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Abstract Purpose Numerous studies have shown that the
presence of clinically occult disseminated tumor cells
(DTC’s) in the bone marrow (BM) of breast cancer patients
is associated with an unfavourable clinical outcome.
Immunocytochemistry (ICC) remains the gold standard for
their detection. While assays based on RT-PCR are avail-
able, they have not been used for routine detection of
DTC’s. Methods To assess the quality of the assay, we
performed a direct comparison of DTC detection rates in a
large cohort of 385 patients using both standardized ICC
and real-time RT-PCR protocols. Correlation rates were
assessed, and results were compared with clinical data.
Results A significant correlation between ICC and RT-PCR
was observed (P < 0.01). Positivity rates were similar
(both 35%) and the results of both methods agreed in 73%
of cases (280/385). Conclusions We describe a real-time
RT-PCR based protocol for DTC-detection that has been
specifically designed for routine clinical laboratory use. As
such, RT-PCR has the potential to become an alternative
testing method for BM evaluation in breast cancer patients.
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Introduction

Treatment decisions for breast cancer patients are mostly
based on TNM-status, tumor grade, hormone receptor status
and HER2-status [1]. Despite complete surgical resection
and optimal systemic therapy a subset of patients still suf-
fers from relapse. Patients who are at high-risk for relapse
can be identified by the presence of clinically occult dis-
seminated tumour cells (DTCs). Numerous studies,
including a large pooled analysis, provide level I evidence
that the presence of such cells in the bone marrow (BM) is
associated with an unfavourable clinical outcome [2-5].
Currently, immuncytochemistry using pancytokeratin anti-
bodies is the gold standard for the detection of DTCs [6]. A
consensus has been published for the standardised detection
of DTC’s as well as the clinical implications of their
detection [7]. Recently, RT-PCR based methods have been
established as an alternative to ICC. Various markers were
evaluated including mammaglobin and cytokeratin 19
(CK19) [8-13]. CK19 is an intermediate filament cytoker-
atin and stably expressed in epithelial tissues but not in
mesenchymal haemopoietic cells. We have developed an
assay for the detection of DTCs targeting the CK19 tran-
script with a real-time RT-PCR using the Light Cycler
system. Our focus was the possibility of routine clinical
application. 385 patients were screened over a 12 month
period using both methods. Endpoint of our study was to
compare ICC and RT-PCR-positivity rates.

Materials and methods
This study was approved by the University of Tiibingen

Ethics Committee in compliance with the Declaration of
Helsinki ethical principles for medical research involving
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human subjects. After written informed consent, BM sam-
ples were obtained from 385 breast cancer patients who were
treated at the Tuebingen University Breast Center (Tueb-
ingen University Hospital, Tuebingen, Germany) over a
12 month period. 15-20 ml of BM were aspirated from the
anterior iliac crest into syringes containing heparin under
local or general anesthesia using the Jamshidi technique
[14]. Time of aspiration was noted on the test tube and
samples arrived in our in-house laboratory within 30 min.
Samples were divided into two parts: (a) 7-10 ml were
transferred into a new tube and immediately processed for
RT-PCR detection and (b) 7-10 ml were set aside for sub-
sequent ICC processing. RT-PCR-Samples were processed
immediately and mixed with 50 ml RNA/DNA Stabilization
Reagent for Blood and BM (Roche Diagnostics), causing
cell lysis and stabilization of nucleic acids (guanidinium
thiocyanate effect). Samples were then immediately frozen
at minus 20°C until further processing. Subsequent analysis
was performed in batches of 5-10 samples.

RT-PCR assay

MRNA was extracted using the mRNA Isolation Kit for
Blood and BM (Roche Diagnostics). The system uses a
magnetic glass particle technology in a two step procedure
and yields purified mRNA. MRNA isolation was performed
according to the manufacturer’s instructions and eluted in
10 ul DEPC treated H,O. Light Cycler One-Step RT-PCR
for CK19 using the RNAMaster Hybridization Probes Kit
(Roche Diagnostics) was performed and yielded a product of
309 bp. 5 pl of mRNA were subjected to RT-PCR with a
Mn[OAc], concentration of 3 mM, 0.5 uM of each primer
(primer A: AGATCCTGAGTGACATGCGAA; primer B:
CCCAGCTGGGCTTCAATAC) and 0.125 pM of each
probe (probe A: CCCTTCAGGGGTCTTGAGATGAGCX,
probe B: LCRedGCAGTCACAGCTGAGCATGAAAGCYp)
were used. Design and synthesis of primers and probes are
specific for the CK19 gene (Tibmolbio) and avoid amplifi-
cation of the CK19 pseudogene [15]. Reverse Transcription
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Fig. 1 Determination of sensitivity of the RT-PCR assay by Fit
Points method of the Cycler Software package. A 10-fold dilution
series of MCE-7 breast cancer cells (5 x 103, 5 x 10%, 5 x 10",
5 x 10% squares) mixed with 3 X 10° PBMCs determined the
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was performed at 60°C for 20 min immediately preceding
the PCR (Hotstart at 95°C for 30 s and 50 cycles: 95°C for
1 s, 55°C for 15 s, 72°C for 13 s). PCR products were then
analysed using the Fit Points Method of the Light Cycler
software. Specificity was ensured by a negative control of
5 ml blood from a healthy volunteer that was included in the
experiment. In addition one H,O sample was run in parallel
to check for possible contamination of RT-PCR reagents and
equipment. One positive control, consisting of preparations
of MCF-7 cells spiked with 5 ml blood from a healthy vol-
unteer was included with each batch. Data analysis was
performed with the LC software version 3.5 Fit Points
method and results were compared to a previously estab-
lished standard curve of positive control samples with a
detection limit of 5 MCF-7 cells mixed with 5 ml blood
containing 3 x 10° PBMCs. The housekeeping gene GAP-
DH was amplified with specific primers (Tibmolbio) to
check for RNA integrity.

Preliminary testing

RNA stability assays were performed before patient samples
were analysed using direct RNA stabilisation after various
time intervals. These tests showed highly time sensitive
RNA degradation starting immediately after BM sampling
[16]. Preceding the analysis of clinical specimens, a dilution
series of tissue cultured breast cancer cells (MCF-7) cells
helped to define the sensitivity of the assay of 5 tumor cell in
3 x 10° PBMCs and is shown in Fig. 1. One positive control
consisting of RNA from 5 isolated tumor cells mixed with
3 x 10° PBMCs from a healthy individual was included
with each patient batch in order to verify specific amplifi-
cation of the CK19 gene and ensure adequate sensitivity.

Detection of CK positive cells by ICC

Tumor cell isolation and ICC detection was performed
according to recommendations for the standardized detec-
tion of DTC’s by the Collaborative BM Micrometastases

P..| Name Standerd | Calculat. | Cio.. |
1 Stendadim S000E+03 5210E+03 2483
2 Standaddm S000E+02 4E75E+02 2957
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I ' | ' | i [ |
2 25 3 35 4
Log Concentration

sensitivity of the assay by positive amplification of the 5 x 10°
sample (circle & arrow) . The y-axis indicates the exponential phase
(cycle number) of the PCR. Slope 4.521 indicates optimal amplifi-
cation of the 10-fold dilution series
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Group [7]. BM was diluted with Phosphate Buffered Saline
(PBS) and mononucleated cells were obtained by density
gradient centrifugation over Biocoll (density 1077 g/ml,
Biochrom). Cells were washed with PBS and—if neces-
sary—red blood cells were lysed with Lysis buffer.
Cytospins were prepared with 10° cells using a cytocen-
trifuge (Hettich). Fixation of cells occurred in a 0.5%
neutral buffered formalin solution for 10 min. Automated
staining was performed on the Autostainer (DAKO Cyto-
mation) using the A45B-B3 monoclonal antibody for
pancytokeratin (Mikromet) at a dilution of 1:400 and AP-
AAP detection (Dako Cytomation). The A45B-B3
antibody is directed against common cytokeratin epitopes
including the CK heterodimers 8/18 and 8/19. A positive
control consisting of preparations of MCF-7 cells mixed
with PBMC’s was included with each batch of samples, as
well as a negative control, consisting of PBMC’s from
healthy volunteers. In order to check for unspecific stain-
ing, isotype matched myeloma protein was included as a
staining control (Sigma). For each patient 2 x 10° cells
were analyzed on two slides. Analysis was performed on
the Automated Cell Imaging System ACIS® (Chromavi-
sion). Criteria for DTC-detection were based on
recommendations of the European ISHAGE Working
group for standardization of tumor cell detection [6].

Statistics
Chi-squared test was used to examine the relationship
between categorical variables. Statistical analysis was

performed using SPSS (version 11.5). P-values less than
0.05 were considered statistically significant.

Results
Patient characteristics

BM samples from 385 breast cancer patients were ana-
lyzed. 305 samples were obtained at the time of surgery for

primary breast cancer. Sixty-three patients had a history of
breast cancer and underwent secondary BM aspiration
during follow-up at our outpatient clinic. The remaining
seventeen patients were diagnosed with recurrent breast
cancer. Clinical data of patients are shown in Table 1.

BM analysis by ICC

135 of 385 patients (35%) had DTC’s in their BM. The
number of cells ranged from 1 to 8 cells per 10° MNC’s.
Figure 2 demonstrates examples of CK positive cells in the
BM of a primary breast cancer patient. The highest posi-
tivity rates were seen in primary breast cancer patients who
underwent primary systemic chemotherapy. 15 of 63 (24%)
follow up samples of breast cancer patients with no evi-
dence of disease were DTC positive.

BM analysis by RT-PCR

The CK19 detection rate by RT-PCR was 35%. Figure 3
demonstrates a typical result of CK19 positive samples
obtained with the Fit Points Method of the Light Cycler
version 3.5 (Roche Diagnostics). In primary breast cancer,
117 of 305 patients (38%) were DTC positive. After

size Tumor cells > hematopoietic cells 5
nucleus Nucleus enlarged

Irregular chromatine structure
nucleoli

Nucleus/Cytoplasm Relation >1

Cytokeratin staining over nucleus @

cytokeratin Staining intensity variable

Possible perinuclear increase of staining intensity

e

Possibly cytokeratin filaments visible

cell Cell clusters detectable

Fig. 2 Criteria for evaluation of positive DTC’s in bone marrow and
examples from primary breast cancer patients

Table 1 Patient characteristics

Patients enrolled n = 385 ICC positive RT-PCR positive
Primary breast cancer 305 111 (36%) 117 (38%)
Prior surgery/no neoadjuvant chemotherapy 271 95 (34%) 103 (37%)
Stage 1 164 54 (33%) 64 (39%)
Stage 11 73 25 (34%) 24 (33%)
Stage 111 30 13 (43%) 12 (40%)
Stage IV 10 3 (30%) 3 (30%)
After primary systemic therapy 28 16 (57%) 14 (50%)
Recurrencies 17 9 (53%) 5 (29%)
Secondary bone marrow aspiration 63 15 (24%) 12 (19%)
Total 385 135 (35%) 134 (35%)
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Fig. 3 Amplification curves obtained by the Light Cycler version 3.5
software package. The x-axis shows the cycle number of the PCR
where amplification started. The y-axis shows fluorescence intensity.
Five of 11 samples amplified the CK19 gene

completion of surgery and chemotherapy 12 of 63 follow-
up patients (19%) had DTCs detected by RT-PCR.

Correlation between ICC and RT-PCR

All 385 BM samples were analyzed by ICC and RT-PCR.
The positivity rates of both methods were 35%. 49% of the
BM samples (187 of 385) were positive by at least one
method. 14% of the samples were positive only by RT-
PCR and another 14% only by ICC. Both methods showed
a statically significant correlation (P < 0.01).

In 73% of the patients (280 of 385 cases) identical
results were obtained. 198 (51%) patients were BM nega-
tive by both methods. Positive results by both methods
were obtained in 82 (21%) patients (Table 2a). In order to
rule out that discordant results obtained by the two methods
was the result of inferior sensitivity of the RT-PCR, we

compared the number of CK+ cells detected by ICC with
PCR positivity. Table 2b demonstrates that the number of
detected tumor cells on ICC did not correlate with RT-PCR
results (P = 0.365). Thus, RT-PCR correctly evaluates the
BM-status for presence or absence of CK-positive cells,
irrespective of their number, which would correspond to
the clinical significance of the “positive” of “negative”
BM-status as established by ICC.

Discussion

Over the past 15 years, the standard method of detection of
disseminated tumor cells (DTCs) in the BM of breast
cancer patients has been immunocytochemistry (ICC). This
method has shown that DTCs are correlated independently
with early disease relapse and decreased survival [17, 18].
DTC’s have the potential to become targets for new ther-
apeutic modalities, which would make routine evaluation
of the BM-status an important aspect of breast cancer care.
Recent efforts to standardize the ICC-approach underline
its growing clinical relevance and the need for an accurate
and generally accepted assessment of BM-status [7]. While
ICC has emerged as the method of choice for DTC-
detection, it has not been without criticism. Differences of
detection rates between research groups using ICC have
been attributed to the use of different cell preparation
techniques, different antibodies as well as different cyto-
morphologic diagnostic criteria. The most consistent
results have been obtained with the A45B-B3 antibody.
Recent consensus meetings have recommended using this
antibody and introduced standardized technical and diag-
nostic criteria [7]. Another problem has been the subjective
aspect of cytologic evaluation. Furthermore the imple-
mentation of BM-ICC into routine clinical practice is labor
intensive and costly. Efforts continue to provide an alter-
native, both from a methodological as well as from a
logistic point of view. The focus of interest has been
RT-PCR. Different research groups have established
RT-PCR-protocols for the detection of DTCs [19-25].

Table 2 Positivity rates

obtained by ICC and RT-PCR RT-PCR negative RT-PCR positive Total
(a)
ICC Negative 198 (51%) 55 (14%) 253 (65%)
ICC Positive 53 (14%) 82 (21%) 135 (35%)
Total 251 (65%) 134 (35%) 385 (100%)
(b)
1 CK+ Cell ICC 24 (46%) 28 (54%) 52 (100%)
2 CK+ Cells ICC 12 (32%) 26 (68%) 38 (100%)
>3 CK+ Cells ICC 17 (38%) 28 (62%) 45 (100%)
Total positive ICC 53 (39%) 82 (61%) 135 (100%) P = 0365
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Table 3 Comparison of RT-PCR and ICC

Smith et al. [26] Benoy et al. [8]

Schroder et al. [27] Schoenfeld et al. [28] Becker et al. [16]

133 25
Blood

Total n both tests performed

Blood/bone marrow Bone marrow

M status patients M+ M+
Positivity rate RT-PCR CK19  50% 80%
Positivity rate ICC pCK 42% 63%*

Same result both methods 71% 75%
Correlation ICC/PCR kappa 0.43 P < 0.0001
Sensitivity RT-PCR assay 1in 107 cells 5 in 107 cells
Sensitivity ICC assay n.a. 1 in 10° cells

31 65 385

Blood Bone marrow Bone marrow
MO MO MO

50% 35% 35%

0%"° 22% 35%

67% 74% 73%

n.a. n.a. P < 0.001

5in 3 x 10° cells
1 in 10° cells

1 in 10 cells

>1 in 10° cells

1 in 10° cells
1in 2 x 10° cells

? Total (n = 24) samples analysed
° Total (n = 149) samples analysed

Only few have compared their results to ICC as shown in
Table 3 [8, 26-28]. RT-PCR based assays have the
advantage of being highly sensitive and reproducible. They
offer an objective, observer-independent way of assessing
the presence of cytokeratin-bearing cells in the BM.
However, due to key methodological difficulties such as
the inherent instability of the CK-related RNA, its imple-
mentation remains a challenge. Our group has established a
one-step real-time RT-PCR based protocol using the Light
Cycler system. Our focus was the establishment of a pro-
tocol suited for clinical routine and comparable to ICC with
regard to sensitivity, specificity and reproducibility. Based
on our findings and those of other research groups
regarding RNA-degradation we did not use any pre-
enrichment strategy [16, 29, 30]. RNA degradation starts
immediately after BM is obtained and pre-enrichment uses
up additional time. Because RNA-levels of CK19-positive
cells within a background of hematopoietic cells are at the
threshold of detection, even small levels of degradation can
lead to false negative results. Without pre-enrichment,

rapid RNA stabilization (<30 min after the sample was
obtained) was essential. After the addition of the RNA-
stabilizer, samples were stored at minus 20°C until further
analysis, allowing sample batching, which is important for
routine clinical use. The intermediate filament CK19 has
emerged as the PCR-marker of choice for microdissemi-
nated breast cancer cells [8, 31-35]. CK19 is stably
expressed in epithelial tissues and tumors but not usually in
mesenchymal and/or haematopoietic cells [11, 12]. Alter-
native markers tested by different groups have been Muc-1,
urokinase type plasminogen activator receptor (uPAR),
EpCAM and mammaglobin each originally considered
breast cancer specific [36-38]. Some of these markers,
however, have been detected in peripheral blood of a
control group of healthy patients [19, 22] and data
regarding their clinical significance remains scarce. Based
on the available evidence regarding the significance of CK-
positive cells in the BM, it is clear that RT-PCR would
have to look at established CK-markers, too. Table 4
compares the test-specific characteristics of RT-PCR and

Table 4 Comparison of ICC and RT-PCR protocols considering aspects for routine application of protocols

One-step RT-PCR

ICC

Marker/Antigen CK19
Sensitivity

Enrichment strategy None*
Specificity” Primers CK19
Time needed for assay 200 min
Time for entire procedure 1 day

Cost (material only) € 35,-/assay
Subjective element No

Stability of target

Morphological evaluation No

5 MCF-7 cells/3 x 10° PBMCs

RNA, instable molecule

CKS8, CK18 and CK19

1 MCF-7 cell/10° PBMC’s
Density gradient
Monoclonal PanCK antibody
300 min

2 days®

€ 13,-/assay

Yes

Protein, stable

Yes

? Advantage: (a) RNA stabilization feasible within minutes, (b) saves time

® Evaluation of—negative controls (blood) were obtained from healthy blood donors—positive controls (cells from breast cancer cell line spiked
with PBMCs of healthy donors)—Isotype control (MOPC21 antibody to check for unspecific staining)

¢ Cytospins dry overnight
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ICC. Having established an easy to use CKI19-RT-PCR
assay, we prospectively compared the results of our RT-
PCR assay with routine ICC assessment of the BM of 385
breast cancer patients. The results show a significant cor-
relation between the RT-PCR based method and ICC,
confirming previous results seen in a smaller cohort of
patients [8]. Both methods rely on the detection of epi-
thelial specific markers as indicators of epithelial derived
cancer cells usually not present in the BM. While the ICC
technique specifically looks for the presence of multiple
proteins (CKS8, 18 and 19), RT-PCR detects elevated gene
expression of only CK19. CK19 is the most frequently used
marker for RT-PCR detection of DTC in breast cancer
patients, both in the BM and in sentinel-lymphnodes.
While CK18/8 are part of the A45B-B3 antibody they have
only rarely been used for DTC detection individually or as
part of RT-PCR assays. The expression patterns of these
epithelial cytokines are very similar to that of CK19 and
they are not expected to provide more specificity than
detection of the single marker CK19. In fact, the A45B-B3
antibody was initially used for the detection of non-breast
cancer epithelial tumor cells. CK 18, for example, has been
widely used as a marker for DTC-detection in colon can-
cer, but has been found to be less relevant in breast cancer.

Significant problems remain. It has been shown that
haematopoietic cells potentially (though rarely) express
CK19 at very low levels [39, 40]. If sensitivity is too high,
“illegitimately” expressed mRNA transcripts would be
detected and specificity suffers. One way to solve this
problem is to use quantitative RT-PCR, which requires a
defined cut-off, above which expression of a gene is con-
sidered tumor cell specific. However, due to the
heterogeneity of tumor cells, they too express CK19 at very
different levels, so it has been difficult to define an exact
cut off value that does not arbitrarily exclude tumor cells,
reducing the value of the test overall.

So far, only one study has looked at the follow-up of
patients with RT-PCR positive BM: the presence of CK19-
mRNA in BM was correlated with a significantly reduced
overall survival [41]. Our data provides good evidence that
RT-PCR might play an important part in the detection of
DTC’s. The test correlates well with the established stan-
dard and could serve to accumulate clinical data which
then needs to be compared to clinical follow up as well.
Survival data of patients recruited for this study will be
available within the next 3-5 years. In summary, looking at
the largest patient group to date, we report on a pragmatic
and easy to use RT-PCR based assay for DTC-detection in
the BM of breast cancer patients. Our results show good
correlation with the existing standardized ICC. If the BM-
status of breast cancer patients becomes more important for
their management, new test-options need to be explored.
The RT-PCR approach is fast, can be performed in batches
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and requires no cytologist-evaluation. Being largely auto-
mated it can easily be implemented in established
laboratory routine.
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