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Circulating Breast Cancer Cells Are Frequently
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Automatic search for cytokeratin/mucin-1 double im-
munofluorescence was performed to detect and char-
acterize circulating epithelial tumor cells in patients
with advanced breast cancer. The peripheral blood
samples in 8 of 19 patients (42.1%) presented with
cytokeratin-positive and epithelial-type mucin-posi-
tive (CK*/MUC1") tumor cells. Detailed microscopic
analysis, however, suggested that the majority of the
double immunopositive cells was apoptotic according
to an “inclusion type” cytokeratin staining pattern
and nuclear condensation. Furthermore, apoptosis-
related DNA strand breaks could be demonstrated by
applying the TdT-uridine nick end labeling assay in
these cells. In 3 of 8 positive samples all of the CK*/
MUC1"* cells displayed apoptotic features. We con-
clude that apoptotic cells significantly contribute to
the circulating tumor cell fraction in breast cancer
patients. As the predictive value of such cells for the
outcome of the disease is unclear, they should be
considered separately when analyzing tumor cell dis-
semination. (Am J Pathol 2001, 159:17-20)

Disseminated tumor cells detectable in hematological
samples are usually mentioned in conjunction with dis-
ease progression and unfavorable prognosis.’™ Immu-
nocytochemical®~® and molecular biological’~® methods
are increasingly applied for the specific demonstration of
low frequency tumor cells in peripheral blood, bone mar-
row, and peripheral blood stem cell samples. In addition
to the unambiguous detection and quantification of rare
tumor cells in the background of hematopoietic cells,
information on their functional status would be helpful to
accurately determine the clinical impact of detectable
disseminated tumor cells. One of the basic questions still
to be answered is to determine to what extent tumor cells
survive and maintain growth characteristics after entering

the circulation. The high rate of positive samples from
patients with favorable outcome suggest that some of the
detected cells may lack metastatic potential. Apoptotic
cells, occurring spontaneously or induced by cytotoxic
therapy, surgery, etc., might be one source of such posi-
tivities. On the other hand, loss of cell-matrix adherence
in epithelial cells directly triggers apoptosis, a recently
described phenomenon termed “anoikis.”'®'"" The con-
nection between tumor cell shedding and apoptosis has
not been investigated in detail; however, by its demon-
stration a more precise interpretation of the findings on
rare tumor cells in hematological samples could be
achieved.

In the present study, circulating epithelial cells from the
peripheral blood of breast cancer patients were analyzed
for apoptosis-related features. Cytokeratin (CK) and ep-
ithelial-type mucin (MUC1)-expressing cells were de-
tected by a novel automated fluorescence image analy-
sis approach, enabling automatic search, exact
quantification, and repositioning of the cells of interest in
microscopic slides.? By this method, sensitive detection
and quantification can be completed with simultaneous
as well as sequential in situ multicolor analyses of the
same rare cells."®

Materials and Methods

Sample Preparation

We obtained 10 ml of peripheral blood from each of the
19 patients with stage 4 breast cancer. This was done by
venipuncture in therapeutic intervals to reduce treatment-
associated variables. In addition, peripheral blood from
10 healthy donors and from 15 oncology patients suffer-
ing with non-epithelial tumors was also analyzed as neg-
ative controls. Following the isolation of the mononuclear
fraction by Lymphoprep gradient centrifugation (Ny-
comed Pharma, Oslo, Norway) approximately 1,000,000
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cells were prepared to obtain standard cytocentrifuge
preparations as described.'?

Double Immunofluorescence Demonstration of
Circulating Breast Cancer Cells

Slides were fixed in 4% paraformaldehyde/phosphate
buffered saline. Double immunofluorescence staining
was performed (45 minutes at 37°C) by applying one of
the three mouse-derived anti-cytokeratin cocktails;
MNF116 (dilution 1:80, DAKO, Glostrup, Denmark), 5D3
(1:80, Novocastra, Newcastle, UK) or A45-B/B3 (1:100,
Micromet, Minchen, Germany) as well as the biotinylated
BM2 antibody specific for epithelial-type mucin MUC1
(1:200, Medac Diagnostika, Vienna, Austria), diluted in
2% bovine serum albumin (Sigma, St. Louis, MO). The
specific binding was detected by a FITC conjugated
rabbit anti-mouse antibody (1:60, DAKO, Glostrup, Den-
mark) and the Cy3 conjugated streptavidin molecule (1:
500, Jackson Laboratories, West Grove, PA) in the pres-
ence of 2% bovine serum albumin for 45 minutes at 37°C.
The slides were mounted in glycerol-based Vectashield
medium (Vector, Burlingame, CA) containing the DNA
stain DAPI.

To prove the specificity of antibodies to tumor cells,
species- and isotype-matched control antibodies (mouse
IgG1; Sigma) were applied (dilution 1:100) instead of the
cytokeratin cocktails in samples positive for tumor cells.
Antibody binding to cells was detected as described
above.

Automatic Fluorescence Microscopy

Selection and quantification of cytokeratin/FITC-MUC1/
Cy3-immunolabeled and DAPI-stained cells were per-
formed by the Metafer automatic fluorescence image
analysis system (MetaSystems, Altlussheim, Germany).
Cells were identified by segmentation according to pre-
fixed fluorescence parameters in three colors. Digital
images of the selected tumor cells for each search were
displayed on the screen in the form of a gallery. The
selected cells were automatically repositioned in the mi-
croscope for visual inspection and the cells were further
classified according to their morphological appearance.

Demonstration of DNA Strand Breaks in
Circulating Tumor Cells

Apoptosis related DNA strand breaks were demonstrated
in the nuclei of CK*/MUC1™" cells in situ by the TdT-
uridine nick end-labeling (TUNEL) assay as described™
using the Apoptag kit (Intergen, Purchase, NY) in a se-
quential manner. The immunofluorescence was elimi-
nated by proteolytic digestion (50 wg/ml pepsin, pH 1.5,
37°C) before the nick-end labeling. Targeted evaluation
of the TUNEL assay was done following automatic repo-
sitioning.

Results and Discussion

Circulating breast cancer cells were identified according
to their bright CK/MUC1 double positivity by automatic
fluorescence image analysis in 8 of 19 peripheral blood
samples (42.1%) originating from breast cancer patients.
In contrast to this, no positive sample was obtained from
the control group (0 of 25). Similarly, no specific immu-
nofluorescence was detectable in either of the control
samples reacted with isotype-matched IgG, which were
found positive for tumor cells following the application of
anti-CK antibodies.

In the positive samples, the number of the CK™*/
MUC1* positive cells ranged from 1 to >1000 per 10°
mononuclear cells. In addition to detection and quantifi-
cation, the computer-assisted approach assured that
each selected cell could be inspected morphologically
following automatic relocation. While there was little vari-
ation in the appearance of the surface MUC1 expression,
two types of cytokeratin- related staining patterns could
be discriminated in the tumor cells with either of the used
anti-CK antibodies. In addition to the filament-like intra-
cytoplasmatic cytokeratin/FITC staining (Figure 1a),
which was related to intact tumor cells, an “inclusion” or
“bubble” type cytokeratin labeling was frequently seen in
somewhat smaller cells often with pycnotic and/or frag-
mented nuclei (Figure 1, b—d). These features suggested
an apoptotic phenotype. Moreover, a progressive transi-
tion from the intact into the inclusion type staining could
be followed, displaying decreasing amounts of cytoker-
atin filaments replaced by inclusions increasing in size
and fluorescence intensity. Finally, shrunken MUC1™
cells containing large intense CK™ inclusions could be
seen (Figure 1 d). The TUNEL assay, which was per-
formed to demonstrate apoptosis-related DNA-strand
breaks, strongly supported the apoptotic nature of the
latter cell type. None of the intact-appearing CK*/MUC1*
cells was found to be TUNEL-positive, whereas the ma-
jority of the cells with inclusion type CK staining did show
an intense TUNEL fluorescence (Figure 1 c). Little or no
TUNEL labeling was occasionally seen in conjunction
with the inclusions (Figure 1 b). The nuclei of these cells
still displayed a non-condensed chromatin structure,
suggesting an early stage of apoptosis without detect-
able DNA fragmentation by the TUNEL method. No sig-
nificant TUNEL labeling was observed in the bystanding
mononuclear leukocytes; thus, it could be excluded that
cell death was artificially triggered after blood sampling.

The absolute number of tumor cells with either of the
cytokeratin staining patterns could be determined by the
classification of the selected CK™/MUC1* cells (Table 1).
Except for one patient (no. 19), who presented with a high
number of intact tumor cells in the sample, the majority of
the selected cells appeared with the inclusion type CK™
staining pattern and TUNEL positivity. Moreover, in 3 of 8
positive peripheral blood samples (37.5%), no intact tu-
mor cells were found, whereas all CK*/MUC1™" cells
displayed apoptosis related changes (nos. 12 to 14).

The peculiar redistribution of the filamentous cytoker-
atin network in epithelial cells according to phosphoryla-
tion and consecutive cleavage of low molecular weight



CK*/MUC1*

TUNEL

Figure 1. Circulating breast cancer cells detected by double immunofluores-
cence. Various cytokeratin/FITC (green) and MUC1/TRITC (red) immuno-
fluorescence and DAPI staining (blue) patterns refer to circulating tumor cells
in the peripheral blood of breast cancer patients. The intact intermediate
filament network (a) is progressively replaced by cytokeratin inclusions
(b—d), followed by chromatin condensation and loss, all characteristic of
apoptosis. The appearance of apoptosis-related DNA strand breaks can be
visualized in the majority of the epithelial cells displaying cytokeratin inclu-
sions by sequentially performing the TUNEL assay (b, ¢). MUC1" cell figures
with large CK™ inclusions but lacking detectable amounts of chromatin
represent the end phase of tumor cell apoptosis (d).

keratins was recently described in early apoptosis.'>:'¢

Cleaved keratins were found to sequester into inclusions,
forming complexes with catalytical subunits of caspase
3, the main effector molecule of the proteolytic cas-
cade.” Moreover, the caspase-mediated cleavage of
cytokeratins was reported to result in immunocytologi-
cally detectable apoptosis related neo-epitopes.'® Com-
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Table 1. Frequency of Intact and Apoptotic CK*/MUC1™"
Cells in Peripheral Blood

Peripheral blood findings

Cells
analyzed Intact CK™/ Apoptotic
Patient (x10°) MUCT™ CK*/MUCT™
1 1.00 0 0
2 1.50 0 0
3 1.75 0 0
4 0.45 0 0
5 0.70 0 0
6 0.65 0 0
7 0.55 0 0
8 2.40 0 0
9 0.34 0 0
10 2.53 0 0
11 1.60 0 0
12 1.72 0 1
13 0.86 0 2
14 1.91 0 2
15 2.50 1 5
16 0.42 1 8
17 0.46 6 32
18 0.66 21 34
19 0.10 102 24

mon cytokeratin-specific antibody cocktails, usually re-
acting with cytokeratin 8, 18 and 19, recognize epithelial
cells independent of their functional state. CK/MUC1
double immunofluorescence, in addition to improved tar-
get cell specificity, allows simple identification and quan-
tification of both intact and preapoptotic/apoptotic tumor
cells on the basis of the labeling pattern. The changes in
the CK immunofluorescence pattern followed by chroma-
tin fragmentation and shrinkage in the presence of rela-
tively unaltered MUCT cell surface staining were found to
be characteristic for epithelial cells. The same features
were demonstrated in experimentally induced tumor cell
apoptosis in masses of floating cells of the otherwise
adherent breast cancer cell lines MCF-7 and ZR75.1
(data not shown).

In summary, apoptotic figures were demonstrated in
the peripheral blood of breast cancer patients with high
frequency, exceeding the number of intact circulating
tumor cells. In light of this observation, it would be inter-
esting to analyze to what extent apoptotic tumor cells
contribute to the clinical findings on disseminated tumor
cells obtained by classical immunocytochemistry or by
reverse transcription-polymerase chain reaction-based
detection methods.
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