351.

Hayes DF, Smerage J: Is there a role for circulating tumor cells
in the management of breast cancer? Clin Cancer Res 2008,
14:3646-3650.

Bottger V, Stasiak PC, Harrison DL, Mellerick DM, Lane EB:
Epitope mapping of monoclonal antibodies to keratin 19 using
keratin fragments, synthetic peptides and phage peptide
libraries. Eur J Biochem 1995, 231:475-485.

Leers MP, Kolgen W, Bjorklund V, Bergman T, Tribbick G, Persson
B, Bjorklund P, Ramaekers FC, Bjorklund B, Nap M, Jornvall H,

Page 10 of 10

(page number not for citation purposes)

Schutte B: Immunocytochemical detection and mapping of a
cytokeratin 18 neo-epitope exposed during early apoptosis. J
Pathol 1999, 187:567-572.


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10955792
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19383302
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19383302
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19383302
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18698019
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18698019
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6361139
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6361139
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6361139
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16040853
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16040853
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16040853
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6883392
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6883392
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2412674
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2412674
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2410624
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2410624
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2410624
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2468493
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2468493
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2468493
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8035484
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8035484
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8035484
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18592175
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16710422
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16710422
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14593079
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14593079
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14593079
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19116383
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19116383
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19116383
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11280743
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11280743
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11280743
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7489359
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7489359
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7489359
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17079488
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17079488
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19399023
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18559576
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18559576
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7543411
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7543411
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7543411
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10398123
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10398123

	Abstract
	Introduction
	Methods
	Results
	Conclusions

	Introduction
	Materials and methods
	Cell lines
	Patients and healthy controls
	Preparation of BM
	CYFR 21-1 measurement
	EPISPOT assays
	Flow-cytometry experiments
	Immunocytochemistry
	Western blot
	Mass spectrometry and protein identification
	Statistical analysis

	Results
	Release of CK19 by cancer cells
	Release of the full-length CK19 protein by cancer cells
	Active release of CK19 by viable cancer cells
	CK19-releasing cells in BM of breast cancer patients

	Discussion
	Conclusions
	Competing interests
	Authors' contributions
	Acknowledgements
	References

