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Abstract

Background: Endocrine treatment is the most preferable systemic treatment in metastatic breast cancer patients that have
had an estrogen receptor (ER) positive primary tumor or metastatic lesions, however, approximately 20% of these patients
do not benefit from the therapy and demonstrate further metastatic progress. One reason for failure of endocrine therapy
might be the heterogeneity of ER expression in tumor cells spreading from the primary tumor to distant sites which is
reflected in detectable circulating tumor cells (CTCs).

Methods: A sensitive and specific staining protocol for ER, keratin 8/18/19, CD45 was established. Peripheral blood from 35
metastatic breast cancer patients with ER-positive primary tumors was tested for the presence of CTCs. Keratin 8/18/19 and
DAPI positive but CD45 negative cells were classified as CTCs and evaluated for ER staining. Subsequently, eight individual
CTCs from four index patients (2 CTCs per patient) were isolated and underwent whole genome amplification and ESR1
gene mutation analysis.

Results: CTCs were detected in blood of 16 from 35 analyzed patients (46%), with a median of 3 CTCs/7.5 ml. In total, ER-
negative CTCs were detected in 11/16 (69%) of the CTC positive cases, including blood samples with only ER-negative CTCs
(19%) and samples with both ER-positive and ER-negative CTCs (50%). No correlation was found between the intensity and/
or percentage of ER staining in the primary tumor with the number and ER status of CTCs of the same patient. ESR1 gene
mutations were not found.

Conclusion: CTCs frequently lack ER expression in metastatic breast cancer patients with ER-positive primary tumors and
show a considerable intra-patient heterogeneity, which may reflect a mechanism to escape endocrine therapy. Provided
single cell analysis did not support a role of ESRT mutations in this process.
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Introduction represents 10-20% of all breast tumors and is characterized by a
mixed expression of ERa, PR, and/or ERBB2. It is often
represented by an more aggressive phenotype of breast cancer
with higher tumor grade [8].

Breast cancer is the most common malignancy among women,
accounting for approximately 23% of all cancer cases. Further-
more, breast cancer represents the most frequent cause of cancer
related death in women worldwide [1]. On the molecular level,
breast cancer is a heterogeneous disease and several molecular
subtypes have been described based on gene expression profiles
and immunohistochemistry [2-4] that might be explained by their
cell of origin [5]. The most common subtype is the luminal A type,
presenting up to 50-60% of all breast cancer cases [2,6]. These
tumors are characterized by high estrogen receptor alpha (ER)
expression and are - due to their low proliferation rate - associated
with a relatively good prognosis [6,7]. The luminal B subtype

A breast tumor’s ER expression is normally assessed by
immunohistochemistry and the definition of ER “positive” status
is based on the presence of 1% or more ER positive tumor cells
[9]. Expression of ER often mediates sensitivity of these tumors to
hormonal treatment with either selective estrogen receptor
modulators, such as tamoxifen, or aromatase inhibitors. Although
the therapeutic efficacy of endocrine treatment for women with
ERo—positive primary or metastatic disease has been clearly
demonstrated [10,11], failure of therapy is observed in 20-25% of
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patients [12,13]. More importantly, these patients demonstrate
endocrine therapy “experienced progression” [12], meaning either
de novo or acquired resistance to endocrine therapy. Resistance to
endocrine therapy has been correlated to both ER-dependent [14]
and ER-independent reasons [13]. To ER-dependent mechanisms
belong genetic and/or epigenetic changes of the ERo gene,
causing either lack of ERa protein expression or a dysfunctional
ERa pathway [14] (e.g., due to ESRI promoter hypermethylation,
expression of truncated isoforms of ERa, post-translational
modifications, and other genetic changes of ERa [15]). ER-
independent ways of acquired endocrine resistance include
alteration in cell cycle and cell survival signaling molecules,
activation of escape pathways [13]. Failure of systemic therapy
may eventually lead to outgrowth of metastases in distant organs
and cancer-related death.

The putative precursors of distant metastases are circulating
tumor cells (CTCs). These cells have detached from the primary
tumor, circulate in the bloodstream, and may finally extravasate to
metastasize [16-20]. CTC analysis hold great promise to be used
to monitor adjuvant therapy efficacy, as a prognostic marker, for
early detection of minimal residual disease [19,21], and as a
predictive marker for individualized cancer treatment [22]. Easy
accessibility and possibility of sequential blood analyses make
CTC analysis a promising new blood-based biomarker [22-25].

Several techniques have been developed for the enrichment and
detection of C'T'Cs, including assays based on cell size, immuno-
logical properties, and physical properties of the tumor cells
(reviewed in [22,23]). CTCs might be discriminated from
leukocytes with high precision using their origin specific makers.
CTGCs, originating from carcinomas, normally express epithelial
markers such as EpCAM (epithelial cell adhesion molecule) and
keratins, on the other hand, CD45 molecules, also known as
leukocyte common antigen, are expressed on the surface of white
blood cells only (reviewed in [26]). Thus, the use of differently
labeled antibodies against these specific markers allows to
distinguish between CTCs and leukocytes.

Recently it was shown that the presence of CTCs after
completion of adjuvant therapy is a predictor of metastatic relapse
and poor survival [19,27-30]. Additionally, prognostic informa-
tion provided by CTCs might not be limited to the amount of
CTCs only. CTCs might reflect the primary tumor’s biology,
including intratumoral heterogeneity. Breast tumors are consid-
ered being ERa positive if 1% of the cells show nuclear reactivity
of any intensity by immunohistochemical investigation [9].
Therefore, CTCs arising from primary ERo-positive breast
tumors are not necessarily expected to be ERa-positive. ER-
negative C'T'Css might originate from ER-negative cells of ER-
mosaic primary tumor [31], or ER-negative clones might be
selected and get growth superiority under the pressure of anti-ER
therapy [32]. Appearance of genomic or epigenomic aberrations
might also result in the appearance of ER-negative CTCs [33].
Since endocrine treatment is dependent on the hormone receptor
status and targets ERa-positive cancer cells only, CTC heteroge-
neity might be one reason for treatment failure and metastasis
development in patients with ERa-positive tumors.

Both ER-positive and ER-negative cells can be identified in
therapy naive primary tumors. Moreover, it was shown that ER
status changes from positive to negative in 2.5-17.0% of the cases
after therapy [34] and changing is possible in both directions [35].
In metastatic breast cancer, a change of ER status in comparison
to the primary tumor was found in 17% of the cases [36].
Moreover, it is proposed, that the change from ER-positivity to
ER-negativity might be one of the mechanisms to evade hormonal
treatment (reviewed in [13,33]).
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Recent studies could show that divergence of hormone receptor
status between primary tumor and CTCs is not a rare event [37—
39]. However, in all of these studies polymerase chain reaction
(PCR) assays were conducted based on the measurement of
mRNA expression levels in a total CTC population. Using such an
approach, intra-patient heterogeneity between single CTCs
cannot be seen. Investigating ERa status of single CTCs might
shed light on the cause of endocrine therapy resistance in
individuals and ultimately lead to treatment optimization.

Therefore, in this study we present a highly sensitive approach
to detect C'TCs and simultaneously investigate their ER expression
in blood samples from 35 metastatic breast cancer patients with
ER-positive luminal primary tumors. Moreover, our method
allows further genetic analyses of these single CTCs which is not
possible in most of the commonly used immunostaining protocols
due to fixation and crosslinking of the DNA.

Materials and Methods

Cell culture

Two ER-negative (BT-20 and MDA-MB-231) and two ER-
positive (BT474 and MCF7) breast cancer cell lines were used. All
cell lines were acquired from American Type Culture Collection
and cultured under the prescribed conditions: MCF7, BT-20, and
MDA-MB-231 cells were cultivated in DMEM (catalog no. E15-
011, PAA Laboratories) at 37°C at 10% COg; BT474 cells were
cultivated in RPMI (catalog no. E15-039, PAA Laboratories) at
37°C at 5% COgy, Both media were supplemented with 10% fetal
bovine serum (catalog no. E15-105, PAA Laboratories). Cells were
grown in a 75 cm? flask until confluency was reached. Cells were
harvested using trypsin/EDTA (catalog no. R001100; Gibco),
washed with PBS (catalog no. 14190-094; Gibco), and resus-
pended in 1xPBS for either spiking experiments or cytospin
preparation for direct staining.

Patients and blood sampling

Thirty five metastatic breast cancer patients with ER-positive
primary tumors were included into the study. Average time
between primary diagnosis and diagnosis of metastases was 7.2
years (range: 0.5—17.0 years). Median follow up was 13.1 months
(range 1-30 month) starting from the time point of blood analysis.
Patient details are described in Table S1. Patients were treated for
metastatic breast cancer at the University Medical Center
Hamburg-Eppendorf and received therapy, according to interna-
tional guidelines.

Blood from five apparently healthy women of age 25-35 years
was included into the study to function as negative control for the
establishment of our protocol. All patients and healthy volunteers
gave written informed consent to be included into the study. The
examination of blood samples in this study was carried out
anonymously and was approved by the local ethics review board
Aerztenkammer Hamburg under number OB/V/03.

Four to fourteen milliliters of blood were collected from each
patient in EDTA tubes and processed within 24 hours. The
density gradient Ficoll was used for mononuclear cell enrichment:
full blood was transferred to a 50 ml tube containing 30 ml HBSS
(catalog no. L2045; Biochrom) and centrifuged at 400xg for 10
minutes at 4°C. Supernatant was removed by pipetting and the
cell pellet was resuspended in 30 ml 1 xPBS. Cell suspension was
added to 20 ml Ficoll (catalog no. 17-1440-03; GE Healthcare).
The mixture was spun at 400xg for 30 minutes at 4°C without
acceleration and deceleration. The interface and supernatant,
containing the mononuclear cells (z.e., leukocytes and tumor cells),
were transferred to a new 50 ml tube. The tube was filled with
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IxPBS and centrifuged at 400xg for 10 minutes at 4°C.
Supernatant was discarded and cell pellet was resuspended in
1 ml 1 xH-Lysis buffer (catalog no. WL1000; R&D Systems) and
incubated for 3 minutes with gentle shaking at room temperature.
Thirty milliliters of PBS was added and sample was centrifuged
again at 400 xg for 10 minutes at 4°C. Supernatant was discarded
and pellet was resuspended in 5 to 10 ml 1xPBS for cytospin
preparation. Cell count was determined by a Neubauer counting
chamber. Approximately 700.000 cells were applied to each slide.

Five milliliters of healthy volunteers’ blood were spiked with
500, 100, and 40 cell line cells. The density gradient Ficoll was
used for mononuclear and spiked cells enrichment as described
above. Prepared cytospins were stained with mouse IgG1 A45-B/
B3-Cy3 labeled anti-human keratins 8/18/19 (Micromet) 1:500
for 30 min and counterstained with 4’,6-diamidino-2-phenylindole
(DAPI) to evaluate a recovery rate of spiked cells.

Cytospins for the CTC model system and controls were
obtained by spiking 500 breast cancer cell line cells into 5 ml
blood from healthy volunteers followed by Ficoll gradient
mononuclear cell enrichment as described above.

Antibody detection systems and the establishment of
the triple staining protocol

Cytospins of MCF7 breast cancer cells spiked into blood of
healthy volunteers were stained for keratins 8/18/19 using
different detection methods using anti-keratin 8/18/19 primary
antibodies (Table S2). Tested methods included horseradish
peroxidase-, alkaline phosphatase- and beta-galaktosidase based
systems, as well as fluorescence. Slides were stained according to
the protocols described in Table S2, part 1 (steps 1-6). Three
single cells, positive for keratin staining, for each tested system
were picked by micromanipulation and whole genome amplifica-
tion (WGA) was performed. Table S2 demonstrates the whole
procedure of the antibody detection including staining protocols
(part 1), description of staining results (part 2), and possibility of
WGA on single cells (part 3). Only two out of seven tested
approaches could be used in the establishment of triple ER/K/
CD45 staining: fluorescence and nitro-blue tetrazolium 5-bromo-
4-chloro-3’-indolyphosphate  (NBT/BCIP) based visualization
provided clear staining without background and were compatible
with micromanipulation and WGA of single cells. The remaining
five systems demonstrated either inadequate staining and/or
inhibited WGA. In detail, horseradish peroxidase substrates 3,3’-
diaminobenzidine (DAB) and nickel/catachol-based DAB en-
hancement (HistoMark Orange from KPL) resulted in a strong
background staining of leukocytes. TrueBlue substrate provided
highly sensitive staining, but is stable in alcohols and water only
and therefore hampering subsequent staining or single cell
manipulation. New Fuchsine containing substrate of alkaline
phosphatase showed high auto-fluorescence and was not compat-
ible with WGA and therefore, was not suitable for the triple ER/
K/CD45 staining establishment. Beta-galactosidase substrate X-
Gal provides a clear turquoise stain without background.
Unfortunately, staining results were not reproducible, and thus
this method was also not suitable for the triple staining.

A single staining protocol for estrogen receptor (ER) was
established on breast cancer cell line cytospins. The protocol was
considered optimal when all cells were positive for ER staining on
ER-positive breast cancer cell line cytospins (MCF-7 and BT474)
and all cells were negative in case of ER-negative breast cancer cell
lines (BT-20 and SKBR3). Figures of Data S1 show a clear positive
staining for ER in MCF7 and BT474 cells (row A and C), whereas
no signal could be detected in the ER negative BT-20 and MDA-
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231 cells (row B and D) and no background was detected in both
experiments.

A double staining protocol for ER and keratin (K) was
established on cytospins of MCF7 breast cancer cells. Different
fluorescent visualization systems in different combinations were
tested, z.e., Alexa Fluor 350, 488, 546, 555, 594, Cy3, and Cy5
(data not shown). The best results were obtained in combination of
ER staining visualized with Alexa Fluor 488 dye and direct
keratin-Cy3 staining. Figure A of Data S2 demonstrates clear
distinguishable ER (green) and K (red) staining, allowing for easy
localization of signals even in all channels merged.

Next, we established a CTC model system by spiking breast
cancer cell line cells in blood of healthy volunteers. This model
system was used for the optimization of double ER/K staining
(Figure B of Data S2) in the natural context of blood cells
mimicking the clinical situation, establishment of CD45 single
staining, a combination of the protocols, and the adjustment of a
final triple ER/K/CD45 staining protocol.

The single staining and final triple staining protocol were both
validated for unspecific binding of the primary and secondary
antibodies. Rabbit normal IgG was applied instead of specific
primary antibodies in order to proof specific binding of anti-ER
antibodies and unspecific binding of the secondary antibodies.
Figure C Figure of Data S2 shows that in absence of specific
primary antibody no green staining could be detected, meaning
that anti-ER and secondary antibodies demonstrate specific
binding only.

Cytospin triple staining

Slides were dried overnight at room temperature and stained
according to the protocol steps described in Table 1 with 3 X3 min
washing in TBS between each step. After staining, slides were
mounted with cover slips and Dako Glycergel Mounting Medium
(Dako, C0563).

Positive and negative staining controls were included for each
procedure. Slides with MCF7 breast cancer cells spiked into blood
of healthy volunteers were used as control. Positive control slide
was stained according to the protocol; for negative (isotype)
control, mouse normal IgG was applied instead of anti-ER
antibodies.

The estimation of the ER staining intensity was based on the
principle of the standard IRS scoring system [40,41] and included
following grades: no staining (negative); a weak staining (positive);
a moderate staining (positive); a strong staining (positive). ER-
negative cell line cells were used as standard of negative staining.

Micromanipulation and whole genome amplification of
single cells

Picking and transfer of single cells was done according to the
previously established protocol by Hannemann et al. [42]. Briefly,
each cell was picked individually by the use of a micromanipulator
(the microinjector CellTram Vario and micromanipulator Trans-
ferMan NKII, Eppendorf Instruments, Hamburg, Germany),
transferred in a drop of PBS onto a silanizated glass stick. The stick
was immediately transferred into a 200 ul PCR reaction tube.
Individual single cells in 200 pl PCR tubes can be stored at ~80°C
for further analysis.

Whole genome amplification was performed using the PicoPlex
WGA Kit for single cells (Rubicon Genomics, R30050) according
to the manufacturer’s recommendations. The WGA product was
cleaned up with NucleoSEQ spin columns (Macherrey-Nagel,
Germany). DNA concentration of WGA products was measured
with Nanodrop 1000 (Peqlab, Erlangen, Germany). The total yield
was 1.4-5.2 nug of DNA per sample.

September 2013 | Volume 8 | Issue 9 | 75038



Estrogen Receptor in Circulating Tumor Cells

Quality control was done by multiplex PCR as described
elsewhere [43]. Briefly, four primer set were used to amplify of
100, 200, 300, and 400bp non-overlapping fragments of GAPDH
gene. One hundred fifty nanogram of genomic DNA of each single
cell was taken into the PCR reaction. PCR products were analyzed
in a 2% agarose TAE gel. Human leukocyte DNA was used as
positive control for the multiplex PCR. Negative control probe did
not contain any DNA.

ESRT mutation analysis

Exons 4, 6, and 8 of the gene ESRI (estrogen receptor 1) were
amplified and sequenced. PCR was performed using AmpliTaq
Gold DNA Polymerase (Applied Biosystems, N808-0240) under
following conditions for each individual probe: 0.2 mM each of
ATP, GTP, CTP, TTP; 2 pmol each primer; 1.25 U of Taq
polymerase; 10 ng of DNA. Concentration of MgCl, required was
established experimentally and represented 3 mM for amplifica-
tion of exons 4, 6, and 8. Oligonucleotide primers 5'-3', used for
FESRI mutational analysis of exon 4: forward ACATGA-
GAGCTGCCAACCTT, reverse CCCCACTATTTCTCC-
CATGA; exon 6: forward CCCTTTCATGTCTTGTGGAAG,
reverse ATGCCTTTGGAGTGGGTAGA; exon 8: forward
GCTCGGGTTGGCTCTAAAGT, reverse ATGCGATGAAG-
TAGAGCCCG.

PCR products were analyzed in 2% agarose gel. Sequencing
PCR was performed using the BigDye Terminator v1.1 Cycle
Sequencing Kit (Applied Biosystems, 4336774) and 40 ng of the
PCR product. The sequencing was performed in a Genetic
Analyzer 3130 (Applied Biosystems).

Protocol validation on patient material

All slides, obtained after the processing of blood samples (420
slides per blood sample) were stained according to the established
protocol and reviewed by fluorescence or light microscopy,
respectively.

The most suitable approach combines chromogenic and
fluorescent staining: dark blue chromogenic substrate NBT/BCIP
was used for the detection of CD45, while ER and keratin were
stained using Alexa 488 and Cy-3 dyes, respectively; counter
staining was performed using DAPI. The staining of keratins (K8/
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Table 1. The established triple staining protocol for detection and characterization of ER expression on CTC.
Step Substance and antibodies Concentration Application time  Diluent Manufacturer
1 Paraformaldehyde 0.5% 10 min PBS Merck, 1040051000
2 Triton X-100 0.1% 10 min TBS Sigma, 110K01792
3 AB serum 10% 20 min TBS Bio-Rad Medical Diagnostics, 805135
4 Rabbit anti-human estrogen 1:50 90 min at 37°C TBS + 0.005% Triton X-100 Abcam, ab16660
receptor SP-1
5 Alexa Fluor 488 goat anti-rabbit 1:500 45 min TBS + 0.005% Triton X-100 Invitrogen, A11008
6 Mouse anti-human CD45, clone HI30 1:400 45 min TBS + 0.005% Triton X-100 BioLegend, 304002
7 Donkey anti-mouse IgG alkaline 1:35 30 min TBS + 0.005% Triton X-100 Abnova, PAB10741
phosphatase labeled
8 Normal mouse IgG 1:250 30 min TBS + 0.005% Triton X-100 Millipore, 12-371
9 NBT/BCIP substrate According to 15 min TBS + 0.005% Triton X-100 Bio-Rad, 1706432
datasheet
10 Mouse IgG1 A45-B/B3 - Cy3 labeled 1:500 30 min TBS + 0.005% Triton X-100 + Micromet, commercially not
anti-human keratins 8/18/19 DAPI 1:500 available
ER - estrogen receptor; CTC - circulating tumor cell; NBT/BCIP - nitro-blue tetrazolium and 5-bromo-4-chloro-3'-indolyphosphate; PBS - phosphate buffered saline; TBS
- tris buffered saline.
doi:10.1371/journal.pone.0075038.t001

18/19), CD45, and ER, allowed detection of C'TCs in blood and
simultaneous determination of the ER status of the detected
CTCs. Cells were identified as CTCs if they were positive for
keratin and nuclear staining and negative for CD45 staining (K+/
CD45-/DAPI+). CTC status was additionally confirmed by light
microscopy using the criteria: nearly round or oval shape and high
nuclear/cytoplasm ratio. The CTC number variation in blood
volume collected from each patient was normalized as number of
CTCs detected per one milliliter of analyzed blood.

Eight CTCs from 4 patient samples (2 CTCs per patient) were
picked by micromanipulation and underwent WGA as proof of
principal for the feasibility of subsequent genomic analysis.
Subsequent multiplex PCR of one housekeeping gene (GAPDH)
was performed. Detection of expected PCR products confirms that
the quality of single cell DNA after the established staining is
sufficient for further genetic analysis. The £SR] mutation analysis
of exons 4, 6, and 8 on single cells was performed.

Statistical analyses

Statistical significance between the groups of CTC+ and CTC-
patients depending on clinical disease status was calculated by
Fisher’s exact test. Survival analysis of patients tested for CTCs
was done using the log-rank test after dividing the patient cohorts
into CTC-positive and CTC-negative groups; HRs and 95% CI
were calculated using Cox proportional hazards model. Survival
data is estimated from the time point of blood collection. H score
of the ER staining was calculated for each CTC-positive patient
and normalized in respect to the volume of analyzed blood

ZP,‘Xf
V

intensity level, 7 — intensity level (from 0 to 3), V- blood volume in
mL. Statistical significance between the groups of patients who
received endocrine therapy vs. chemotherapy at the time of blood
collection was calculated by Mann-Whitney U-test.

according to the formula , where P; - % of cells of each

Results

Spiking experiment and recovery rate
Using blood of healthy volunteers spiked with 500, 100, and 40
cell line cells we demonstrated recovery rate of 79%*=4% for the
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density gradient Ficoll centrifugation as a method for mononuclear
cell enrichment.

CTC detection and evaluation of ER expression

We have established a triple immunostaining protocol for the
simultaneous investigation of estrogen receptor (ER), keratins (K)
8/18/19, and CD45 expression on our CTC model system (blood
of healthy volunteers spiked with breast cancer cell line cells) with
the possibility of further single cell £SR/ gene mutation analysis.
The protocol was used for the detection and characterization of
CTCs on blood samples obtained from metastatic breast cancer
patients diagnosed for metastases on average 7.2 years (range: 0.5—
17.0 years) after initial primary tumor resection. In total, 35 blood
samples were screened by non-automated microscopy and CTCs
were detected in 16 out of 35 samples (45.7%). ER staining
intensity was estimated based on the following grading: no staining
(negative); a weak staining (positive); a moderate staining (positive);
a strong staining (positive). Samples with a weak, moderate or
strong staining will be referred to as being positive for ER
expression.

The number of detected CTCs and their ER status are
presented in Table 2 (for more detailed results with grades of ER
staining see Table S1). All patients had ER-positive primary
tumors. ER-positive C'TCs were detected in 13/16 patients totally
(81.3%). Figure 1 shows a representative example of a single ER-
positive CTC (Figure 1A) and a single ER-negative C'TC (Figure
1B). Both cells show expression of keratins, but no expression of
CD45, indicating that these are tumor cells were of epithelial
origin.

Among all 16 CTC positive cases, 8 samples (50.0%)
demonstrated homogeneity of ER status: 3 samples (18.7%) with
ER-negative CTCs only and 5 cases (31.3%) with ER-positive
CTCs only. Eight out of 16 samples (50.0%) displayed both ER-
negative and ER-positive C'TCs. The distribution of CG'TC-positive
samples according to their ER status is presented in Table 3. Thus,
ER-negative CTCs are present in 11/16 cases (68.7%). The
average fraction of ER-negative and ER-positive C'TCs in samples
with mixed population was 36.8% and 63.2%, respectively.

A
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No significant correlation was found between the intensity and/
or percentage of ER staining in the primary tumor with the
number and ER status of C'TCs of the same patient.

ESR1 mutation analysis

In subsequent experiments we investigated whether the DNA
isolated from CTCs could still be used for genetic downstream
analysis after triple staining and micromanipulation. The efficien-
cy of WGA was validated with a single multiplex PCR that
amplifies DNA fragments of 100, 200, 300, and 400bp from the
housekeeping gene GAPDH. All four bands could be produced in
the eight CTCs that we investigated (Data S3). Successful
amplification of all these four fragments demonstrate that
fragments of at least 400bp were specifically produced by the
WGA for further genetic analyses [43].

Therefore, we performed mutation analysis of exons 4, 6, and 8
of the ESRI gene in 8 individual cells from 4 patients. Figure of
Data S4 shows fragments of the high quality sequences that could
be produced from all cells in the three exons. However, no
mutations were found.

CTC analysis and clinical outcome

At the time of blood sampling the disease was progressing in 15
patients out of the 16 CTC positive cases and one patient was in
remission. In the CTC negative cases, 11 patients were in
remission and 3 patients was in progression at the time point of the
blood analysis; for 5 patients the clinical status was not evaluated
at the time blood was drawn. Number of detected C'T'Cs in respect
to clinical status of the patients is presented in Table 4. Thus, the
detection of CTCs was significantly associated with clinical
progression of the disease (p<<0.0001, two-sided Fisher’s exact
test).

Survival analysis starting from the time point of blood analysis
until the end of this study (median follow up: 13.1 months, range
1-30 month), demonstrated significant correlation of CTC
presence in the blood with shorter disease-free survival
(p=0.0381), as depicted by the Kaplan-Meier curves in Figure 2.

Among all 16 CTC positive cases, 14 women received
endocrine therapy (87.5%), two (12.5%) did not receive endocrine

Figure 1. Triple immunostaining of a metastatic breast cancer patient blood sample. From left to right: estrogen receptor (ER) stained
with AlexaFluor 488 (green), keratins 8/18/19 (K) stained with Cy3 (red), DAPI (fluorescent blue) for counter staining, CD45, stained with NBT/BCIP
(visible dark blue), and all channels merged. Magnification x100. Row A. Images of ER-positive CTC. A cell with phenotype ER+ (green)/ K+ (red)/CD45-
(dark blue)/DAPI+ (fluorescent blue) is considered to be ER-positive CTC. CTC is surrounded with leukocytes (phenotype ER-/K-/CD45+/DAPI+). Row B.
Images of ER-negative CTC. A single CTC demonstrating no specific nuclear ER staining. The phenotype is ER-/K+/CD45-/DAPI+. Leukocytes present

ER-/K-/CD45+/DAPI+ phenotype.
doi:10.1371/journal.pone.0075038.9001

PLOS ONE | www.plosone.org

September 2013 | Volume 8 | Issue 9 | 75038



Estrogen Receptor in Circulating Tumor Cells

therapy (Table 3). In the blood samples of women with ER-
positive primary tumors that received endocrine therapy, ER-
negative C'T'Cs were found in 3/14 cases (21.47%), ER-positive
CTCs in 4/14 cases (28.6%), and both ER-positive and ER-
negative C'TCs were detected in 7/14 patients (50.0%). Thus,
presence of ER-positive C'T'Cs in patients that received endocrine
therapy was detected in 11/14 cases in total (78.6%) and ER-
negative CTCs could be found in 10/14 cases (71.4%). Among the
three patients in which only ER-negative CTCs were detected,
two had progression of disease and therefore received chemother-
apy by the time of blood analyses. One patient that developed
distant metastases during endocrine therapy was switched to
chemotherapy after which remission of the disease was document-
ed.

We analyzed the normalized H score to investigate the clinical
relevance of the ER intra-patient heterogeneity (Table 2 and
Table S1). The groups of patients who received endocrine therapy
vs. chemotherapy at the time of blood collection were compared in
respect to the normalized H score for each patient (Mann-Whitney
U test), but no significant correlation was found (P>0.05).

Table 2. Number of detected CTCs and corresponding ER status.
Volume of Normalized number of Total number of detected H score normalized
analyzed detected CTCs (per CTCs (in total volume ER-negative ER-positive* (per 1 mL of

Patient ID blood, mil 1 mL of analyzed blood) of analyzed blood) CTCs CTCs analyzed blood)

069 7.2 2.78 20 17 3 35

072 6.3 0.16 1 1 0 0

074 7.8 0.38 3 3 0 0

076 8.7 253 22 10 12 121

241 10.9 0.73 8 5 3 8.1

243 14.0 270.0 270/1 ml 98/1 ml 172/1 ml 109

250 4.5 267 12 3 9 333

253 10.8 0.19 2 0 2 18.5

256 8.4 0.24 2 0 2 17.9

259 9.6 0.42 4 3 1 26

260 74 0.27 2 2 0 0

261 8.2 0.12 1 0 1 244

262 7.8 1.15 9 8 1 2.8

280 11.5 0.26 3 0 3 235

340 7.5 0.13 1 0 1 26.7

354 52 0.96 5 2 3 30.8

*ER positive group includes CTCs with weak, moderate, and strong uniform ER staining. For more detailed information see Table S1.

ER - estrogen receptor; CTC - circulating tumor cell.

doi:10.1371/journal.pone.0075038.t002

No significant correlations were found between ER status of
CTCs and the following parameters: progression/remission of the
disease, survival, number of detected CTCs, initial therapy,
therapy by the time of blood analysis, and time to the metastases
diagnosis.

Discussion

CTCs might serve a “liquid biopsy” to investigate therapeutic
targets [25]. One of the techniques often used for determining ER
status of CTCs is qRT-PCR [37-39]; however, this approach does
not allow for the investigation of intra-patient GCTC heterogeneity.
Therefore, in the study presented here we have investigated the
expression of ER in CTCs in breast cancer patients using
immunocytochemistry (ICC). With this approach, we were able
to simultaneous detect and characterize C'TCs with the additional
possibility for downstream genetic analyses of the ER gene using
whole genomic amplification (WGA).

In our study we were able to detect C'TCs in 16 of 35 patient
samples (45.7%), which is within the range of published reports
[44]. Because EpCAM might be down regulated in tumor cells
that underwent epithelial-mesenchymal transition [45], we have

Table 3. The distribution of CTC-positive samples according to their ER status and received therapy.

CTC-positive cases

CTC status and received therapy

all kinds of therapy, 16

women ever received ET, 14 women never received ET, 2

ER-positive only 5
ER-positive and ER-negative 8
ER-negative only 3

4 1
7 1
3 0

ER - estrogen receptor; ET - endocrine therapy; CTC - circulating tumor cell.
doi:10.1371/journal.pone.0075038.t003
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Table 4. CTC status in respect to clinical status of the
patients.

Total, 35

Disease status CTC positive, 16 CTC negative, 19

Progression 15 3
Remission 1 11
no data 0 5

p (Fisher's exact test)

CTC - circulating tumor cell.
doi:10.1371/journal.pone.0075038.t004

used an EpCAM-free detection method in order to capture as
many CTCs as possible. Furthermore, we investigated ER
expression in the individual keratin-positive CTCs. ER-positive
CTCs were detected in 13/16 cases totally (81.3%). Primary
tumors of all the patients were positive for ER with the range of
ER-positive cells from 10% up to >80% of the cells. No
correlation was found between the intensity of ER staining of
the primary tumor and the number and/or ER status of C'TCs in
blood.

Others have found a concordance of ERal status between
primary tumor and CTCs in metastatic breast cancer patients in
23% [37], and in 55% [39] of cases using RT-PCR approach
(Table 5), which was substantially lower than our results (81.3%),
obtained with ICC approach. This might be explained by the low
correlation of mRNA and protein expression of ER [46]. To our
knowledge, only two studies have been performed in which the
authors have stained ER on single CTCs using ICC [47,48].
Limited number of studies, based on ICC for the investigation of
CTCs, might be explained by the technical challenges. These
challenges had to be taken into consideration: the complications of
nuclei permeabilization for antibody delivery, low level of ER
presence, difficulties in unequivocal identification of C'TCs in case
of CD45+/K+ cells presence. A recent study by Bock and
colleagues showed a higher percentage of ER-negative CTCs,
however, the sample size of CTC positive metastatic breast cancer
patients was relatively low (n=15) [48]. In the study of Nadal et al.,
in contrast to our study, only non-metastatic breast cancer patients
before any systemic treatment were enrolled and volume of 30 ml
blood per patient was analyzed. ER-negative CTCs were detected
in 38.5% of women with ER-positive primary tumors, positive for
CTCs [47].

Because of the small number of patients investigated in our
study, our follow up analysis is only of exploratory character.
Nevertheless, we were able to demonstrate that the detection of
CTCs i blood of metastatic breast cancer patients was
significantly associated with clinical progression of the disease
(p<<0.0001). Although the cut-off of at least 5 CTCs per 7.5 ml of
blood is considered to be the threshold of high risk of early
progression in metastatic breast cancer patients using the
CellSearch system [16], recent meta-analysis of Jhang et al.,
demonstrates prognostic value of the presence of single CTCs
[44]. In our study 7 patients had more than 5 CTCs in 7.5 ml of
blood; nevertheless, we could demonstrate that the presence vs.
absence of CTCs in blood is significantly associated with clinical
progression of the disease. Moreover, it has been proposed that
level of CTCs at baseline, before a new treatment for the
metastatic disease starts, correlate with prognosis and outcome and
might be used as independent prognostic marker of progression-
free and overall survival [16]. The meta-analysis of Jhang et al.
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Figure 2. Kaplan-Meier estimate of survival function. Kaplan-
Meier estimate of survival function of metastatic breast cancer patients
separated on CTC-positive (red line) and CTC-negative (blue line)
groups. The survival period in month of the corresponding patient.
Censored patients are indicated by vertical bars (|). Statistical
significance determined by log-rank test. Shorter survival correlates
with presence of CTCs in blood (P: 0.0332, HR: 7.38, (Cl=0.84-64.09)).
doi:10.1371/journal.pone.0075038.g002

demonstrates that prognostic significance of C'TCs’ presence does
not depend on the time point of blood collection [44], which is
consistent with our results where blood samples were taken during
therapy.

A larger cohort with uniform treatment and longer follow-up
will be required to prove the significance and clinical relevance of
our findings.

Despite the considered prognostic impact of the presence of
CTCs in blood, detection of CTCs in blood does not necessarily
reflect the ability of CTCs to survive in the blood stream and to
spread to distant organs. The survival and metastatic potential of
CTCs need to be investigated.

We hypothesize that distant metastases development in women
with ER-positive primary tumors during or after endocrine
therapy might be related to the presence of ER-negative CTCs
because these cells are most likely to be not affected by endocrine
therapy.

Presence of ER-negative CTCs in patients with ER-positive
breast cancer might be explained either by heterogeneity of
primary tumor, leading to release of both ER-positive and ER-
negative cells in circulation or by the switch of ER expression by
genomic and/or epigenomic changes (Figure 3). It is proposed,
that switching from an ER-positive to ER-negative status might be
one of mechanisms to evade hormonal treatment (reviewed in
[13,33]).

We observed the presence of ER-negative C'TCs in blood of
women with ER-positive primary tumors during or after endocrine
therapy in 10/14 cases (71.4%): 3/14 had ER-negative CG'TCs only
(21.4%), 7/14 had ER-positive and ER-negative CTCs (50.0%).
Interestingly, three of them had disease progression, receiving
chemotherapy during the time of blood analyses. Further studies
on larger cohorts of patients are required to determine the
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ERBB2, actin, EPCAM

coupled with ferrofluidics

BreastCancer [39]

48/62 (77%) na.*

14/62 (23%)

193 45

RT-PCR

Multiplex PCR for mucin-1,
ERBB2, actin, EPCAM

IF for K8/18/19
IF for K8/18/19

anti-EpCAM and MUCT antibodies,

coupled with ferrofluidics

Multiplex RT-PCR Adna Test
BreastCancer [37]

IF [48]

2/5 (40%)

3/5 (60%)

26 385

35

IF
IF

Ficoll density gradient

8/16 (50.0%)

3/16 (18.7%)

5/16 (31.3%)

45.7

Ficoll density gradient

IF [present study]

CTC - circulating tumor cell; ER - estrogen receptor; IF - immunofluorescence; RT-PCR - real-time PCR.
*RT-PCR approach does not allow to assess intrapatient heterogeneity of ER-status of CTCs.

doi:10.1371/journal.pone.0075038.t005
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relevance of these findings in the context of specific endocrine
therapies.

Another hypothesis, based on our observation of ER-positive
CTCs in 11/14 patients after endocrine therapy, is that these cells,
which are still present in blood of patients after completion of
endocrine therapy, might have a dysfunctional ER pathway and,
consequently, resist the hormonal ER blockade. Several mecha-
nisms of ER-positive cells to escape anti-ER therapy have been
proposed and include altered crosstalk between ER and signal
transduction pathways, growth factor receptors, co-regulatory
proteins of ER, and altered expression of specific microRNAs
(reviewed in [33,49]). All these mechanisms potentially lead to the
loss of normal ER function and, therefore, inefficacy of anti-ER
agents. Several mutations are thought to lead to the inactivation of
ER and/or its ligand-independent functioning [14,49]. Therefore,
we have performed mutation analysis of the £SRI gene in both
ER-negative and ER-positive CTCs as certain mutations hamper
the protein’s function but not its expression [14]. Mutations in
FESRI occur in approximately 1% of primary breast tumors [50],
however were found in 10% of breast cancer metastases but not in
the autologous primary tumors [51]. Although further investiga-
tion is required, so far we were unable to detect any mutations in
the 8 single cells from 4 patients investigated in our study.
However, our proof-of-principle study showed that the established
Immunostaining protocol is compatible with subsequent genomic
analyses of CTCs, which allows for the first time a genotype-
phenotype correlation at the single cell level with potential
implication for future clinical studies using this information to
stratify breast cancer patients to endocrine therapies, and to
estimate the efficacy of endocrine therapy.

Although the intra-patient CG'TC heterogeneity is now a fact, a
uniform scoring system for its estimation is still missing and
estimation of ER expression on GTCs remains subjective. The
establishment of such a system would allow for the comparison of
ER heterogeneity between patients in respect to therapy as well as
monitoring for intra-patient heterogeneity during/after therapy.
Different approaches have been reported, nevertheless many of
them base on scoring systems suggested for the estimation of IHC
staining results of paraffin embedded tissue blocks. Punnoose et al.
used a scoring system that was originally proposed by Mc¢Carty, but
modified it for CTCs by using the sum of the positive cell
percentage at each intensity level, multiplied by the weighted
intensity of staining [52,53].

Another approach was suggested by Ligthart et al. The authors
used the mean intensity of leukocytes stained as internal threshold
for each sample to quantify the intensity of HER2 expression with
the use of an automated algorithm [54]. Such approach excludes
subjective estimation by the investigator.

For this study, the H score system proposed by Punnoose et al. was
used with the modification that the obtained H score was
normalized to the volume of analyzed blood. This additional
normalization allowed for the comparison of samples of different
blood volumes. The normalized H scores for CTC-positive
patients are presented in Table 2 and Table S1. We compared
two groups of patients: those receiving endocrine therapy at the
time of blood collection and those receiving chemotherapy, using
the Mann-Whitney U-Test. It can be expected that patients who
received endocrine therapy by the time of blood collection and still
were in progression of the disease would demonstrate higher rates
of normalized H score, than those receiving chemotherapy. In our
study, the difference between the two groups was not statistically
significant. Nevertheless, a larger cohort of patients is needed to
study the clinical relevance of this scoring system and its impact on
survival.
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Figure 3. Occurrence of ER-positive and ER-negative CTCs in the peripheral blood of patients with breast carcinomas classified as
ER-positive. Circulating tumor cells disseminating from an ER-positive breast tumor can be ER-positive or ER-negative. ER-positive CTCs can have
normal functional ER machinery and be sensitive to endocrine therapy (cell A) or have dysfunctional ER machinery and therefore be resistant to
endocrine therapy (cell B). ER-negative CTCs might disseminate from ER-negative subclones in tumors classified as ER-positive (diagnostic cut-off
value: 1% of ER-stained tumor cells) (cell C) or disseminate from ER-positive subclones that lost ER expression during the metastatic cascade or as a

result of systemic therapy (cell D).
doi:10.1371/journal.pone.0075038.g003

Conclusion

We established a multiplex immunostaining protocol for the
detection and investigation of intra-patient CTC heterogeneity,
based on triple staining for keratins, ER and CD45 molecules on
blood cytospins, which allows further genetic analyses of single
CTCs including mutations in the [ESR!/ gene. Our results
demonstrate that CTCs in individual metastatic breast cancer
patients with ER-positive primary tumors are frequently both ER-
positive and ER-negative. ER-negative C'TCs may escape ER-
targeted endocrine therapy and are, therefore, a potential source
of metastatic growth in breast cancer patients with ER-positive
primary tumors or metastases. The investigation of CTCs for ER
expression and gene status might gain future clinical utility for
monitoring and optimization of breast cancer treatment.

Supporting Information

Table S1 Patient data.
(DOCX)

PLOS ONE | www.plosone.org

Table 82 The protocol of testing, staining results and WGA
compatibility of different visualization systems.

(DOCX)

Data S1 Immunofluorescent staining of estrogen receptor on
breast cancer cell line cytospins using Alexa Fluor 488 dye (green)
and DAPI nuclei counter staining (blue). Magnification x100. A.
MCYF?7 breast cancer cell line cytospin demonstrating ER staining.
B. BT20 breast cancer cell line cytospin demonstrating no ER
staining. C. BT474 breast cancer cell line cytospin demonstrating
ER staining. D. MDA-MB-231 breast cancer cell line cytospin
demonstrating no ER staining.

(DOCX)

Data 82 Double immunofluorescent staining of estrogen recep-
tor (ER), stained with AlexaFluor 488 (green) and keratins 8/18/
19 (K) stained with Cy3 (red) and DAPI (blue) for nuclei counter
staining. A. MCF7 breast cancer cell line cells demonstrating
positivity for both ER and keratin staining. B. Cytospin of MCF7
breast cancer cell line cells spiked into blood from healthy
volunteer. MCF7 single cell is positive for ER and keratin staining,
leukocytes are negative for ER and keratin staining. C. Negative
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(isotope) control staining of MCF7 breast cancer cell line cytospin.
Normal mouse IgG was applied instead of anti-ER antibodies.
MCF7 cells demonstrate no green signal, but are positive for
keratin staining.

(DOCX)

Data 83 Detection of multiplex PCR products of GAPDH gene
in 2% agarose TAE gel. NC — negative controle (no DNA in
probe), lines 1-8 — PCR products of individual single cell DNA, PC
— positive controle, MM — molecularweight marker, bands top-
down: 500bp, 400bp, 300bp, 200bp, 100bp. Detection of
amplified 100, 200, 300, and 400bp non-overlapping fragments
of GAPDH gene in probes of single cell DNA confirms
appropriate quality of DNA, obtained after micromanipulation

and WGA, for the downstream single cell analysis.
(DOCX)

Data S84 Sequences of the ESRI. Performed with the use of
CTC DNA, which was obtained after identification and picking of

References

1. Ferlay J, Shin HR, Bray F, Forman D, Mathers C, et al. (2010) Estimates of
worldwide burden of cancer in 2008: GLOBOCAN 2008. Int J Cancer 127:
2893-2917. doi:10.1002/1jc.25516.

2. Eroles P, Bosch A, Perez-Fidalgo JA, Lluch A (2012) Molecular biology in breast
cancer: Intrinsic subtypes and signaling pathways. Cancer Treat Rev 38: 698—
707. S0305-7372(11)00244-1 [pii]; doi:10.1016/j.ctrv.2011.11.005.

3. Nielsen TO, Hsu FD, Jensen K, Cheang M, Karaca G, et al. (2004)
Immunohistochemical and clinical characterization of the basal-like subtype of
invasive breast carcinoma. Clin Cancer Res 10: 5367-5374. 10/16/5367 [pii].
doi:10.1158/1078-0432.CCR-04-0220.

4. Park S, Koo JS, Kim MS, Park HS, Lee JS, et al. (2012) Characteristics and
outcomes according to molecular subtypes of breast cancer as classified by a
panel of four biomarkers using immunohistochemistry. Breast 21: 50-57. S0960-
9776(11)00158-5 [pii]; doi:10.1016/j.breast.2011.07.008.

5. Joosse SA (2012) BRCAI and BRCA2: a common pathway of genome
protection but different breast cancer subtypes. Nat Rev Cancer 12: 372.
nrc3181-c2 [pii]; doi:10.1038/nrc3181-c2.

6. Sorlie T, Wang Y, Xiao C, Johnsen H, Naume B, et al. (2006) Distinct molecular
mechanisms underlying clinically relevant subtypes of breast cancer: gene
expression analyses across three different platforms. BMC Genomics 7: 127.
1471-2164-7-127 [pii]; doi:10.1186/1471-2164-7-127.

7. Loi S (2008) Molecular analysis of hormone receptor positive (luminal) breast
cancers: what have we learnt? Eur J Cancer 44: 2813-2818. S0959-
8049(08)00713-2 [pii]; doi:10.1016/j.¢jca.2008.09.012.

8. Perou CM, Sorlie T, Eisen MB, van de Rijn M, Jeffrey SS, et al. (2000)
Molecular portraits of human breast tumours. Nature 406: 747-752.
doi:10.1038/35021093.

9. Hammond ME, Hayes DF, Dowsett M, Allred DC, Hagerty KL, et al. (2010)
American Society of Clinical Oncology/College Of American Pathologists
guideline recommendations for immunohistochemical testing of estrogen and
progesterone receptors in breast cancer. J Clin Oncol 28: 2784-2795.
JC0.2009.25.6529 [pii]; doi:10.1200/]JC0O.2009.25.6529.

10. Early Breast Cancer Trialists’ Collaborative Group (2005) Effects of chemo-
therapy and hormonal therapy for early breast cancer on recurrence and 15-year
survival: an overview of the randomised trials. Lancet 365: 1687-1717. S0140-
6736(05)66544-0 [pii]; doi:10.1016/S0140-6736(05)66544-0.

11. Cardoso F, Fallowfield L, Costa A, Castiglione M, Senkus E (2011) Locally
recurrent or metastatic breast cancer: ESMO Clinical Practice Guidelines for
diagnosis, treatment and follow-up. Ann Oncol 22 Suppl 6: vi25-vi30. mdr372
[pii]; doi:10.1093/annonc/mdr372.

12. Lonning PE, Eikesdal HP (2013) Aromatase inhibition 2013: clinical state of the
art and questions that remain to be solved. Endocr Relat Cancer 20: R183—
R201. ERC-13-0099 [pii]; doi:10.1530/ERC-13-0099.

13. Osborne CK, Schiff R (2011) Mechanisms of endocrine resistance in breast
cancer. Annu Rev Med 62: 233-247. doi:10.1146/annurev-med-070909-
182917.

14. Herynk MH, Fuqua SA (2004) Estrogen receptor mutations in human disease.
Endocr Rev 25: 869-898. 25/6/869 [pii]; doi:10.1210/er.2003-0010.

15. Musgrove EA, Sutherland RL (2009) Biological determinants of endocrine
resistance in breast cancer. Nat Rev Cancer 9: 631-643. nrc2713 [pii];
doi:10.1038/nrc2713.

16. Cristofanilli M, Budd GT, Ellis MJ, Stopeck A, Matera J, et al. (2004)
Circulating tumor cells, disease progression, and survival in metastatic breast
cancer. N Engl J Med 351: 781-791. 351/8/781 [pii]. doi:10.1056/
NEJMoa040766.

PLOS ONE | www.plosone.org

Estrogen Receptor in Circulating Tumor Cells

the single C'TC and subsequent whole genome amplification. A —
fragment of the sequence of the exon 4. B — fragment of the
sequence of the exon 6. C — fragment of the sequence of the exon
8.

(DOCX)

Acknowledgments

The authors thank Sven-Erik Sénksen for assistance in clinical data
collection.

Author Contributions

Conceived and designed the experiments: KP SJ JH . Performed the
experiments: AB. Analyzed the data: AB. Contributed reagents/materials/
analysis tools: JS. Wrote the paper: AB VM KP SJ JH. Recruited patients:
VM. Collected clinical data: VM .

17. Fidler IJ (2003) The pathogenesis of cancer metastasis: the ’seed and soil’
hypothesis revisited. Nat Rev Cancer 3: 453-458. nrc1098 [pii]. doi:10.1038/
nrcl1098.

18. Hayes DF, Cristofanilli M, Budd GT, Ellis MJ, Stopeck A, et al. (2006)
Circulating tumor cells at each follow-up time point during therapy of metastatic
breast cancer patients predict progression-free and overall survival. Clin Cancer
Res 12: 4218-4224. 12/14/4218 [pii]; doi:10.1158/1078-0432.CCR-05-2821.

19. Pantel K, Alix-Panabieres C, Ricthdorf S (2009) Cancer micrometastases. Nat
Rev Clin Oncol 6: 339-351. nrclinonc.2009.44 [pii]; doi:10.1038/nrcli-
nonc.2009.44.

20. Swaby RF, Cristofanilli M (2011) Circulating tumor cells in breast cancer: a tool
whose time has come of age. BMC Med 9: 43. 1741-7015-9-43 [pii];
doi:10.1186/1741-7015-9-43.

21. Fehm T, Muller V, Alix-Panabieres C, Pantel K (2008) Micrometastatic spread
in breast cancer: detection, molecular characterization and clinical relevance.
Breast Cancer Res 10 Suppl 1: S1. berl869 [pii]; doi:10.1186/ber1869.

22. Lianidou ES, Markou A (2011) Circulating tumor cells in breast cancer:
detection systems, molecular characterization, and future challenges. Clin Chem
57: 1242-1255. clinchem.2011.165068 [pii]; doi:10.1373/clin-
chem.2011.165068.

23. Pantel K, Brakenhoff RH, Brandt B (2008) Detection, clinical relevance and
specific biological properties of disseminating tumour cells. Nat Rev Cancer 8:
329-340. nrc2375 [pii]; doi:10.1038/nrc2375.

24. Alix-Panabieres C, Schwarzenbach H, Pantel K (2012) Circulating tumor cells
and circulating tumor DNA. Annu Rev Med 63: 199-215. doi:10.1146/
annurev-med-062310-094219.

25. Alix-Panabieres C, Pantel K (2013) Circulating tumor cells: liquid biopsy of
cancer. Clin Chem 59: 110-118. clinchem.2012.194258 [pii]; doi:10.1373/
clinchem.2012.194258.

26. Fehm T, Solomayer EF, Meng S, Tucker T, Lane N, et al. (2005) Methods for
isolating circulating epithelial cells and criteria for their classification as
carcinoma cells. Cytotherapy 7: 171-185. NR4542451H895183 [pii];
doi:10.1080/14653240510027082.

27. Lucci A, Hall CS, Lodhi AK, Bhattacharyya A, Anderson AE, et al. (2012)
Circulating tumour cells in non-metastatic breast cancer: a prospective study.
Lancet Oncol 13: 688-695. S1470-2045(12)70209-7 [pii]; doi:10.1016/S1470-
2045(12)70209-7.

28. Ignatiadis M, Xenidis N, Perraki M, Apostolaki S, Politaki E, et al. (2007)
Different prognostic value of cytokeratin-19 mRNA positive circulating tumor
cells according to estrogen receptor and HERZ2 status in early-stage breast
cancer. J Clin Oncol 25: 5194-5202. JCO.2007.11.7762 [pii]; doi:10.1200/
JCO.2007.11.7762.

29. Pierga JY, Bidard FC, Mathiot C, Brain E, Delaloge S, et al. (2008) Circulating
tumor cell detection predicts early metastatic relapse after neoadjuvant
chemotherapy in large operable and locally advanced breast cancer in a phase
II randomized trial. Clin Cancer Res 14: 7004-7010. 14/21/7004 [pii];
doi:10.1158/1078-0432.CCR-08-0030.

30. Rack B, Andergassen U, Janni W, Neugebauer J (2012) CTCs in primary breast
cancer (I). Recent Results Cancer Res 195: 179-185. doi:10.1007/978-3-642-
28160-0_16.

31. Kurbel S (2005) Selective reduction of estrogen receptor (ER) positive breast
cancer occurrence by estrogen receptor modulators supports etiological
distinction between ER positive and ER negative breast cancers. Med
Hypotheses 64: 1182-1187. S0306-9877(04)00637-1 [pii]; doi:10.1016/
Jj-mehy.2004.09.026.

32. Esserman L], Ozanne EM, Dowsett M, Slingerland JM (2005) Tamoxifen may

prevent both ER+ and ER- breast cancers and select for ER- carcinogenesis: an

September 2013 | Volume 8 | Issue 9 | 75038



34.

39.

40.

41.

alternative hypothesis. Breast Cancer Res 7: R1153-R1158. berl1342 [pii];
doi:10.1186/bcr1342.

. Garcia-Becerra R, Santos N, Diaz L, Camacho J (2012) Mechanisms of

Resistance to Endocrine Therapy in Breast Cancer: Focus on Signaling
Pathways, miRNAs and Genetically Based Resistance. Int J] Mol Sci 14: 108—
145. jms14010108 [pii]; doi:10.3390/1jms14010108.

van de Ven S, Smit VT, Dekker TJ, Nortier JW, Kroep JR (2011) Discordances
in ER, PR and HER2 receptors after neoadjuvant chemotherapy in breast
cancer. Cancer Treat Rev 37: 422-430. S0305-7372(10)00207-0 [pii];
doi:10.1016/j.ctrv.2010.11.006.

. Thompson AM, Jordan LB, Quinlan P, Anderson E, Skene A, et al. (2010)

Prospective comparison of switches in biomarker status between primary and
recurrent breast cancer: the Breast Recurrence In Tissues Study (BRITS). Breast
Cancer Res 12: R92. ber2771 [pii]; doi:10.1186/ber2771.

5. Curtit E, Nerich V, Mansi L, Chaigneau L, Cals L, et al. (2013) Discordances in

Estrogen Receptor Status, Progesterone Receptor Status, and HER2 Status
Between Primary Breast Cancer and Metastasis. Oncologist. theoncolo-
gist.2012-0350 [pii]; doi:10.1634/theoncologist.2012-0350.

. Aktas B, Muller V, Tewes M, Zeitz J, Kasimir-Bauer S, et al. (2011) Comparison

of estrogen and progesterone receptor status of circulating tumor cells and the
primary tumor in metastatic breast cancer patients. Gynecol Oncol 122: 356

360. S0090-8258(11)00340-4 [pii]; doi:10.1016/j.ygyno.2011.04.039.

. Fehm T, Hoffmann O, Aktas B, Becker S, Solomayer EF, et al. (2009) Detection

and characterization of circulating tumor cells in blood of primary breast cancer
patients by RT-PCR and comparison to status of bone marrow disseminated
cells. Breast Cancer Res 11: R59. ber2349 [pii]; doi:10.1186/ber2349.

Tewes M, Aktas B, Welt A, Mueller S, Hauch S, et al. (2009) Molecular profiling
and predictive value of circulating tumor cells in patients with metastatic breast
cancer: an option for monitoring response to breast cancer related therapies.
Breast Cancer Res Treat 115: 581-590. doi:10.1007/5s10549-008-0143-x.
Kohlberger PD, Breitenecker F, Kaider A, Losch A, Gitsch G, et al. (1999)

Modified true-color computer-assisted image analysis versus subjective scoring of

estrogen receptor expression in breast cancer: a comparison. Anticancer Res 19:
2189-2193.

Remmele W, Stegner HE (1987) [Recommendation for uniform definition of an
immunoreactive score (IRS) for immunohistochemical estrogen receptor
detection (ER-ICA) in breast cancer tissue]. Pathologe 8: 138-140.

. Hannemann J, Meyer-Staeckling S, Kemming D, Alpers I, Joosse SA, et al.

(2011) Quantitative high-resolution genomic analysis of single cancer cells. PLoS
One 6: ¢26362. PONE-D-11-16097 [pii]. doi:10.1371/journal.pone.0026362.

PLOS ONE | www.plosone.org

1

44,

46.

47.

48.

49.

50.

51.

52.

53.

54.

Estrogen Receptor in Circulating Tumor Cells

van Beers EH, Joosse SA, Ligtenberg MJ, Fles R, Hogervorst FB, et al. (2006) A
multiplex PCR predictor for aCGH success of FFPE samples. Br J Cancer 94:
333-337. 6602889 [pii]; doi:10.1038/5].bjc.6602889.

Zhang L, Riethdorf S, Wu G, Wang T, Yang K, et al. (2012) Meta-analysis of
the prognostic value of circulating tumor cells in breast cancer. Clin Cancer Res
18: 5701-5710. 1078-0432.CCR-12-1587 [pii]; doi:10.1158/1078-0432.CCR-
12-1587.

. Joosse SA, Pantel K (2013) Biologic challenges in the detection of circulating

tumor cells. Cancer Res 73: 8-11. 0008-5472.CAN-12-3422 [pii]; doi:10.1158/
0008-5472.CAN-12-3422.

Bordeaux JM, Cheng H, Welsh AW, Haffty BG, Lannin DR, et al. (2012)
Quantitative in situ measurement of estrogen receptor mRNA predicts response
to tamoxifen. PLoS One 7: ¢36559. PONE-D-12-02493 [pii]. doi:10.1371/
journal.pone.0036559.

Nadal RM, Fernandez A, Sanchez-Rovira P, Salido M, Rodriguez M, et al.
(2012) Biomarkers Characterization of Circulating Tumour Cells in Breast
Cancer Patients. Breast Cancer Res 14: R71. bcr3180 [pii]; doi:10.1186/
ber3180.

Bock C, Rack B, Kuhn C, Hofmann S, Finkenzeller C, et al. (2012)
Heterogeneity of ERalpha and ErbB2 Status in Cell Lines and Circulating
Tumor Cells of Metastatic Breast Cancer Patients. Transl Oncol 5: 475-485.
Riggins RB, Schrecengost RS, Guerrero MS, Bouton AH (2007) Pathways to
tamoxifen resistance. Cancer Lett 256: 1-24. S0304-3835(07)00154-1 [pii];
doi:10.1016/j.canlet.2007.03.016.

Roodi N, Bailey LR, Kao WY, Verrier CS, Yee CJ, et al. (1995) Estrogen
receptor gene analysis in estrogen receptor-positive and receptor-negative
primary breast cancer. J Natl Cancer Inst 87: 446-451.

Karnik PS, Kulkarni S, Liu XP, Budd GT, Bukowski RM (1994) Estrogen
receptor mutations in tamoxifen-resistant breast cancer. Cancer Res 54: 349—
353.

McCarty KS Jr, Szabo E, Flowers JL, Cox EB, Leight GS, et al. (1986) Use of a
monoclonal anti-estrogen receptor antibody in the immunohistochemical
evaluation of human tumors. Cancer Res 46: 4244s-4248s.

Punnoose EA, Atwal SK, Spoerke JM, Savage H, Pandita A, et al. (2010)
Molecular biomarker analyses using circulating tumor cells. PLoS One 5:
el2517. doi:10.1371/journal.pone.0012517.

Ligthart ST, Bidard FC, Decraene C, Bachelot T, Delaloge S, et al. (2013)
Unbiased quantitative assessment of Her-2 expression of circulating tumor cells
in patients with metastatic and non-metastatic breast cancer. Ann Oncol 24:
1231-1238. mds625 [pii]; doi:10.1093/annonc/mds625.

September 2013 | Volume 8 | Issue 9 | 75038



