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Purpose: Minimal residual disease (MRD) refers to micrometastases that are undetectable
by conventional means and is a potential source of disease relapse. This study aimed to
detect the presence of breast cancer (BC) biomarkers (MGB-1, MGB-2, CK-19, NY-BR-1)
using real-time polymerase chain reaction (RT-PCR) in peripheral blood mononuclear cells
(PBMC) of BC patients and the impact of a positive assay on clinical outcome.

Patients and Methods: Patients in the analysis included females >18 years of age with
biopsy-proven carcinoma of the breast. A 10 mL sample of venous blood was obtained from
10 healthy controls and 25 breast cancer patients. Comparisons of peripheral blood markers
were made with clinicopathological variables.

Results: High-quality RNA was extracted from all samples with a mean RNA concentration
of 224.84+155.3 ng/uL. Each of the molecular markers examined was highly expressed in the
primary breast tumors (n = 3, positive controls) with none of the markers detected in healthy
negative controls. The NY-BR-1 marker was expressed in one (4%) patient with metastatic
disease with no MGB-1 and MGB-2 detected in any sample derived from the study patients.
The CK-19 marker was detected in 16 (64%) of the BC cases. No correlation was found
between CK-19 expression and tumor stage (P = 0.07) or nodal status (P = 0.32). No
correlation was identified in the BC patients between CK-19 expression and receptor status
in the BC primary tumor.

Conclusion: This study showed high expression of all 4 markers NY-BR-1, MGB-1, MGB-
2 and CK-19 in the PBMCs derived from breast cancer patients. CK-19 was detected in 64%
of the stage I-1II cases operated with curative intent, the only recurrent events occurring in
the CK-19-positive cases. Our data confirm the need to enhance techniques for detection of
MRD, which may better predict patients at risk for relapse.
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predictive potential

Introduction

The Need for Enhanced Breast Cancer Detection

Breast cancer remains a significant 21st century global health care concern, impos-
ing a great burden on health care systems and negatively impacting the lives of
millions of patients worldwide. This has created a need for new avenues of research

to help realize the goal of better disease diagnosis, therapy, and management. The
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last few decades have witnessed the early detection of
breast cancer (BC) combined with significant improve-
ments in its treatment and a consequent reduction in can-
cer-specific mortality.! Despite these advances, about one-
quarter of non-metastatic patients go on to develop distant
metastases. In clinical BC practice, the traditional predic-
tive markers of disease recurrence and survival have
included the primary tumor size, the presence of lymph
node metastases and histological tumor grade along with
the routine determination of receptor status.” Improved
techniques designed to detect micrometastases within
lymph nodes have assisted in defining high-risk patients
suitable for systemic therapy. This may help identify those
cases undergoing curative surgery with negative axillary
nodes, which could potentially develop distant metastases.
In these patients, the detection of this minimal residual
disease (MRD) disease within the lymph nodes can be
achieved by serial sectioning, immunohistochemistry or
by RT-PCR mRNA amplification of BC markers.’
Similarly, improved diagnostic tools utilizing such inno-
vative techniques, such as liquid biopsies to detect poten-
tial cancer biomarkers, including cell free nucleic acids
(DNA, mRNA and miRNA) in circulation, have the poten-
tial to enhance diagnosis, monitor efficacy of treatment
and discover potential targets for therapy.*

Minimal Residual Disease
The MRD concept proposes that micrometastases unde-
tectable by conventional means are present at the time of
the initial diagnosis and that they are the source of disease
relapse  and a target for adjuvant therapy.’
Immunomagnetic separation of isolated tumor cells in the
bone marrow (DTCs) or in the peripheral blood (CTCs)
has been used as a biomarker in early-stage BC. For
example, Nadal et al” showed the presence of CTCs in
nearly one-third of patients with T1 or T2 primary tumors.
Although detection of these CTCs in patients with non-
metastatic BC does not appear to correlate with tumor size,
grade, with receptor status, or lymph node status, there is
an inverse correlation between the extent of their presence
and the relapse-free survival.® The aim of this study was to
develop a multi-marker RT-PCR assay for the detection of
MRD in the peripheral blood of BC patients, using RNA

panels to detect the presence of breast cancer biomarkers.

Biomarker Panels
MGB-1 and MGB-2 are members of the uteroglobin pro-
tein family” that have been shown to be overexpressed in

human BC and in BC cell lines’ with MGB RT-PCR
correlating with histology in positive lymph nodes.'® The
marker CK 19 is a non-specific epithelial marker present
on every BC cell with its detection in the peripheral blood
of BC patients correlating with a reduced disease-free and
overall cancer-specific survival in node-negative
patients.''

NY-BR-1, first detected by Jéger et al'? in a serological
analysis of recombinant tumor cDNA expression libraries
(SEREX) screen showing tissue-restricted mRNA expres-
sion, was used as a novel marker particularly expressed
in BC, normal testis and in prostate cancer. NY-BR-1 is
considered a differentiation antigen showing expression in
normal breast epithelium, in most cases of ductal carci-
noma in situ (DCIS) and in many invasive breast cancer

specimens.'?

RT-PCR Assay for MRD

The approach to use RT-PCR detection of multiple mar-
kers with BC and epithelial specificity may improve the
overall sensitivity of MRD diagnosis. Previous work by
our group has shown high sensitivity for a multi-marker
RT-PCR assay in the detection of MRD within sentinel
axillary lymph nodes.'* We present the development of
a multi-marker RT-PCR assay for the detection of MRD in
peripheral blood mononuclear cells (PBMC) of BC
patients and the impact of a positive assay on clinical
outcome.

Patients and Methods
The study protocol was approved by the Hadassah-Hebrew
University Institutional Review Board (Helsinki
Committee, protocol #391-04-08-06), with all the study
patients signing an IRB-approved informed consent.
Patients in the analysis included females >18 years of
age with biopsy-proven carcinoma of the breast.
Demographic data were collected including age at diag-
nosis and ethnicity, along with clinicopathological fea-
tures, such as anatomic locale of the tumor (laterality),
preoperative CEA and CA 15-3, the number of involved
lymph nodes, the number of resected lymph nodes, the
pathologic stage, histologic type, grade and ER, PR and
Her2/neu expression status.

A 10 mL sample of venous blood was obtained from
10 healthy controls without disease and preoperatively
from all participating study patients. After centrifugation
at 1500 rpm for 10 minutes at room temperature, periph-
eral blood mononuclear cells (PBMCs) were separated on
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a Ficoll-Hypaque gradient (Amersham Biosciences AB,
Uppsala Sweden) with further centrifugation at 2700 rpm
for 30 minutes. Cells were washed twice in PBS with
repeat centrifugation for 7 minutes at 1500 rpm suspend-
ing the cell pellet in 1 mL of TriReagent (Molecular Res
Inc., Cincinnati, OH). Specimens were stored at —20°C
until RNA extraction. RNA was extracted with the addi-
tion of 200 pL chloroform (119.38 g/mL, Mallinckrodt
Baker B.V., Deventer Holland) per mL of TriReagent and
incubated for 15 minutes at room temperature. After cen-
trifugation at 12,000 rpm for 15 minutes at 4°C the aqu-
eous phase was transferred to a fresh tube and mixed with
0.5 mL (isopropyl
Frutarom Ltd., Haifa Israel) for further 8 minutes of incu-

isopropanol alcohol-2-propanol;
bation at room temperature and then repeat centrifugation
at 12,000 rpm at 4°C for additional 15 minutes. After
a further wash in 75% ethanol, the pellet obtained was
dried in a SpeedVac chamber heater and resuspended in
DEPC-treated water (50200 pL depending upon the size
of the pellet). The pellet was incubated for further 15
minutes in a 65°C heat block and was then stored at
—70°C until processing.

For RNA analysis 5 pL of the sample was heated for 15
minutes and then run in a 1% agarose electrophoresis gel
with an @x/HindIIl DNA marker (New England, BioLabs
Inc.). The concentration and purity of the product was
assessed with a NanoDrop ND 1000 spectrophotometer
(NanoDrop Technologies USA) using the ND-1000 version
3.2.1. software (Coleman Technologies Inc.). Prior to cDNA
synthesis, the RNA was DNase treated by incubating 1 pg
RNA with up to 7 pL of DEPC-treated water, 1 L. of DNase
buffer and 1 uL of amplification grade DNase (Invitrogen
Carlsbad CA) for 15 minutes at room temperature. The
reaction was transferred for further 15 minutes in a heat
block and then stopped by the addition of 1 pL of 25 mM
EDTA (Invitrogen Carlsbad, CA). For cDNA synthesis, 3 uL
of random primer (p (dN) 6-digoxigenin; Roche Diagnostics
GmbH, Mannheim Germany) was incubated at 70°C for 10
minutes after which a mix of 4 pL of Strand buffer
(Invitrogen Carlsbad, CA), 2 pL DTT and 1 pL PCR-grade
dNTP (pH 8.3; Roche Diagnostics, GmbH Mannheim,
Germany) were added. Following further 3 minutes of incu-
bation at 42°C, 1 pL of reverse transcriptase (TagMan
microRNA reverse transcription kit, Applied Biosystems
Foster City, CA) was added with incubation for additional
50 minutes at 42°C (the last 15 minutes at 70°C). The 20 pL
mix of cDNA was stored at —20°C until used for
RealTime PCR.

To conduct RT-PCR analysis, all primers were tested
on positive and negative controls in order to determine
their capacity and consistency for amplifying the sequence
of interest. The primers used included NY BR-1, MGB-1,
MGB-2 and CK 19 with GAPDH, the housekeeping gene
used as an internal control for the normalized quantitative
measurement of RNA expression. A cDNA volume
equivalent to 0.1 pg RNA was added to the tubes resulting
in a mix containing 7 pL DDW, 10 pL Mastermix
(TagMan Applied Biosystems, Branchburg NJ) and 1 pL
of the relevant probe and primers. Optical strips or plates
containing 20 pL per sample were analyzed with an RT-
PCR thermocycler (7500 RT-PCR Applied Biosystems)
with the program run in 2 stages for 40 cycles (Stage 1
= 10 minutes at 95°C and Stage 2 = 15 seconds at 95°C
followed by 60 seconds at 60°C). The 7500 System
Software package (7500 System Sequence Detection ver-
sion 1.2.2., Applied Biosystems) was used for the analysis.

Comparisons of peripheral blood markers were made
with clinicopathological variables. Patients underwent rou-
tine physical examination at 3 monthly intervals for the
first year after surgery and then at 6 monthly intervals for
the next 4 years. Breast imaging, including mammography
and ultrasonography, was performed annually post-
surgery.

Statistical analysis was performed using the SPSS ver-
sion 10.0 statistical package (SPSS Inc., Chicago IL).
Categorical variables were compared with the Chi-square
test or Fisher’s Exact test where appropriate. A p value
<0.05 was considered to be significant.

Results

The analysis included 25 patients, 24 with invasive BC
and one case of DCIS (median age 57 years, range 36—71
years). Of the cohort, 20 underwent surgery and adjuvant
therapy in accordance with their pathologic stage and
grade. The clinicopathological features of the operated
patient group are shown in Table 1. The 5 remaining
cases presented with metastatic disease and were treated
with chemotherapy. Over a median follow-up of 41.3
months (range 34.4-74.7 months) there were 2 distant
recurrences in the operated patients, both with lung
metastases.

RNA was successfully extracted from all blood sam-
ples and quantified using the housekeeping gene with
a mean concentration of 224.8 £ 155.3 ng/uL. The sensi-
tivity of each assay was derived from the generated cali-
bration curve (Supplementary Figure 1). Breast cancer
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Table | Clinicopathologic Features of Study Patients Operated
on for Localized Breast Cancer

Laterality

Right 8 (40.0)
Left 10 (50.0)
Bilateral 2 (10.0)
Hormonal status

Premenopausal 8 (40)
Perimenopausal 2 (10)
Postmenopausal 10 (50)
Procedure

Modified radical mastectomy 3 (15)
Lumpectomy 17 (85)
Axillary procedure

SLNB only I'1 (55)
ALND 2 (10)
SLNB followed by ALND 7 (35)
AJCC-UICC T-stage

Tis I (5)
Tl 4 (20)
T2 12 (60)
T3 3 (15)
AJCC-UICC N-stage

NO Il (55)
NI 7 (35)
N2 2 (10)
Histologic grade *

Well differentiated I (5.3)
Moderately differentiated 13 (68.4)
Poorly differentiated 5 (26.3)
Undifferentiated 0 (0)
Hormone receptor expression

ER/PR positive 18 (90)
ER/PR negative 2 (10)
Her2/neu status

Over-expressed 4 (20)
No over-expression 16 (80)

Notes: *For invasive carcinomas (n=19). () Brackets are percentages.
Abbreviations: SLNB, sentinel lymph node biopsy; ALND, axillary lymph node

dissection.

Table 2 Correlation Between CK-19 Expression in Sera of
Operated Breast Cancer Patients and Their Primary Tumor
T-Stage

CK-19 Expression T 0-1 T 2-3 Total
Negative 3 2 5
Positive 2 13 15
Total 5 15 20

Note: The two-sided Fisher’s exact test was 0.07.

The quantification was normalized against the PBMCs
derived from healthy donors. Slight differences in the
pattern and sensitivity of RNA expression between the
markers were noted when cell samples were seeded with
varying populations of MDA 134-positive controls. NY-BR
-1 amplification increased with an increase in cell num-
bers, but which fell away after an MDA 134 concentration
exceeded 10° cells. MGB-1 was amplified in increasing
amounts until an MDA 134 concentration exceeding 10°
cells, with MGB-2 showing a higher amplification until an
MDA 134 cell concentration of 5 x 10° cells was reached
(Supplementary Figure 2).

High-quality RNA was extracted from all samples with
a mean RNA concentration of 224.8+155.3 ng/uL. Each of
the molecular markers examined was highly expressed in
the primary breast tumors (n = 3, positive controls) with
none of the markers detected in the PBMCs derived from
healthy negative controls.

The NY-BR-1 marker was expressed in one (4%)
patient with metastatic disease with no MGB-1 and
MGB-2 detected in any sample derived from the study
patients. The CK-19 marker was detected in 16 (64%) of
the BC cases. No correlation was found between CK-19
expression and tumor stage (p = 0.07) or nodal status (p =
0.32) (Tables 2 and 3). No correlation was identified in
the BC patients between CK-19 expression and receptor
status in the BC primary tumor. Four of the 5 metastatic
patients were negative for all molecular markers with the
remaining cases showing both CK-19 and NY-BR-1

Table 3 Correlation Between CK-19 Expression in Sera of
Operated Breast Cancer Patients and Their Primary Tumor
N-Stage

cells (MD 134) were mixed with the PBMCs derived from
healthy donors (n = 10) in increasing concentrations with
each molecular marker used capable of a threshold detec-
tion of a minimum of 10> MDA 134 cells per 10° PBMCs.

CK-19 Expression N O N 1-2 Total
Negative 4 | 5
Positive 7 8 15
Total I 9 20

Note: The two-sided Fisher’s exact test was 0.32.
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expression. Over a median follow-up of 41.3 months
(range 34.4-74.7 months) recurrence occurred in 2 cases,
both presenting with lung metastases. Both of these cases
were CK-19-positive, and both were managed with che-
motherapy (diagnosed 13 and 37 months post-surgery).

Discussion

This pilot study showed a high expression of all 4 markers
NY-BR-1, MGB-1, MGB-2 and CK-19 in the
PBMCs derived from 25 women with invasive BC and
DCIS. CK-19 was detected in 64% of the Stage I-1II cases
operated with curative intent and was the only marker
consistently identified. Two metastatic recurrent events
occurred in patients, both of whom were CK-19-positive.

Relevance of the Study

The detection of CTCs in the peripheral blood of patients
with early-stage BC is prognostic for recurrence and can-
cer-specific mortality® with the potential for use in mon-
itoring response and resistance to individual anticancer
therapies.””'> The findings in this study show differences
for MRD site in BC where our group has previously
reported the use of a multi-marker assay in sentinel
lymph nodes incorporating NY-BR-1, MGB-2 and CK-
19." In this earlier study, 15 of 30 cases demonstrated
all 3 markers with a higher sensitivity for MRD detection
within lymph nodes when compared with either conven-
tional histology or immunohistochemistry. In this study,
NY-BR-1 was the most sensitive marker with CK-19 the
least sensitive and with an advantage for a 3-marker over
a single-marker detection system.

Comparative Findings

Our results are in keeping with those reported by Kriiger
et al'® who detected CK-19 mRNA transcripts in the
peripheral blood of 46% of BC cases. These findings are
also in agreement with those reported by Stathopoulou
et al'” who identified CK-19 transcripts in one-third of
their operable BC patients. A fall in specificity between
laboratories will account for variations in the reported
false-positive rates.'®!? The assumption that the dissemi-
nation of CK-19-positive CTCs is an early event, which
signifies the risk of relapse, requires further evaluation in
order to determine the potential benefit in early BC
CTC-marker RT-PCR as
a method for monitoring adjuvant therapy. This approach

patients of quantitative

adopted by Xenidis et al''*" has suggested an association
between detectable post-chemotherapy CK-19 mRNA-

positive CTCs and axillary lymph node status, as well as
with disease-free and overall survival.

Zach et al*' were the first to establish a nested PCR
assay designed to detect hMAM mRNA in the peripheral
blood of BC patients, demonstrating a correlation between
the presence of positive transcripts and tumor burden. In
contrast, we were unable to show any mammaglobin
(MGB) CTC expression. Our results are consistent with
those reported by Chen et al*> who were unable to corre-
late the presence of MGB-positive CTCs with the out-
come. However, unlike our findings, these researchers
showed MGB positivity in 26% of their early BC cases.
Similarly, Marques et al,> taking samples before the com-
mencement of adjuvant chemotherapy, were unable to
show any difference in hMAM CTC-positivity between
those later developing recurrence and patients who were
disease-free. This is in contrast to Ntoulia et al** who
showed an inverse correlation in operable BC patients
between the expression of Mammaglobin-A in the periph-
eral blood and the disease-free interval. This variability
likely reflects the conflicting associations that have been
demonstrated between the expression of hMAM in the
peripheral blood and more typical BC prognostic markers.
In a study by Nuiiez-Villar et al*> hMAM expression
correlated with indicators of a good prognosis (ER and
PR receptor expression, diploid DNA content, a low Ki67
labeling and low tumor grade), whereas Mikhitarian et al
showed hMAM overexpression to be associated with ER
receptor negativity and a higher tumor grade.*®

The multi-marker assay approach has generally shown
more consistent results than the use of a single marker
assay. In a study of early BC patients using a similar
approach to ours, but with a combination of 3 established
mRNA markers (CK-19, human mammaglobin-hMAM
and carcinoembryonic antigen-CEA) Chen et al** showed
a 58.8% sensitivity and a 100% specificity for CTC detec-
tion in the peripheral blood with a clear correlation
between initial multi-marker positivity and distant relapse
over a 3-year follow-up. In their study, the detection of
3-marker-positive CTCs in the peripheral blood was an
independent risk factor, which correlated with a reduced
relapse-free survival. Multi-marker assay detection sys-
tems are likely to have a significant advantage over single
marker assays for several reasons. For the detection of
MDR, multi-marker RT-PCR should show enhanced per-
formance characteristics, particularly when cell popula-
and when the

tions are phenotypically diverse

concentrations of expressed mRNA are low. The use of
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a number of markers can potentially compensate for these
variations and allow CTC detection to act as a better
marker for the molecular characterization of systemic
disease.”’

Even when some markers have been reported in com-
bination as independent prognostic factors for survival,
their sensitivity can be too low for clinical use as single
markers. Differences encountered reflect different patient
subpopulations, the detection of CTCs with techniques that
have variable performance and particular situations where
no information is available concerning the comparative
level of marker expression in the primary tumor. In gen-
eral, multi-marker RT-PCR analysis of the peripheral
blood shows high specificity and is associated with histo-
logic grade, lymph node metastasis and higher levels of
serum tumor markers, such as CEA and CA 15-3.28
Furthermore, positive peripheral blood markers used in
combination can predict progression-free survival®® and
in women with Stages I-III BC a positive multi-marker
assay prior to the commencement of adjuvant chemother-
apy correlates with a poor disease-free survival.*

There are several limitations to our study. Patient num-
bers are small, and the data are preliminary and need
confirmation in larger cohorts. In addition, there are clear
technical considerations, which influence test sensitivity.
A major challenge in detecting MRD is that a standard
blood sample can only identify a few thousand copies of
each gene. It is accepted, however, that cancer cells have
a poorer survival than normal cells, potentially interfering
with PCR amplification. Additional strategies designed for
epithelial enrichment will also enhance CTC marker
expression and improve test sensitivity and subsequent
clinical utility.>' ** Other technical considerations such
as the timing of processing of samples, the sequence of
blood tube collection, prolonged sample storage prior to
assay and the type of blood preservative can all affect
results, particularly when the positivity rate for an indivi-
dual marker is low.***

Our data add to the ever-increasing usage of a range
of varied “omic” technologies such as genomics, tran-
scriptomics, proteomics and metabolomics, to more pre-
cisely characterize tumor biology.*® Indeed, due to the
complexity of human biology, new advances in inter-
preting these data, and integrating and combining dif-
ferent methodologies, a process known as multi-omics
has become an essential innovation in cancer research.
Recently, this approach has been used to develop
a molecular signature to differentiate between young

women at high or low risk for breast cancer develop-
ment, which similarly could pave the way for better

early detection.®’

Conclusion

In summary, our study showed CK-19 marker expression
in peripheral blood CTCs in early-stage BC. The only
recurrent events occur in the CK-19-positive cases.
Further validation is required to establish an approach
where the molecular detection of CTCs and genomic mon-
itoring of their clearance during treatment will act as
surrogate markers for systemic disease. In this way, track-
ing the appearance of CTCs can expand the use of targeted
agents to patients who, according to standard criteria,
would normally be ineligible for such treatment.*® RT-
PCR marker analysis in early-stage BC will potentially
permit personalized cancer management and the monitor-
ing of resistance to anticancer therapies. Large clinical
trials using RT-PCR CTC detection as a sensitive endpoint
will need to establish adjuvant therapies directed by geno-
mic characterization result in significant improvements in
clinical outcome.
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the Declaration of Helsinki.
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