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ABSTRACT

Resistance to systemic therapy is a major problem in metastatic breast cancer 
(MBC) that can be explained by initial tumor heterogeneity as well as by evolutionary 
changes during therapy and tumor progression. Circulating tumor cells (CTCs) 
detected in a liquid biopsy can be sampled and characterized repeatedly during 
therapy in order to monitor treatment response and disease progression.

Our aim was to investigate how CTC derived gene expression of treatment predictive 
markers (ESR1/HER2) and other cancer associated markers changed in patient blood 
samples during six months of first-line systemic treatment for MBC. CTCs from 36 patients 
were enriched using CellSearch (Janssen Diagnostics) and AdnaTest (QIAGEN) before 
gene expression analysis was performed with a customized gene panel (TATAA Biocenter).

Our results show that antibodies against HER2 and EGFR were valuable to isolate 
CTCs unidentified by CellSearch and possibly lacking EpCAM expression. Evaluation 
of patients with clinically different breast cancer subgroups demonstrated that gene 
expression of treatment predictive markers changed over time. This change was 
especially prominent for HER2 expression.

In conclusion, we found that changed gene expression during first-line systemic 
therapy for MBC could be a possible explanation for treatment resistance. Characterization 
of CTCs at several time-points during therapy could be informative for treatment selection.

INTRODUCTION

Tumor heterogeneity poses a large problem for 
therapeutic strategies in patients with metastatic breast 
cancer (MBC). Sub-clonal tumor cell populations from 
the primary tumor or early spread cancer cells are not 
always eradicated by the selected therapies and these cells 

might therefore continue to proliferate and metastasize. 
Circulating tumor cells (CTCs) found in the blood during 
therapy are possible representatives of these treatment 
resistant sub-clonal cell populations and provide an 
opportunity to study the characteristics of minimal residual 
disease by a simple blood sample – a liquid biopsy.

The prognostic value of CTC number in patients with 
MBC has been thoroughly investigated [1, 2] but research 
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focus is now turning to the possible treatment predictive 
value of CTCs. In MBC, treatment resistance inevitably 
occurs and leads to disease progression and death in the 
majority of patients. To improve patient survival, it is 
important to understand how subsets of cancer cells survive 
initially efficient treatment and how these specific cells can 
be targeted. It is possible that new and combined treatment 
strategies can be used to avoid development of resistance 
and thereby prolong patient survival [3].

The most important treatment predictive markers 
in breast cancer are Estrogen receptor (ER) and Human 
epidermal growth factor receptor 2 (HER2). Detection of 
either of these markers in the primary tumor or metastatic 
lesions are predictive of endocrine or HER2 targeted 
therapy, respectively, whereas absence of these markers 
(combined with absence of Progesterone receptor (PgR)) 
defines the Triple-negative breast cancer (TNBC) subgroup 
where chemotherapy is the current standard treatment. 
The prognosis for patients with TNBC is dismal and 
ongoing clinical trials are investigating new treatments in 
addition to chemotherapy [4, 5]. However, it has become 
widely accepted that the expression of ER, PgR and HER2 
frequently changes between primary tumor and metastasis, 
and that the choice of therapy should be based on the receptor 
status of the metastatic biopsy when available [6–9]. Multiple 
biopsies from the same patient have also shown high genetic 
heterogeneity between different metastatic sites within the 
same patient [10, 11]. In clinical praxis, however, it is not 
feasible to biopsy multiple metastatic sites due to cost as well 
as the increased risk and discomfort for the patient.

CTCs detected in a liquid biopsy could be used for 
both gene expression analysis and determination of protein 
expression, in addition to genomic analyses, and the 
malignant and metastatic nature of CTCs in the circulation 
has been studied [12–14]. CTCs have also been shown to 
reflect tumor heterogeneity more accurately than biopsies 
of a single metastasis, possibly due to representation of 
different metastatic sites [15–18]. CellSearch (Janssen 
Diagnostics, Raritan, NJ, USA) is the most established and 
the only FDA approved detection and isolation method 
for CTCs. Enumeration of CTCs with CellSearch is a 
proven independent prognostic factor in MBC as well as 
in other types of cancer [1, 2]. Detection of CTCs with 
CellSearch is based on expression of the Epithelial cell 
adhesion molecule (EpCAM) and cytokeratins (CK) 8, 
18 and 19. This limits the detection of the CTCs that have 
downregulated expression of epithelial markers through for 
example epithelial-to-mesenchymal transition (EMT) [19–
22]. Cancer cells that have gone through EMT have been 
suggested to represent a more aggressive and metastasis 
competent population and this is a concern if these cells are 
not detected with CellSearch [20, 23–25]. A method that 
has been shown to capture both epithelial and mesenchymal 
CTCs is AdnaTest (QIAGEN, Hannover GmbH, Germany) 
[26–28] where CTC capture is based on other markers in 

addition to EpCAM, such as Mucin 1 (MUC-1), HER2 and 
Epithelial growth factor receptor (EGFR).

Using different isolation methods for CTC capture, 
studies have shown that the ER and HER2 status of CTCs are 
in many cases different to that of the primary tumor [29–35] 
and/or the metastatic tissue [36]. On the other hand, recent 
results from the German DETECT Study Group showed that 
CTC HER2 status could be used to predict HER2 status of 
metastases and that the variation between primary tumor, 
CTCs and metastases could be smaller than previously 
described [37]. Thus, the extent of marker discordance 
between primary tumor, CTCs and metastases is still under 
debate and, more importantly, the treatment predictive value 
of these changes has to be investigated [9, 31, 38, 39].

Further molecular characterization of CTCs can 
also be used to improve our knowledge of the metastatic 
process and to identify new treatment predictive markers 
[40, 41]. It has been found that CTCs from patients with 
breast cancer have increased expression of EMT-related 
genes as well as of genes associated with stem-cell like 
features [26, 27, 42, 43]. Molecular analyses on single cell 
level have also revealed large intra-patient as well as inter-
patient variability when investigating marker expression 
in CTCs from breast cancer patients [14, 44, 45]. These 
results suggest that CTCs constitute a heterogenic cell 
population composed of cancer cells from several different 
metastatic lesions as well as from occult micro-metastases. 
So far, few studies have investigated the change in marker 
expression on CTCs from individual patients during 
treatment, but early results provide clear indications that 
molecular changes do occur over time [14, 35, 43–47].

The primary aim of this study was to molecularly 
characterize CTCs enriched at several time-points from 
patients with MBC scheduled for first-line systemic 
therapy. To determine if CTCs could provide clinically 
important information, we investigated expression 
changes of the well-known treatment predictive genes 
Estrogen receptor 1 (ESR1) and HER2/neu (HER2) during 
six months of systemic therapy. Another of our aims was 
to investigate the change in other markers detectable in 
isolated CTCs that could be of importance for tumor 
progression, metastasis and treatment resistance. By using 
two different capturing methods for CTCs (CellSearch 
and AdnaTest) we investigated if CTCs could be detected 
in the same patients by both methods or if AdnaTest was 
indeed able to find more mesenchymal CTCs.

RESULTS

Patient cohort

A summary of patient and tumor characteristics 
can be found in Table 1 . Thirty-six patients from the 
ongoing CTC-MBC study (Clinical Trials NCT01322893) 
were included in the study and 34 of these patients 
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Table 1: Patient and tumor characteristics for patients analyzed in the study.

All patients 
(n=34)

CTC positive 
patientsa (n=18)

CTC negative 
patientsb (n=16)

P-value

Age at diagnosis of MBC

Median (range) in years 65 (39-83) 66 (45-83) 63 (39-80) 0.63e

Time from initial BC diagnosis to recurrence

Median (range) in years 6.5 (0-27) 7 (0-27) 6.5 (0-16) 0.90e

Stage IV at initial diagnosis

No 26 12 14 0.23f

Yes 8 6 2

Breast cancer subtypec

HR positive 20 11 9 0.28f

HER2 positive 6 2 4

TNBC 6 5 1

Unknown 2 0 2

First-line systemic treatment

Endocrine only 12 4 8 0.07f

Chemotherapy 16 12 4

HER2 targeted 5 2 3

No treatment 1 0 1

Metastatic location at BL

Loco-regional 5 2 3 0.16f

Bone only 10 8 2

Visceral 16 6 10

CNS 3 2 1

Number of metastatic locations

1-2 26 12 14 0.23f

≥3 8 6 2

CellSearch BL CTC number

Median (range) 1 (0-359) 45 (0-359) 0 (0-2) <0.001e

Mean 38 73 0

Progressive disease (PD)d

Yes 19 10 9 0.97g

No 15 8 7

12-months progression-free survival, % (95% CI) 58 (40-73) 61 (35-79) 55 (28-76) 0.60h

Early PD (within 6 months)

Yes 11 7 4 0.39g

No 23 11 12

Death

Yes 12 7 5 0.64g

(Continued )
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could be evaluated with both CellSearch and AdnaTest 
(Figure 1). Median follow-up (FU) from base-line (BL) 
sample taking date to last clinical FU for patients alive 
at the last review of the records was 14 months (range 
7-32 months). The estimated 12-months progression-free 
survival (PFS) was 58% (95% CI 40-73%). In total, 19 

patients had progressive disease (PD) during the study and 
of these, 11 patients had PD during the first six months 
of treatment (early PD). The estimated 12-months overall 
survival (OS) was 72% (95% CI 52-84%) and the total 
number of deaths in the cohort was 12. Gene expression 
of CTCs in FU samples was analyzed in 27 patients who 

All patients 
(n=34)

CTC positive 
patientsa (n=18)

CTC negative 
patientsb (n=16)

P-value

No 22 11 11

12-months survival, % (95% CI) 72 (52-84) 78 (51-91) 65 (35-83) 0.55h

All factors were compared between CTC positive patients (≥5 CTCs by CellSearch or defined as positive by AdnaTest) 
and CTC negative patients (<5 CTCs by CellSearch and considered negative by AdnaTest) BL: base-line; CI: confidence 
interval; CTC: circulating tumor cell; HR: hormone receptor; MBC: metastatic breast cancer; NHG: Nottingham 
histological grade; OS: overall survival; PD: progressive disease; PFS: progression-free survival; PT: primary tumor; 
TNBC: triple-negative breast cancer
aCTC positive patients were defined by either ≥5 CTCs identified by the CellSearch system, or the presence of EpCAM, 
MUC1 or HER2 PCR fragments identified with AdnaTest Breast Cancer Detect.
bCTC negative patients were defined by either <5 CTCs by CellSearch and identified as negative for AdnaTest breast cancer 
markers as described above.
cBreast cancer subtype was defined as: HR positive (ER+, PgR+/-, HER2-), HER2 positive (ER+/-, PgR+/-, HER2+), 
TNBC (ER-, PgR-, HER2-). Patients with unknown subtype were not included in the analysis.
dFirst diagnosis of clinical progressive disease (PD) after inclusion in the study
eMann-Whitney U-test
fFisher’s exact test
gPearson Chi-square test
hLog-rank test

Figure 1: Study design. Flow chart of all included patients at the different sample taking time-points in the study. Samples described as 
“missed sample” were only lost at the subsequent time-point and these patients had not left the study.
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had samples available from at least three time-points 
during the study.

Information on breast cancer subtype was available 
for 32 patients (Table 1): 20 HR+, six HER2+ and the 
remaining six TNBC. Two patients lacked information 
on HER2 status and where not classified in a subtype. 
Information about the patient’s diagnostic breast cancer 
subgroup was based on pathology reports from metastatic 
tissue in available cases (n=24) or from the primary 
tumor if metastatic tissue was not available (n=8). Fifteen 
patients had information available from both metastatic 
tissue and primary tumor tissue and two of these patients 
(#8 and 13) experienced a switch in breast cancer subtype 
from primary tumor (HR+) to metastatic tissue (TNBC). 
Of the 20 HR+ patients, 10 patients received endocrine 
therapy and 10 patients received chemotherapy as first-line 
treatment. Five of the six patients diagnosed with HER2+ 
disease were treated with HER2 targeted therapy whereas 
one patient declined systemic therapy and received best 
supportive care. All six patients with TNBC were treated 
with chemotherapy. Individual data on treatment and 
breast cancer subtype for all patients can be found in 
Table 2.

CTC derived gene expression data from nine 
individual patients are presented in detail in Figures 2-4. 
The graphs illustrate how gene expression of ALDH1, 
EGFR, EpCAM, ESR1, HER2, IGF1R, and KRT19 (full 
names can be found in Table 3 ) fluctuates in patients with 
HER2+ (Figure 2), HR+ (Figure 3) and TNBC (Figure 4) 
subtype, respectively, in relation to systemic therapy, PD, 
death and the number of CTCs detected with CellSearch.

CTC presence by CellSearch and AdnaTest

Blood samples were collected from each patient 
before start of therapy (BL) and after approximately 1, 
3, 4, and 6 months of first-line therapy. In three patients, 
treatment was changed during this time-course and new 
samples were taken at corresponding time-points (BL, 
1, 3, 4, and 6 months) during second-line treatment 
(Figure 1). At each time-point, 7.5 ml blood was analyzed 
by CellSearch and 2 x 5 ml blood by AdnaTest EMT1 and 
EMT2 kits, respectively. Patient and tumor characteristics 
in relation to the presence of CTCs defined by either 
CellSearch or AdnaTest are presented in Table 1 . Eighteen 
of 34 patients (53%) were positive for CTCs with at least 
one of the methods (according to the manufacturer´s 
instructions), and these patients are referred to as “CTC 
positive” throughout the rest of the paper. All 18 patients 
were positive at BL and 10 patients were also positive at 
one or more later time-points (Table 2).

At BL, 14 of 33 patients (42%) were CTC positive 
as defined by CellSearch with ≥ 5 CTC/7.5 ml blood 
(Table 2). For one patient a CellSearch BL sample was 
missing due to technical issues. The AdnaTest Breast 
Cancer assay identified 15 of 34 CTC positive patients 

(44%) at BL (PCR based detection of EpCAM, HER2 or 
MUC1 transcript ≥ 15ng/ul). However, six patients were 
identified as CTC positive by only one of the applied 
methods, three patients with only CellSearch and three 
patients with only AdnaTest. Interestingly, CTCs in all 
discordant cases identified as positive exclusively with 
AdnaTest, were only detected by the EMT2 kit (isolation 
based on EpCAM, HER2, and EGFR protein expression). 
Agreement between the two methods regarding CTC 
positivity at BL was found in 28 of 33 patients (85%, 
Table 2 ). When comparing all samples (n=129) with data 
from both AdnaTest and CellSearch, agreement was found 
in 115 of 129 samples (89%), which can be classified as 
good (κ=0.68).

Patients with CTCs present were more often treated 
with chemotherapy compared to the group with no CTCs 
present (Table 1). In the latter group, a majority of patients 
received only endocrine treatment. This difference was 
partly due to a higher number of patients with TNBC 
found in the group of CTC positive patients. Indeed, five 
of six patients with TNBC had detectable CTCs when the 
BL sample was taken (Table 1).

Gene panel and heatmap

In addition to CTC analyses by CellSearch and the 
AdnaTest Breast Cancer assay, enriched samples from 
AdnaTest EMT1 and EMT2 based isolation were analyzed 
by multiplex qPCR for 38 genes associated with cancer. 
In total, 32 of the 38 included experimental genes could 
be analyzed in the final cohort. Four markers had to be 
excluded due to technical problems and two showed no 
expression in any sample (Table 3). A heatmap of all BL 
samples together with positive and negative controls can 
be found in Figure 5. The three cell lines SKBR3, MCF7 
and JIMT1 were included as positive controls and two 
different healthy donor blood (HDB1 and 2) were included 
as negative controls to add information on leukocyte 
derived gene expression. Based on expression of the 
included genes, three patient clusters (Clusters 1, 2, and 3 
in Figure 5) were clearly visible and all cell line samples 
were found in cluster 1 together with patient samples that 
were classified as CTC positive with either AdnaTest or 
CellSearch (marked in red). HDB samples could be found 
in clusters 2 and 3 together with both CTC positive and 
CTC negative patient samples. All patients in cluster 1 
were classified as CTC positive and more patients with 
stage IV disease at initial diagnosis could be found in this 
cluster (P=0.02). Interestingly, none of the seven patients 
with first-line BL sample in cluster 3 experienced early PD 
(within 6 months) and all patients in this cluster were alive 
at the end of the study despite the fact that four of seven 
patients were classified as CTC positive (Figure 6). Six of 
seven patients in cluster 3 had HR+ MBC and of these, 
only one patient experienced PD during the study. This can 
be compared with four of six patients with HR+ MBC in 
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Table 2: Detailed description of all patients included in the study.
ID BL 1 month 3 months 4 months 6 months PFS 

(mth)
OS 

(mth)
FU 

(mth)
First-line 
treatment

BC 
subtype

CS Adna CS Adna CS Adna CS Adna CS Adna

1 12 - 14 - n/a n/a 0 - 0 - 24 32 Chemo HR+

3a 151 + 57 + 5 - 8 - 0 - 2 28 28 Endocrine HR+

4 2 - 0 - 0 - 0 - 0 - 9 31 HER2-targ HER2+

5 45 + 3 - 1 - 1 - 0 n/a 8 Chemo HR+

6 0 - n/a - 0 - 0 - 0 - 28 HER2-
targ. HER2+

7 0 - 1 - 0 - n/a - 0 - 21 Chemo HR+

8 8 + 1 - 2 + 6 + 48 + 4 14 14 Chemo TNBC

9 0 - 0 - 0 - 0 - 0 - 19 25 HER2-
targ. HER2+

10 1 - 0 - n/a n/a n/a n/a n/a n/a 8 9 9 Endocrine HR+

11 1 - 0 - 0 - 0 - 3 - 20 24 Endocrine HR+

12 1 - 0 - 0 - 0 - 0 - 10 11 11 Endocrine n/a

13 0 - 1 - 0 - 0 - n/a n/a 6 11 11 Chemo TNBC

14 104 - 60 n/a 75 - n/a n/a n/a n/a 1 6 6 Chemo TNBC

15 0 - 0 - 0 - 0 - 0 - 18 Endocrine HR+

16 n/a + 64 + n/a n/a n/a n/a n/a n/a 1 1 1 Chemo TNBC

17 0 - n/a n/a n/a n/a n/a n/a n/a n/a 1 9 9
Best 

supportive 
care

HER2+

18 0 - 0 - 0 - 0 - 0 - 18 Chemo HR+

20 0 + 0 - 0 - 0 - 0 - 17 Chemo HR+

21 189 + 0 - 0 - 0 - 0 - 15 HER2-
targ. HER2+

22 33 + 0 - 0 - n/a n/a 6 - 13 16 Endocrine HR+

23 55 + 1 - 1 - n/a n/a 37 + 13 16 16 Endocrine HR+

24a 0 - 0 - n/a - 0 - 0 - 5 14 Chemo HR+

25 78 + 3 - 0 - 0 - 1 - 14 Chemo HR+

26 3 + 0 - 0 - 0 - 0 - 14 HER2-
targ. HER2+

27 14 + 12 + 4 + 2 + 1 + 12 Endocrine HR+

28 5 - 2 - 1 - 0 - 0 - 13 Chemo HR+

29 0 - n/a n/a n/a n/a n/a n/a n/a n/a 5 5 5 Endocrine n/a

30 0 - 0 - 0 - 0 - 0 - 10 Endocrine HR+

31 0 - 0 - 0 - 0 - 0 - 11 Endocrine HR+

32 1 + 0 - 0 - 0 - 1 - 11 Chemo HR+

33 359 + 56 - 0 - n/a n/a n/a n/a 2 4 4 Chemo TNBC

34 0 - 0 - 0 - 0 - 0 - 9 Endocrine HR+
(Continued )
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cluster 1 experiencing PD. Patients were found to switch 
between different clusters when samples were taken at 
later time-points during the study. We hypothesized that 
frequent switching between different clusters would 
suggest higher plasticity and could be predictive of worse 
survival. However, this could not be found in the present 
cohort (data not shown).

The included genes were hierarchically assembled in 
four groups (a-d). The eight genes found in group b were 
expressed at low levels at BL (Figure 5) and also in FU 
samples. Group d included genes for epithelial markers 
that are used for conventional analyses of CTCs and 
these genes were important for defining patient cluster 1. 
Groups a and c were less defined and contained genes of 
importance in different functional pathways. Generally, all 
groups of genes had lowest expression in patient cluster 2 
(Figure 5).

Gene expression of conventional CTC markers

The most commonly used markers for CTC 
positivity are EpCAM, KRT19 and MUC1, and protein 
expression or PCR products of these markers were also 
used for classifying CTC positive and CTC negative 
patients in the present study (Table 1). Gene expression 
of EpCAM/KRT19/MUC1 was analyzed within the 
gene panel in parallel with CellSearch and AdnaTest. 
As expected, EpCAM and KRT19 expression at BL 
were associated with CTC positivity (P<0.001 and 
P=0.002, respectively) and KRT19 expression showed the 
highest correlation to CTC number over time (RS=0.61, 
Figure 7A). Patients with KRT19 expression at BL had 
shorter PFS (P=0.01, Figure 7B) and OS (P=0.06) and a 
higher number of patients in this group experienced early 
PD (P=0.05, Table 3 ). The evidence for association to 

Figure 2: Three examples of patients with HER2 positive breast cancer. After initiation of HER2 targeted therapy, none of the 
patients experienced PD during the study. (A) Patient 6 had no detectable CTCs at any time-point but had EpCAM expression at BL and at 
4 months. Possibly, the lack of KRT19 expression lead to that CTCs were not detected by CellSearch and AdnaTest despite initial capture. 
HER2 expression was also found at 4 months. (B, C) Patients 21 and 26 both showed a response to therapy with regard to CTC number and 
cancer related gene expression in FU samples. ALDH1 expression continued to vary in patient 26, but this did not seem to affect prognosis. 
Note that the time course (X-axis) and the scale for CTC number (left Y-axis) varies between patients.

ID BL 1 month 3 months 4 months 6 months PFS 
(mth)

OS 
(mth)

FU 
(mth)

First-line 
treatment

BC 
subtype

CS Adna CS Adna CS Adna CS Adna CS Adna

35 111 + n/a n/a n/a n/a n/a n/a n/a n/a 2 2 2 Chemo TNBC

36a 82 + 45 + 10 + 24 + 34 + 2 9 Chemo HR+

For each time-point, CTC presence is presented as CS = CellSearch number and Adna = presence of transcripts with 
AdnaTest Breast Cancer assay. For each patient the number of months for progression-free survival (PFS), overall survival 
(OS) and follow-up time (FU), as well as first-line treatment and breast cancer (BC) subtype are presented. No number in 
the PFS and/or OS column displays that the patient is progression-free and/or alive at the last follow-up
Adna: AdnaTest; BC: breast cancer; BL: base-line; Chemo: chemotherapy; CS: CellSearch; HR: hormone receptor; OS: 
overall survival; PD: progressive disease; PFS: progression-free survival; TNBC: triple-negative breast cancer
aPatients with second-line treatment were also followed at closer time-points and for a longer time, but this table 
demonstrates the CTC results at similar time-points as in the other samples.
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these outcomes was weaker for EpCAM expression. 
MUC1 was only expressed at BL in three patients in the 
whole cohort. All of these patients were ER+ and classified 
as CTC positive. There was no association to PFS or OS.

E-cadherin (CDH1) is another epithelial marker but 
it is not as commonly used for CTC detection as the above 

mentioned. CDH1 expression was found in eight patients 
at BL and all of these patients also expressed EpCAM 
and KRT19. CDH1 expression was associated with CTC 
positivity (P=0.003). However, the conventional markers 
were expressed in a higher number of patients (EpCAM 
n=15, KRT19 n=20) than CDH1 (n=8, Table 3).

Figure 3: Three examples of patients with HR positive breast cancer. (A) Patient 3´s treatment was changed from endocrine 
therapy to second-line chemotherapy after progression at 2 months. Before start of therapy the patient had detectable ESR1+ and HER2+ 
CTCs that vanished after treatment initiation. The patient responded well to chemotherapy with an overall survival of 28 months. (B) 
Patient 12 had very few detactable CTCs at BL with the CellSearch method and was CTC negative during therapy. However, at 6 months 
there was an increase in KRT19, IGF1R and ALDH1 expression and the patient was later diagnosed with clinical progression at 10 months. 
It is possible that this increase in markers at 6 months was an early sign of treatment resistance. (C) Patient 23 initially responded to 
endocrine therapy but the CTC number increased at 6 months and the simultaneous increase in HER2 expression suggested a phenotype 
shift in the metastasis that could possibly have been therapeutically targeted.Note that the time course (X-axis) and the scale for CTC 
number (left Y-axis) varies between patients.

Figure 4: Three examples of patients with TNBC treated with chemotherapy. (A) Patient 8 had detectable CTCs at BL with 
both ESR1 and HER2 expression despite being clinically diagnosed with TNBC. After an initial response to therapy, the number of HER2+ 
CTCs started to increase at 3 months and the patient was diagnosed with PD after 4 months of treatment. Interestingly, EGFR expression 
was also detectable at 6 months indicating a phenotype change and a possible targetable marker in addition to HER2. (B) Patient 16 had 
a rapid disease progression but the increased HER2 expression at 1 month could possibly have been targetable. (C) Patient 33 also had a 
rapid progression and despite a decrease in both CTC number and in markers such as HER2 and EGFR after initiation of chemotherapy, the 
patient quickly experienced disease progression and death. The only marker visible in the blood at 3 months (two days before the patient 
died) was expression of the stem cell marker ALDH1. However, ALDH1 expression was not correlated to prognosis in this cohort. Note that 
the time course (X-axis) and the scale for CTC number (left Y-axis) varies between patients.
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Table 3: Included genes in TATAA Biocenter gene panel and the association between BL gene expression of each 
marker and PFS, OS and early PD. 38 breast cancer related genes and nine reference genes were included in the 
analysis 
Gene Full name Number 

of patients 
with 

expression 
at BL

PFS (P-value) Early PD  
(P-value)

OS (P-value) Protein 
function

Yes No

AKT2 V-akt murine thymoma 
viral oncogene homolog 2 22 12 0.34 0.14 0.88 ER, EMT

ALDH1 Aldehyde dehydrogenase 1 
family, member A1 8 26 0.65 0.21 0.25 SC, TR

CCND1 Cyclin D1 13 21 0.16 0.15 0.20 P

CD24L4 CD24 molecule Excluded (technical problems)

CD44a CD44 molecule 31 3 0.53 0.53 0.15 SC

CDH1 Cadherin 1, type 1, 
E-cadherin 8 26 0.10 0.18 0.40 Ep

CTSDa Cathepsin D 31 3 0.76 0.66 0.80 M, A

EGFRa Epidermal growth factor 
receptor 1 33 0.27 0.21 0.09 P, ER, TR

EpCAM Epithelial cell adhesion 
molecule 15 19 0.43 0.36 0.20 Ep

ESR1a Estrogen receptor 1 4 30 0.09 0.48 0.37 P

FOXO Forkhead box O3 18 16 0.59 0.94 0.84 ER

HDAC2 Histone deacetylase 2 29 5 0.28 0.09 0.14 M, EMT

HER2 Human epidermal growth 
factor receptor 2 10 24 0.25 0.51 0.24 P, TR

IBSP1 Integrin-binding 
sialoprotein Excluded (technical problems)

IGF1Ra Insulin-like growth factor 1 
receptor 3 31 0.03 0.01 0.04 P, ER

Ki67a Antigen identified by 
monoclonal antibody Ki-67 1 33 0.53 1.0 0.79 P

KIa
V-kit Hardy-Zuckerman 
4 feline sarcoma viral 

oncogene homolog
1 33 0.26 0.20 0.08 P

KRAS
V-Ki-ras2 Kirsten rat 

sarcoma viral oncogene 
homolog

Excluded (technical problems)

KRT19 Keratin 19 20 14 0.01 0.05 0.06 Ep

MET Met proto-oncogene No expression

mTOR Mechanistic target of 
rapamycin 25 9 0.26 0.36 0.12 ER

MUC1a Mucin 1 3 31 0.88 0.91 0.69 Ep
(Continued )
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Gene Full name Number 
of patients 

with 
expression 

at BL

PFS (P-value) Early PD  
(P-value)

OS (P-value) Protein 
function

Yes No

Myc
V-myc avian 

myelocytomatosis viral 
oncogene homolog

25 9 0.89 0.42 0.72 P, ER, TR

PARP Poly (ADP-ribose) 
polymerase 1 28 6 0.88 0.99 0.34 P

PGR Progesterone receptor No expression

PI3KCA Phosphoinositide-3-kinase, 
catalytic, alpha polypeptide 15 19 0.07 0.17 0.04 ER, EMT

PTEN Phosphatase and tensin 
homolog 29 5 0.54 0.19 0.32 ER

RAD51 RAD51 recombinase 9 25 0.32 0.44 0.69 M

SATB1 SATB homeobox 1 17 17 0.70 0.75 0.30 M

SCGB2A/MAM Secretoglobin, family 2A, 
member 2 7 27 0.91 0.49 0.65 M

TOP2A Topoisomerase (DNA) II 
alpha 170kDa 12 22 0.88 0.94 0.85 TR

TP53 Tumor protein p53 23 11 0.81 0.73 0.60 P, TR

Twist1 Twist family bHLH 
transcription factor 1 Excluded (technical problems)

UPAa Plasminogen activator, 
urokinase 2 32 0.11 0.06 0.28 M

VEGFA Vascular endothelial growth 
factor A 6 28 0.55 0.97 0.72 A

VEGFR1
Vascular endothelial growth 

factor receptor 1, fms-
related tyrosine kinase 1

0 34 - - - A

VEGFR2a
Vascular endothelial growth 

factor receptor 2, kinase 
insert domain receptor

2 32 0.96 0.55 0.61 A

VIMa Homo sapiens vimentin 31 3 0.59 0.66 0.57 EMT

ACTB Beta actin Reference geneb

B2M Beta-2-microglobulin Reference gene

GAPDH Glyceraldehyde-3-
phosphate dehydrogenase Reference gene

HPRT1 Hypoxanthine 
phosphoribosyltransferase 1 Reference gene

PPIA Peptidylprolyl isomerase A 
(cyclophilin A) Reference gene

RPLP Ribosomal protein, large, 
P0 Reference geneb

(Continued )
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HER2 expression and the HER2 positive subgroup

Six patients in this cohort were, according to the 
pathology report, diagnosed with HER2+ MBC. All 
patients that received HER2 targeted therapy responded 
well (Table 2). This was also reflected in rapid CTC 
clearance after treatment initiation (Figure 2).

Gene expression of HER2 in CTCs did not reflect 
the clinical diagnosis of HER2 status either at BL or in 
FU samples. At BL, HER2 was expressed only in three of 
six patients with clinical HER2+ disease but this could be 
due to lack of CTCs in the other three patients. However, 
HER2 was expressed at BL in five of 10 patients with 
HR+ breast cancer (e.g. Figure 3A) and in two of six 

Gene Full name Number 
of patients 

with 
expression 

at BL

PFS (P-value) Early PD  
(P-value)

OS (P-value) Protein 
function

Yes No

TBP TATA box binding protein Reference gene

UBC Ubiquitin C Reference gene

YWHAZ

Tyrosine 3-monooxygenase/
tryptophan 

5-monooxygenase 
activation protein, zeta 

polypeptide

Reference gene

BL expression of each marker was analyzed against PFS, early PD (within 6 months) and OS. Genes were divided into 
different groups by protein function in cancer: P: proliferation/growth/survival, M: metastasis/migration, A: angiogenesis, 
Ep: epithelial marker, EMT: EMT marker, SC: stem cell marker, ER: endocrine therapy resistance, TR: treatment resistance 
(chemotherapy, HER2 targeted therapy)
aGenes for which <5 patients were classified in one group were analyzed with a permutation based log-rank test.
bReference genes selected for further analysis using NormFinder algorithm [79].

Figure 5: Mean-centered heatmap showing the expression of 32 genes detectable in at least one of the BL samples. 
Three distinct patient clusters denoted 1, 2 and 3 were found with all cell line cells (positive controls) in cluster 1 and healthy donor blood 
(negative controls) in clusters 2 and 3. Patient ID marked with red were CTC positive by either CellSearch or AdnaTest. Genes were 
clustered in four groups (a-d) where group d included the most commonly used markers for CTC positivity. Genes with very low expression 
could be found in group b. The highest expression of CTCs captured with the EMT1 or EMT2 kit is shown.
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patients with TNBC (Figure 4A and 4C). In FU samples, 
nine of 27 evaluable patients expressed HER2 and of 
these, only one patient was clinically diagnosed with 
HER2+ breast cancer and treated with HER2 targeted 
therapy (#6, Figure 2A). Seven of the nine patients 
were clinically diagnosed with HR+ disease (#1, 22, 

23 (Figure 3C), 27, 31, 32, and 34) and one of the nine 
with TNBC (#8, Figure 4A), and they received either 
endocrine treatment or chemotherapy (Table 2). Patient 
#16, with very rapid progression of TNBC, had HER2+ 
CTCs at 1 month and died shortly after identification of 
HER2 expressing CTCs (Figure 4B). In the whole cohort, 

Figure 6: Kaplan-Meier plots for progression-free and overall survival by heatmap patient cluster. No patients from 
heatmap cluster 3 experienced disease progression within 6 months (A) or died during the course of the study (B). P-values from log-rank 
test.

Figure 7: Association of KRT19 gene expression to CTC number and progression-free survival (PFS). (A) Of the 
conventionally used CTC markers, KRT19 gene expression (red circles, right axis) showed highest correlation to CTC number measured by 
CellSearch (grey filled circles, left axis) over time (RS = 0.61). The red dotted line illustrates median KRT19 expression and the gray solid 
line illustrates median CTC number at the respective timepoints. (B) KRT19 expression in CTC blood samples taken before start of therapy 
(BL) was associated with shorter PFS.
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the expression of HER2 at FU time-points was not found 
to be associated to PD or death.

ESR1 expression and resistance against 
endocrine treatment

ESR1 (ER) expression was only found in four BL 
samples and not in any FU samples after initiation of 
endocrine treatment (#3, 22, and 23) or chemotherapy 
(#8), see Figures 3 and 4 for examples. Three of the four 
patients with BL samples that expressed ESR1 before start 
of therapy had clinically diagnosed HR+ breast cancer 
but in one patient (#8) the disease had changed phenotype 
from primary tumor (HR+) to metastasis (TNBC, Table 2). 
The total number of patients with clinically HR+ disease 
that also had CTCs detected with conventional markers 
by CellSearch or AdnaTest was nine. Thus, our results 
indicate that at least 67% (6/9) of the originally HR+ 
patients were devoid of ESR1 expression on CTCs already 
before start of therapy.

Expression of genes involved in endocrine 
resistance (Table 3) were investigated in the subgroup 
of HR+ patients treated with endocrine treatment and 
cytotoxic therapy, respectively. The expression patterns 
of these genes were not different between patients that 
received either type of therapy (data not shown). Also, the 
expression pattern was not different between endocrine 
treated patients that had PD versus non-PD. A few of the 
investigated genes have previously been associated with 
chemotherapy resistance (Table 3) but no difference in 
expression pattern was found for these genes between 
patients that had PD versus non-PD.

As mentioned above, HER2 was expressed in a 
high proportion of CTCs in patients with HR+ breast 
cancer treated with endocrine therapy. In patients with 
HR+ breast cancer, HER2 gene expression was more 
common in patients that received endocrine treatment 
(5/9) compared to patients that received chemotherapy 
(2/10; P=0.17). In patient #3, HER2+ CTCs were 
present at BL and this patient did not respond to first line 
endocrine treatment (Figure 3A). Acquired HER2+ CTCs 
were detected in for example patient #23 in this cohort 
(Figure 3C).

Other expressed markers of interest

The expression of all markers at BL was analyzed 
against clinico-pathological characteristics as described 
in the method. Interesting findings are reported here (see 
also Table 3). Weak to moderate association with CTC 
positivity (detected by CellSearch or AdnaTest) at BL 
was found for: FOXO (P=0.02), mTOR (P=0.05), SATB1 
(P=0.006), TOP2A (P=0.009), and TP53 (P=0.005). TP53 
expression was also positively associated with having 
stage IV disease at initial diagnosis (P=0.02). Of the 
six patients that expressed VEGFA at BL, five had only 

bone metastases (P=0.03). Expression of PI3KCA was 
associated with improved overall survival (Table 3).

Insulin-like growth factor 1 receptor (IGF1R) was 
expressed in seven patients (eight samples) and was in all 
cases expressed only in EMT2 captured samples. IGF1R 
expression showed no association with CTC positivity 
but was expressed in patients with CTCs detected with 
conventional markers as well as in patients with no CTCs 
detected. IGF1R was expressed in all investigated cell 
lines but also in one HDB sample. Thus, it is possible 
that IGF1R expression could be derived from non-cancer 
cells. However, six of the seven patients that expressed 
IGF1R at any time-point during the study experienced 
PD and four of seven experienced early PD. Only three 
patients expressed IGF1R in BL samples (#3, 8 and 16) 
and, recognizing the small number of positive samples, 
this expression was associated with early PD and shorter 
OS (Table 3), see examples in Figures 3A and 4A.

Only two samples expressed Epidermal growth 
factor receptor (EGFR), patient #8 at six months and 
patient #33 at BL (Figure 4A and 4C). Both of these 
patients experienced PD within six months, in close 
proximity to detected EGFR gene expression. EGFR 
was consistently expressed in all cell line cells but in no 
HDB samples, suggesting that EGFR gene expression 
was derived from CTCs. Both EGFR positive patients 
were also CTC positive at BL and at the time of EGFR 
detection. Since both patients were diagnosed with TNBC 
they were likely to experience early PD and death but the 
upregulation of EGFR expression in patient #8 after 6 
months of chemotherapy clearly shows that cancer cells 
survive and continue to evolve during chemotherapy 
(Figure 4A).

The stem-cell marker Aldehyde dehydrogenase 1 
(ALDH1) was expressed in eight of 34 (24%) BL samples 
and not correlated to outcome or any other factor at this 
time-point. At FU, ALDH1 expression was found in 15 
of 27 (56%) of the patients and only weak evidence was 
found for association to PD for patients with ALDH1 
expression in their FU samples (P=0.07). In the subgroup 
of patients with TNBC, only one patient (#33, Figure 4C) 
expressed ALDH1 at one time-point and this could have 
been suggestive of association with progression. However, 
ALDH1 expression was found also in patients irrespective 
of CTC number or progression (#12, Figure 3B and 
#26, Figure 2C) as well as in one of the HDB samples. 
A majority of FU ALDH1 positive patients had visceral 
metastases (10/15) compared with FU ALDH1 negative 
patients (3/12) (P=0.16).

Of the five genes associated with EMT included 
in the gene panel (Table 3), four markers (AKT2, PI3Kα, 
HDAC2, and VIM) were possible to evaluate but neither of 
these markers showed any association to progression nor 
survival. Neither did they show a specific gene expression 
pattern over time as a response to treatment or depending 
on BC subgroup (data not shown).
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Metastasis associated markers (Table 3) were 
investigated in relation to the number and location of 
metastases. Patients with high combined expression of 
CTSD, RAD51, SATB1, and MAM over the whole study 
period were identified and patients (50%) with the highest 
average expression of these markers had three or more 
metastatic locations more often than patients with lower 
average expression (6/8 compared with 12/26, P=0.23).

VEGFA, VEGFR1, and VEGFR2 are genes of 
importance for angiogenesis. Detection of VEGFR1 and 2 
gene expression was very rare in this cohort but increased 
VEGFA expression at BL were found exclusively in patient 
cluster 1, including all cell lines (Figure 5).

DISCUSSION

In this study, gene expression analysis of CTCs 
clearly demonstrated a continuous evolutionary change 
in gene expression during systemic therapy for MBC. 
Notably, we found that only a subset of patients with 
clinically diagnosed HR+ breast cancer expressed ESR1 
in CTCs and ESR1 expression was in all cases absent 
after initiation of endocrine treatment or chemotherapy. 
This is in line with previous studies that have reported 
a low level of ER/ESR1 expression in CTCs compared 
with the primary tumor in MBC [29, 30, 48, 49]. It is 
also worth noting that the absence of ESR1 expression in 
FU samples from initially ESR1 positive cases was not 
associated with the absence of CTCs (e.g. Patients #3 
and 23 (Figure 3A and 3C) and patient #8 (Figure 4A)). 
CTCs detected by conventional markers using CellSearch 
or AdnaTest were found also at later time-points during 
therapy but then expressed genes of other markers. 
Previous studies have found that downregulation of ER 
is associated with EMT and increased migration as well 
as invasion [50, 51]. The low ESR1 expression in CTCs 
could thus be related to the migratory phenotype of CTCs. 
It is possible that ER expression is upregulated again in 
the metastases as discussed by Aktas et al. [37] and that 
targeting potentially metastasis competent cancer cells 
in the blood stream might be difficult using ER directed 
therapy.

In contrast to ESR1 only being expressed in CTCs of 
very few patients, HER2 gene expression at BL was found 
in seven out of 26 patients that were clinically diagnosed 
with HR+ breast cancer (e.g. Patient #3, Figure 3A) or 
TNBC (Patient #8 and 33, Figure 4A and 4C). In addition, 
HER2 was expressed in three out of six patients with 
HER2+ disease (Patient #21 and 26, Figure 2B and 2C). A 
high number of patients displayed HER2 gene expression 
after one or several months of either endocrine treatment 
or chemotherapy. This is interesting since an up-regulation 
of HER2 expression is known to be an important part of 
endocrine resistance [52, 53]. One example is Patient #23 
(Figure 3C) who was clinically diagnosed with HR+ breast 
cancer and positive for ESR1 gene expression at BL. After 

initiation of endocrine treatment, no CTCs or other cancer 
associated gene expression could be detected in the blood 
after three months. However, after six months of therapy, 
CTCs could again be detected in the blood but at this time-
point ESR1 gene expression was no longer detectable. On 
the other hand the CTCs now expressed HER2, suggesting 
treatment resistance due to an evolutionary change in 
gene expression in cancer cells escaping treatment. This 
patient showed no signs of clinical progression until 12 
months after BL and she died three months after this. One 
could speculate that addition of HER2 targeted treatment 
at six months could possibly have eradicated this new 
sub-clonal expansion of cancer cells and contributed to 
a longer survival time for the patient. A previous proof-
of-principle study has shown that three of four clinically 
diagnosed HER2 negative patients with HER2 positive 
CTCs responded to HER2 targeted therapy [31] and 
several ongoing prospective studies investigate this in 
larger cohorts [38].

Continuous evolutionary changes of HER2 gene 
expression were also seen in several patients with TNBC 
(Figure 4). Patient #8 had CTC HER2 gene expression 
both before and during therapy but was only treated with 
chemotherapy due to clinically diagnosed TNBC. Again, 
given the gene expression data gained from subsequent 
CTC sampling it is tempting to speculate that the patient 
would have benefited from HER2 targeted therapy. 
Patients #16 and 33 (Figure 4B and 4C) also showed CTC 
HER2 expression despite clinically diagnosed TNBC. 
Both these patients had very rapid disease progression 
but in the whole cohort, HER2 gene expression was not 
associated with worse survival. However, the limited 
FU time and small sample size must be accounted for. 
In a larger study of 62 patients with MBC, Bredemeier  
et al. [43] found that CTC derived HER2 gene expression 
increased during therapy in patients not responding to the 
administered therapy. It has been suggested that HER2+ 
CTCs could be part of a resistance mechanism since HER2 
over-expression is a well-known factor in chemotherapy 
resistance [54] as well as in resistance to endocrine 
therapy [52].

In Swedish clinical praxis, ER status is evaluated 
as protein expression by immunohistochemistry (IHC) 
whereas HER2 status is evaluated by IHC complemented 
with FISH/CISH (gene amplification) in ambiguous cases. 
Thus, according to Swedish national guidelines [55], 
determination of gene expression by mRNA analysis is not 
performed in the clinical setting. Gene expression is not 
always correlated to protein expression but breast cancer 
subgroups defined by gene expression have been found to 
be highly correlated to outcome and treatment response, 
as well as to surrogate molecular subtypes defined by the 
St Gallen classification [56, 57]. The possibility to follow 
gene expression of treatment predictive markers over time 
has been suggested to be one of the major advantages of 
the liquid biopsy [10, 58–60].
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One of the challenges of CTC based methods is the 
low number of detectable cells using currently available 
methods. In this study, we have used the commercial and 
standardized methods CellSearch (Janssen Diagnostics) 
and AdnaTest (QIAGEN) to enrich CTCs from whole 
blood. CellSearch employ EpCAM and CK 8, 18 and 
19-protein expression to isolate and identify CTCs and this 
method has gained the highest level of clinical validity in 
MBC [1]. AdnaTest CTC detection is based on a higher 
number of markers (EMT1: EpCAM and MUC-1 / EMT2: 
EpCAM, HER2, EGFR) as an attempt to capture more 
CTCs of mesenchymal or stem-cell like phenotype [43]. 
We found high concordance in CTC positivity between 
the two methods but, interestingly, all three samples that 
were CTC negative with CellSearch while CTC positive 
with AdnaTest had detectable CTCs only with the EMT2 
kit. This confirms that EGFR and HER2 are useful for 
CTC capture, as previously shown in a smaller cohort 
comprised of a mixture of patients with either early or 
metastatic breast cancer [61]. On the other hand, three 
samples were CTC positive only with CellSearch, so no 
method was found to be superior at detecting CTCs in 
a higher proportion of MBC patients. Thus, we decided 
to use a combined criterion for CTC positivity, e.g. 
CTC positivity was defined as CTC positive by either 
CellSearch or AdnaTest. Interestingly, we found that BL 
KRT19 expression in the gene panel analysis predicted 
progressive disease and death of patients better than CTC 
presence by either CellSearch, AdnaTest or combined 
(Table 3, Figure 7). KRT19 is commonly used as a marker 
for CTC presence and has frequently been used for CTC 
detection by molecular qPCR based methods [59, 62, 63].

Gene expression data in this study has been obtained 
from a mixture of CTCs and leukocytes present in the 
sample after AdnaTest CTC enrichment. Thus, part of 
the detected gene expression could be a result from 
leukocytes present in the patient’s circulation and not 
from CTCs. We have included three different cell lines as 
positive controls together with two different healthy donor 
blood (HDB) samples as negative controls. Results from 
markers that are expressed in HDB as well as in CTCs 
are interpreted with care since they could come from 
leukocyte contamination. In a previous study of CTC gene 
expression, Sieuwerts et al. [29] have suggested that it is 
possible to differentiate between gene expression from 
leukocytes and CTCs by using KRT19 gene expression as 
a control for CTC derived expression. But in contrast to 
this and many other studies on CTC gene expression, we 
have also analyzed gene expression from samples where 
no CTCs could be detected with conventional markers. We 
consider it likely that CTCs are present in a majority of 
patients with metastatic breast cancer but that these cells 
are not isolated and identified with available methods. It is 
known that cancer cells can be detected in the circulation 
in a higher proportion of patients using other methods than 
CellSearch and AdnaTest but the prognostic value of these 

techniques is still under investigation [64]. Indeed, in this 
study we found gene expression of KRT19 in samples with 
very low or absent numbers of CTCs as detected with 
CellSearch or AdnaTest (e.g. Patient #3, 8, and 26, Figures 
2-4). Also, HER2 expression was detected in a patient with 
HER2+ MBC but with no CTCs according to CellSearch 
or AdnaTest (Patient #6, Figure 2A).

There are several possible explanations for this gene 
expression in “CTC negative” samples. 1) Expression 
of potential cancer associated markers could be found 
in CTCs captured but not detected by CellSearch or 
AdnaTest (i.e. negative for CK8/18/19, HER2, MUC1 
and/or EpCAM), but also in 2) CTCs captured non-
specifically as bystanders. 3) Higher sensitivity of 
detection of for example HER2 expression in qPCR gene 
panel analysis than in the PCR based AdnaTest Breast 
Cancer assay could lead to positive expression in “CTC 
negative” samples defined by commercial methods. 
However, as described above, 4) a CTC enriched sample 
also contains contaminating blood cells and the possibility 
of leukocyte derived expression of markers has to be taken 
into account.

We hypothesized that expression of EMT or 
stem-cell markers such as ALDH1 could be expressed 
in samples with no CTCs detected by conventional 
markers [65], as exemplified in Patient #33 (Figure 4C). 
At time of progression, this patient had lost expression 
of conventional CTC markers but we saw an increase 
in ALDH1 gene expression. This could possibly be a 
sign of treatment resistance and/or an expansion of sub-
clonal stem-cell like CTCs. ALDH1 gene expression has 
in previous studies been used as a marker for stem-like 
CTCs and is suggested to characterize a more aggressive 
population of cancer cells that might be associated with 
therapy failure [26, 27, 66]. However, we found ALDH1 
gene expression also in one HDB sample and in many 
patient samples without association to disease progression 
(e.g. Patient #3, 6 and 26, Figures 2-3). High ALDH1 
expression in primary tumors is a general predictor of 
poor prognosis, early metastasis and progression in 
breast cancer but the exact mechanism of ALDH1 and 
its importance in treatment resistance remains to be 
determined [67].

A variable expression pattern over time was also 
observed for several other markers in this study, in line 
with previous observations of variation in CTC gene 
expression levels during treatment [14]. Thus, it seems 
plausible that gene expression detected in the primary 
tumor is not representative of the heterogeneous disease 
presented in treatment resistant clones emerging after 
several cycles of systemic therapy. The recurrent 
phenotype switches between primary tumor and metastases 
[6, 7] as well as variable expression of stem-cell and EMT 
markers in CTCs as a response to systemic treatment [14] 
also suggests phenotypic changes in cancer cells over 
time. There are several biological models for evolutionary 
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changes in cancer cells over time which can be used 
to understand cancer progression and development of 
treatment resistance [68]. First, intratumoral heterogeneity 
in the primary tumor accounts for resistant phenotypes 
present prior to treatment initiation and disease detection, 
but the resistant cells might be very few (sub-clonal) and 
thus not be detected in clinical analyses [69]. Second, the 
body’s natural defense mechanisms will eradicate many 
cancer cells due to detection of an abnormal phenotype, 
changed gene expression, mutations or epigenetic factors. 
Only a selection of cancer cells survive and contribute to 
tumor progression. Consequently, cells with metastatic 
abilities are likely to be different from the cells comprising 
the bulk of the primary tumor [70]. Third, by applying 
systemic treatment directed towards the phenotype of 
the primary tumor and/or metastasis, we therapeutically 
increase the selective pressure on the cancer cells. For 
example, therapy directed against ER will target ER+ cells 
but not cells devoid of ER expression, causing relapse or 
new metastases more likely to be ER- [71, 72]. Fourth, 
the microenvironment will affect tumor cells in different 
metastatic niches in unique ways and thus contribute to 
heterogeneity between separate metastatic sites. Taken 
together, the most tumorigenic, therapy resistant and 
well-adapted cancer cells are the ones likely to survive 
and multiply during tumor progression and therapy.

One aim of this study was to explore possible new 
targetable markers. EGFR is a growth factor of great 
importance for prognosis and treatment in other types 
of cancer. EGFR protein expression has previously 
been detected in CTCs in early breast cancer [41] and 
EGFR gene expression was also found in CTCs in non-
responders during treatment for MBC [43]. We detected 
EGFR gene expression in two patients with TNBC in close 
proximity to clinical progression (#8 and 33, Figure 4A 
and 4C). It is possible that upregulation of EGFR give 
cancer cells new survival mechanisms that are clinically 
actionable. For example, the HER2 targeting drug 
Lapatinib also targets EGFR and could thus be considered 
beneficial in the two patients who expressed both HER2 
and EGFR in close proximity to progression. Also, EGFR 
tyrosine kinase inhibitors (TKIs) are under development 
and clinically used in for example lung cancer treatment 
[3]. This suggests that the characterization of CTC 
gene expression can provide new treatment targets, but 
due to the limited sample size in our study, we mainly 
investigated markers of known importance for treatment 
resistance. Also, absence of gene expression in this study 
does not necessarily describe low expression but could 
also be due to the absence of detected CTCs where no 
CTCs were detected with CellSearch or AdnaTest. The 
design of this study made it possible to investigate cancer 
associated gene expression also in patients where no 
CTCs were detected with conventional markers, but as 
a consequence we focused the analyses on positive gene 
expression.

Therapy resistance is a major problem in metastatic 
breast cancer and markers of importance for endocrine 
resistance (Akt2, FOXO, mTOR, Myc, PI3KCA, and 
PTEN) were investigated in patients with HR+ breast 
cancer. No specific gene expression pattern could be 
detected in association to progression for these patients 
whether they were treated with endocrine therapy or 
treated with chemotherapy. However, six of 20 patients 
with HR+ MBC were found in cluster 3 in the heatmap 
analysis and these patients were found to have a beneficial 
prognosis compared to patients in cluster 1 and 2 (Figures 
5 and 6). IGF1R gene expression is closely linked to 
ESR1 expression and has been suggested to play a role in 
resistance to both endocrine and HER2 targeted treatment 
[52, 73]. In this cohort, BL IGF1R gene expression was 
found in three patients and was associated with shorter 
survival and earlier progression. We also found IGF1R 
expression in one HDB sample suggesting that the 
IGF1R expression could possibly come from non-cancer 
cells. Interestingly, IGF1R expression was found only 
in samples enriched with the AdnaTest EMT2 kit, i.e. 
with HER2 or EGFR directed antibodies. This indicates 
that IGF1R might not be expressed in CTCs defined by 
conventional CTC markers and is possibly a sign of a more 
aggressive phenotype. It also demonstrates the importance 
of capturing CTCs with more markers than EpCAM. 
Previous studies have detected IGF1R protein expression 
in CTCs and suggested that this expression could be 
a useful marker in clinical trials [74, 75]. However, the 
role of IGF1R in breast cancer, as well as the complicated 
interplay between other factors in treatment resistance, is 
far from understood.

In conclusion, changes in ESR1 and HER2 
expression from primary tumor to metastasis have 
clearly established that breast cancer is an evolving 
disease and, not surprisingly, the use of CTCs to 
monitor treatment response on a molecular level has 
gained increased attention during the last few years. 
Our results clearly show an evolutionary change of gene 
expression detectable in CTCs in the treatment predictive 
genes ESR1 and HER2 during tumor progression and 
selection pressure by systemic therapy. We found marker 
discordance both between primary tumors, metastases and 
CTCs, as well as between CTCs from the same patient 
over time. This discordance could be targetable as the 
treatment is traditionally based on the clinical diagnosis 
before start of therapy and repeated biopsies are rarely 
taken during treatment. Several clinical trials are currently 
investigating if HER2+ CTCs are treatment predictive for 
HER2 targeted treatment response [38]. However, our data 
show that repeated blood samples can detect evolutionary 
changes in gene expression as a response to treatment 
and tumor progression, and CTC characterization could 
be a future option to monitor changes during treatment. 
By molecularly characterizing CTCs surviving first-line 
treatment for MBC, we could increase our knowledge 
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of treatment resistance. It is tempting to speculate that it 
will be possible to direct future treatment against these 
specific cells to avoid progression of treatment resistant 
populations of cancer cells.

MATERIALS AND METHODS

Patient material and controls

Patients with metastatic breast cancer have been 
included in the ongoing CTC-MBC study (Clinical Trials 
NCT01322893) at Lund University, Sweden, since 2011. 
The study aims to investigate how CTC number and 
characteristics change from treatment initiation (BL) 
until 6 months of first-line treatment. If patients switch 
to second-line therapy they are offered to continue the 
study during this therapy. A total number of 36 patients 
from the CTC-MBC study were included in the present 
cohort and 34 of these patients were evaluable (Figure 1). 
An overview of patient and tumor characteristics can be 
found in Table 1 . Patients were divided into three breast 
cancer subgroups based on protein expression of hormone 
receptors (ER and PgR) and HER2 [76]. The information 
was collected from clinical analysis of metastatic tissue 
in all available cases (N=24) and from the primary tumor 
in patients without available metastatic tissue (N=8). 
Hormone receptor positive breast cancer (HR+) was 
defined as ER+, PgR+/- and HER2-. HER2 positive cases 
(HER2+) were defined as ER+/-, PgR+/- and HER2+. 
TNBC was defined as negative for all above mentioned 
receptors (ER-, PgR-, HER2-).

Blood samples were retrieved from each patient at 
BL and after approximately 1, 3, 4, and 6 months of first-
line therapy. In patients where treatment was changed to 
second-line therapy (n=3), blood samples were taken and 
analyzed at more frequent time-points and for a longer 
period. A description of the study design is found in Figure 
1. All treating physicians and research nurses were blinded 
to the CTC results. The study was approved by the ethical 
committee of Lund University (EPN 2010/135) and all 
patients signed a written informed consent.

The three cell lines MCF7, SKBR3, and JIMT1 
spiked into healthy donor blood (HDB) were included as 
positive controls for cancer gene expression. All cell lines 
were obtained from the American Type Culture Collection 
(ATCC/LGC Standards GmbH, Wesel, Germany) and 
grown as previously described [77] before spiked into 
HDB. Both positive (cell lines) and negative (only HDB) 
controls were analyzed in parallel with patient samples 
using AdnaTest and subsequent gene panel analysis.

CTC analyses

From each patient, three blood samples were 
analyzed at every time point specified above. One 
sample was drawn in a CellSave tube for analysis in 

the CellSearch system (Janssen Diagnostics). With this 
system, enrichment and enumeration of CTCs in 7.5 ml 
whole blood was performed by immunological separation 
of CTCs from other blood cells [2]. Briefly, antibodies 
against EpCAM attached to small ferrofluid particles 
were used to identify CTCs by the epithelial origin of 
breast cancer tumor cells. By applying a magnetic force, 
CTCs were enriched in a background of leukocytes and 
further stained by antibodies against CK 8/18/19, the 
leukocyte antigen CD45 and with nuclear DAPI staining. 
CTCs were identified in the CellTracks II system (Janssen 
Diagnostics) as cells with the phenotype DAPI+/CK+/
CD45-. In this study, CellSearch was used to count 
the number of CTCs in each sample. A CTC count of 
≥5 CTCs/7.5 ml whole blood was used as cut-off for 
positivity.

Two blood samples were drawn in EDTA or 
AdnaVacutainer (QIAGEN) tubes for characterization of 
CTCs on a molecular level. After blood draw, the tubes 
were kept in 4 °C until analyses. The AdnaTest EMT1 
and AdnaTest EMT2 kits (QIAGEN) were used for 
enrichment of CTCs from 5 ml whole blood, respectively. 
Both kits employ immunomagnetic capturing of CTCs but 
different antigens are used, the EMT1 kit has antibodies 
against EpCAM and MUC1 whereas the EMT2 kit has 
antibodies against EpCAM, HER2, and EGFR. It has 
been suggested that the EMT2 kit can identify more 
mesenchymal CTCs that have passed through EMT 
[78]. The enriched CTCs were purified and lysed to 
retrieve mRNA. mRNA was transcribed into cDNA with 
AdnaTest and the commercially available molecular 
assay AdnaTest Breast Cancer was applied to analyze the 
gene expression of EpCAM (GA733-2), MUC1, HER2, 
and beta-actin in a multiplex PCR analysis. The test 
was considered positive if a tumor associated transcript 
(EpCAM, MUC1, or HER2) was detected by Agilent 
2100 Bioanalyzer (Agilent Technologies, Santa Clara, 
CA, USA) with peak concentration ≥15 ng/µl using 
DNA1000 kit.

Patients were classified as “CTC positive” if they 
were identified as CTC positive with either CellSearch (≥5 
CTCs in 7.5 ml blood) or AdnaTest (EpCAM, MUC1, or 
HER2 ≥15 ng/µl in 2x5 ml blood).

Gene expression and Heatmap

cDNA from AdnaTest EMT1 and AdnaTest 
EMT2 were further analyzed for expression of 38 genes 
associated with breast cancer and nine reference genes. 
Genes of known importance for proliferation, metastasis, 
angiogenesis, EMT, stem cells and treatment resistance 
were chosen. A list of all included genes can be found in 
Table 3. The gene panel has been developed by TATAA 
Biocenter and the analysis, including pre-amplification 
with the PreAmp GrandMaster® mix, was run by TATAA 
Biocenter. Duplicate samples were run for all markers 
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on a BioMark™ System (Fluidigm) and correction 
for contamination of genomic DNA was done by the 
ValidPrime® assay (TATAA Biocenter).

Pre-processing and analysis of qPCR data for 
all gene panel markers (Table 3) was done in GenEx 
software (MultiD Analysis, Gothenburg, Sweden). 
Of the nine reference genes included in the analysis, 
the two genes RPLP and ACTB were found to be most 
stable by the Normfinder algorithm [79] and were used 
for normalization of all experimental markers. Cq-values 
reflect the number of amplification cycles necessary to 
reach detectable gene expression and are thus negatively 
correlated with the amount of original cDNA. Cq-values 
higher than 26 were replaced by 26 and qPCR replicates 
were averaged before normalization by reference genes. 
Technical replicates of positive and negative controls 
from different plates as well as technical replicates 
for each sample were averaged. Missing data were 
replaced by highest value +4 for each gene to account 
for non-detectable amounts of original cDNA. Data was 
transformed into relative quantities and converted into log 
scale with base 2. For creating heat-maps data were mean-
centered along genes.

As described above, two blood samples were 
taken at each time point and analyzed in parallel with 
the EMT1 and the EMT2 kit. The highest expression of 
each marker from the EMT1 or EMT2 kit was used for 
further statistical analysis since this value was considered 
to best reflect positive CTC capture. However, EMT1 and 
EMT2 derived gene expression data were also analyzed 
separately for individual patients. Heatmaps were created 
separately for samples taken at BL, for all samples in the 
cohort and for each patient individually, using GeneEx 
software (MultiD).

Statistical analyses

The Mann-Whitney U-test was used to compare 
the distribution of continuous variables between patients 
with CTCs and without CTCs. For categorical variables, 
Pearson Chi-square test or Fisher’s exact test was used, the 
former for cross tables with minimum expected cell count 
≥5 and the latter for cross tables with at least one expected 
cell count <5. To compare the results from CellSearch and 
AdnaTest the chance-adjusted agreement value Kappa (κ) 
was calculated. Correlation between CTC number and 
expression of conventional CTC markers was measured 
by the Spearman rank correlation coefficient (RS).

For statistical analyses, the expression of all markers 
was dichotomized into present or absent (0 vs 1) due 
to the large amount of absent Cq-values representing 
absence of cDNA in the sample. BL gene expression 
was analyzed for association with breast cancer subtype, 
stage IV at initial diagnosis, CTC positivity, metastasis 
localization and number of metastases. Gene expression 
in FU samples was mainly investigated in spaghetti-plots 

by graphic evaluation in subsets of patients, or analyzed 
statistically for association with PD or death (only HER2 
and ALDH1). For analyses of expression in FU samples, 
only patients with samples from at least three time-points 
were included.

FU time was calculated from BL sample taking 
date to the last date of clinical FU (for patients alive at 
the last revision of the patient´s record) or death. The 
primary end-point was PFS and the secondary end-point 
OS, both calculated from BL blood sample taking date, 
but to the date of PD or death, respectively. Early PD was 
defined as clinical progression within six months from BL 
sample taking date. The impact of BL gene expression 
on survival was evaluated using Kaplan-Meier (KM) 
analysis and the evidence against the null hypothesis of 
equal survival summarized by P-values from log-rank 
tests. A conventional log-rank test does not perform well 
when the sample size is small and especially not when the 
sizes of the groups compared are very different. Hence, 
a permutation based log-rank test, implemented in the 
R-package exactRankTests, was used when the size of 
the smallest group was lower than five. The P-values 
calculated using the permutation method were in general 
much larger than those from a conventional log-rank test. 
When analyzing time to early PD, the total FU time was 
censured at six months.

The statistical analyses were done in IBM SPSS 
Statistics (version 22, IBM, Armonk, NY, USA) and 
RStudio (version 0.99.484; https://www.R-project.org/). 
Crude P-values are presented, no adjustment for multiple 
testing. Consequently, a P-value should be interpreted as 
level of evidence against the null-hypothesis. No P-value 
cut-off for significance was applied in the present study.

ACKNOWLEDGMENTS

We want to thank research nurses Anette Ahlin-
Gullers and Jessica Åkesson for taking care of the patients 
and supplying us with blood samples at the correct time-
points. We also want to thank project coordinator Sara 
Baker and laboratory assistant Kristina Lövgren for 
laboratory work with CellSearch and AdnaTest.

CONFLICTS OF INTEREST

Vendula Novosadova is a shareholder in TATAA 
Biocenter. However, TATAA Biocenter had no role in the 
design of the study protocol, interpretation of data or any 
conclusions drawn from the study. The other authors have 
no conflicts of interest to declare.

FUNDING

The project was supported by the Swedish Research 
Council (2015-02516), Swedish Cancer Foundation 



Oncotarget45562www.impactjournals.com/oncotarget

(CAN 2013/533), Gunnar Nilsson Cancer Foundation 
(2015), Mrs Berta Kamprad Foundation (BKS 44/2015), 
Crafoord Foundation (2015/0961), Governmental funding 
of clinical research within the national health service 
(ALF) (2014/434901), Skåne County council’s research 
and development foundation (2014/452081)), BioCARE, 
Skåne University Hospital funds, BRO funding and 
Radiumhemmets fonder.

Vendula Novosadova was supported by BIOCEV 
CZ.1.05/1.1.00/02.0109 from the ERDF and Institute of 
Biotechnology RVO: 86652036.

REFERENCES

1. Bidard FC, Peeters DJ, Fehm T, Nole F, Gisbert-Criado 
R, Mavroudis D, Grisanti S, Generali D, Garcia-Saenz 
JA, Stebbing J, Caldas C, Gazzaniga P, Manso L, et al. 
Clinical validity of circulating tumour cells in patients with 
metastatic breast cancer: a pooled analysis of individual 
patient data. Lancet Oncol. 2014; 15:406-414.

2. Cristofanilli M, Budd GT, Ellis MJ, Stopeck A, Matera J, 
Miller MC, Reuben JM, Doyle GV, Allard WJ, Terstappen 
LW, Hayes DF. Circulating tumor cells, disease progression, 
and survival in metastatic breast cancer. N Engl J Med. 
2004; 351:781-791.

3. Schmidt KT, Chau CH, Price DK, Figg WD. Precision 
oncology medicine: the clinical relevance of patient specific 
biomarkers used to optimize cancer treatment. J Clin 
Pharmacol. 2016; 56:1484-1499.

4. Bianchini G, Balko JM, Mayer IA, Sanders ME, Gianni L. 
Triple-negative breast cancer: challenges and opportunities 
of a heterogeneous disease. Nat Rev Clin Oncol. 2016; 
13:674-690.

5. Lehmann BD, Pietenpol JA. Identification and use of 
biomarkers in treatment strategies for triple-negative breast 
cancer subtypes. J Pathol. 2014; 232:142-150.

6. Aurilio G, Disalvatore D, Pruneri G, Bagnardi V, Viale 
G, Curigliano G, Adamoli L, Munzone E, Sciandivasci 
A, De Vita F, Goldhirsch A, Nole F. A meta-analysis of 
oestrogen receptor, progesterone receptor and human 
epidermal growth factor receptor 2 discordance between 
primary breast cancer and metastases. Eur J Cancer. 2014; 
50:277-289.

7. Lindstrom LS, Karlsson E, Wilking UM, Johansson U, 
Hartman J, Lidbrink EK, Hatschek T, Skoog L, Bergh J. 
Clinically used breast cancer markers such as estrogen 
receptor, progesterone receptor, and human epidermal 
growth factor receptor 2 are unstable throughout tumor 
progression. J Clin Oncol. 2012; 30:2601-2608.

8. Amir E, Miller N, Geddie W, Freedman O, Kassam F, 
Simmons C, Oldfield M, Dranitsaris G, Tomlinson G, 
Laupacis A, Tannock IF, Clemons M. Prospective study 
evaluating the impact of tissue confirmation of metastatic 
disease in patients with breast cancer. J Clin Oncol. 2012; 
30:587-592.

9. Simmons C, Miller N, Geddie W, Gianfelice D, Oldfield 
M, Dranitsaris G, Clemons MJ. Does confirmatory tumor 
biopsy alter the management of breast cancer patients with 
distant metastases? Ann Oncol. 2009; 20:1499-1504.

10. Murtaza M, Dawson SJ, Pogrebniak K, Rueda OM, 
Provenzano E, Grant J, Chin SF, Tsui DW, Marass F, Gale 
D, Ali HR, Shah P, Contente-Cuomo T, et al. Multifocal 
clonal evolution characterized using circulating tumour 
DNA in a case of metastatic breast cancer. Nat Commun. 
2015; 6:8760.

11. Gerlinger M, Rowan AJ, Horswell S, Larkin J, Endesfelder 
D, Gronroos E, Martinez P, Matthews N, Stewart A, Tarpey 
P, Varela I, Phillimore B, Begum S, et al. Intratumor 
heterogeneity, branched evolution revealed by multiregion 
sequencing. N Engl J Med. 2012; 366:883-892.

12. Fehm T, Sagalowsky A, Clifford E, Beitsch P, Saboorian H, 
Euhus D, Meng S, Morrison L, Tucker T, Lane N, Ghadimi 
BM, Heselmeyer-Haddad K, Ried T, et al. Cytogenetic 
evidence that circulating epithelial cells in patients 
with carcinoma are malignant. Clin Cancer Res. 2002; 
8:2073-2084.

13. Aceto N, Bardia A, Miyamoto DT, Donaldson MC, Wittner 
BS, Spencer JA, Yu M, Pely A, Engstrom A, Zhu H, 
Brannigan BW, Kapur R, Stott SL, et al. Circulating tumor 
cell clusters are oligoclonal precursors of breast cancer 
metastasis. Cell. 2014; 158:1110-1122.

14. Pizon M, Zimon D, Carl S, Pachmann U, Pachmann K, 
Camara O. Heterogeneity of circulating epithelial tumour 
cells from individual patients with respect to expression 
profiles and clonal growth (sphere formation) in breast 
cancer. Ecancermedicalscience. 2013; 7:343.

15. Bulfoni M, Turetta M, Del Ben F, Di Loreto C, Beltrami 
AP, Cesselli D. Dissecting the heterogeneity of circulating 
tumor cells in metastatic breast cancer: going far beyond the 
needle in the haystack. Int J Mol Sci. 2016; 17.

16. Lohr JG, Adalsteinsson VA, Cibulskis K, Choudhury AD, 
Rosenberg M, Cruz-Gordillo P, Francis JM, Zhang CZ, 
Shalek AK, Satija R, Trombetta JJ, Lu D, Tallapragada N, 
et al. Whole-exome sequencing of circulating tumor cells 
provides a window into metastatic prostate cancer. Nat 
Biotechnol. 2014; 32:479-484.

17. Heitzer E, Auer M, Gasch C, Pichler M, Ulz P, Hoffmann 
EM, Lax S, Waldispuehl-Geigl J, Mauermann O, Lackner 
C, Hofler G, Eisner F, Sill H, et al. Complex tumor 
genomes inferred from single circulating tumor cells by 
array-CGH and next-generation sequencing. Cancer Res. 
2013; 73:2965-75.

18. Ni X, Zhuo M, Su Z, Duan J, Gao Y, Wang Z, Zong C, 
Bai H, Chapman AR, Zhao J, Xu L, An T, Ma Q, et al. 
Reproducible copy number variation patterns among single 
circulating tumor cells of lung cancer patients. Proc Natl 
Acad Sci U S A. 2013; 110:21083-21088.

19. Joosse SA, Hannemann J, Spotter J, Bauche A, Andreas A, 
Muller V, Pantel K. Changes in keratin expression during 
metastatic progression of breast cancer: impact on the 



Oncotarget45563www.impactjournals.com/oncotarget

detection of circulating tumor cells. Clin Cancer Res. 2012; 
18:993-1003.

20. Polioudaki H, Agelaki S, Chiotaki R, Politaki E, Mavroudis 
D, Matikas A, Georgoulias V, Theodoropoulos PA. Variable 
expression levels of keratin and vimentin reveal differential 
EMT status of circulating tumor cells and correlation 
with clinical characteristics and outcome of patients with 
metastatic breast cancer. BMC Cancer. 2015; 15:399.

21. Mikolajczyk SD, Millar LS, Tsinberg P, Coutts SM, 
Zomorrodi M, Pham T, Bischoff FZ, Pircher TJ. 
Detection of EpCAM-negative and cytokeratin-negative 
circulating tumor cells in peripheral blood. J Oncol. 2011; 
2011:252361.

22. Thiery JP. Epithelial-mesenchymal transitions in tumour 
progression. Nat Rev Cancer. 2002; 2:442-454.

23. Yu M, Bardia A, Wittner BS, Stott SL, Smas ME, Ting DT, 
Isakoff SJ, Ciciliano JC, Wells MN, Shah AM, Concannon 
KF, Donaldson MC, Sequist LV, et al. Circulating breast 
tumor cells exhibit dynamic changes in epithelial and 
mesenchymal composition. Science. 2013; 339:580-584.

24. Gorges T, Tinhofer I, Drosch M, Roese L, Zollner T, Krahn 
T, von Ahsen O. Circulating tumour cells escape from 
EpCAM-based detection due to epithelial-to-mesenchymal 
transition. BMC Cancer. 2012; 12:178.

25. Konigsberg R, Obermayr E, Bises G, Pfeiler G, Gneist 
M, Wrba F, de Santis M, Zeillinger R, Hudec M, Dittrich 
C. Detection of EpCAM positive and negative circulating 
tumor cells in metastatic breast cancer patients. Acta Oncol. 
2011; 50:700-710.

26. Kasimir-Bauer S, Bittner AK, Konig L, Reiter K, Keller 
T, Kimmig R, Hoffmann O. Does primary neoadjuvant 
systemic therapy eradicate minimal residual disease? 
Analysis of disseminated and circulating tumor cells before 
and after therapy. Breast Cancer Res. 2016; 18:20.

27. Aktas B, Tewes M, Fehm T, Hauch S, Kimmig R, Kasimir-
Bauer S. Stem cell and epithelial-mesenchymal transition 
markers are frequently overexpressed in circulating tumor 
cells of metastatic breast cancer patients. Breast Cancer 
Res. 2009; 11:R46.

28. Andreopoulou E, Yang LY, Rangel KM, Reuben JM, Hsu L, 
Krishnamurthy S, Valero V, Fritsche HA, Cristofanilli M. 
Comparison of assay methods for detection of circulating 
tumor cells in metastatic breast cancer: AdnaGen AdnaTest 
BreastCancer Select/Detect™ versus Veridex CellSearch™ 
system. Int J Cancer. 2012; 130:1590-1597.

29. Sieuwerts AM, Mostert B, Bolt-de Vries J, Peeters D, 
de Jongh FE, Stouthard JM, Dirix LY, van Dam PA, Van 
Galen A, de Weerd V, Kraan J, van der Spoel P, Ramirez-
Moreno R, et al. mRNA and microRNA expression 
profiles in circulating tumor cells and primary tumors of 
metastatic breast cancer patients. Clin Cancer Res. 2011; 
17:3600-3618.

30. Aktas B, Müller V, Tewes M, Zeitz J, Kasimir-Bauer 
S, Loehberg CR, Rack B, Schneeweiss A, Fehm T. 

Comparison of estrogen and progesterone receptor status of 
circulating tumor cells and the primary tumor in metastatic 
breast cancer patients. Gynecol Oncol. 2011; 122:356-360.

31. Meng S, Tripathy D, Shete S, Ashfaq R, Haley B, Perkins 
S, Beitsch P, Khan A, Euhus D, Osborne C, Frenkel E, 
Hoover S, Leitch M, et al. HER-2 gene amplification can 
be acquired as breast cancer progresses. Proc Natl Acad Sci 
U S A. 2004; 101:9393-9398.

32. Pestrin M, Bessi S, Galardi F, Truglia M, Biggeri A, 
Biagioni C, Cappadona S, Biganzoli L, Giannini A, Di Leo 
A. Correlation of HER2 status between primary tumors 
and corresponding circulating tumor cells in advanced 
breast cancer patients. Breast Cancer Res Treat. 2009; 
118:523-530.

33. Fehm T, Becker S, Duerr-Stoerzer S, Sotlar K, Mueller V, 
Wallwiener D, Lane N, Solomayer E, Uhr J. Determination 
of HER2 status using both serum HER2 levels and 
circulating tumor cells in patients with recurrent breast 
cancer whose primary tumor was HER2 negative or of 
unknown HER2 status. Breast Cancer Res. 2007; 9:R74.

34. Ligthart ST, Bidard FC, Decraene C, Bachelot T, Delaloge 
S, Brain E, Campone M, Viens P, Pierga JY, Terstappen LW. 
Unbiased quantitative assessment of Her-2 expression of 
circulating tumor cells in patients with metastatic and non-
metastatic breast cancer. Ann Oncol. 2013; 24:1231-1238.

35. Tewes M, Aktas B, Welt A, Mueller S, Hauch S, Kimmig 
R, Kasimir-Bauer S. 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. 2009; 
115:581-590.

36. Wallwiener M, Hartkopf AD, Riethdorf S, Nees J, Sprick MR, 
Schönfisch B, Taran FA, Heil J, Sohn C, Pantel K, Trumpp A, 
Schneeweiss A. The impact of HER2 phenotype of circulating 
tumor cells in metastatic breast cancer: a retrospective study in 
107 patients. BMC Cancer. 2015; 15:403.

37. Aktas B, Kasimir-Bauer S, Muller V, Janni W, Fehm T, 
Wallwiener D, Pantel K, Tewes M. Comparison of the 
HER2, estrogen and progesterone receptor expression 
profile of primary tumor, metastases and circulating tumor 
cells in metastatic breast cancer patients. BMC Cancer. 
2016; 16:522.

38. Bidard FC, Fehm T, Ignatiadis M, Smerage JB, Alix-
Panabieres C, Janni W, Messina C, Paoletti C, Muller V, 
Hayes DF, Piccart M, Pierga JY. Clinical application of 
circulating tumor cells in breast cancer: overview of the 
current interventional trials. Cancer Metastasis Rev. 2013; 
32:179-188.

39. Turner NH, Di Leo A. HER2 discordance between primary 
and metastatic breast cancer: assessing the clinical impact. 
Cancer Treat Rev. 2013; 39:947-957.

40. Lang JE, Scott JH, Wolf DM, Novak P, Punj V, Magbanua 
MJ, Zhu W, Mineyev N, Haqq CM, Crothers JR, Esserman 
LJ, Tripathy D, van 't Veer L, Park JW. Expression profiling 



Oncotarget45564www.impactjournals.com/oncotarget

of circulating tumor cells in metastatic breast cancer. Breast 
Cancer Res Treat. 2015; 149:121-131.

41. Nadal RM, Fernandez A, Sanchez-Rovira P, Salido M, 
Rodriguez M, Garcia-Puche JL, Macia M, Coromines JM, 
Delgado-Rodriguez M, Gonzalez L, Albanell J, Fernandez 
M, Sole F, et al. Biomarkers characterization of circulating 
tumour cells in breast cancer patients. Breast Cancer Res. 
2012; 14.

42. Hensler M, Vancurova I, Becht E, Palata O, Strnad P, 
Tesarova P, Cabinakova M, Svec D, Kubista M, Bartunkova 
J, Spisek R, Sojka L. Gene expression profiling of 
circulating tumor cells and peripheral blood mononuclear 
cells from breast cancer patients. Oncoimmunology. 2016; 
5:e1102827.

43. Bredemeier M, Edimiris P, Tewes M, Mach P, Aktas 
B, Schellbach D, Wagner J, Kimmig R, Kasimir-Bauer 
S. Establishment of a multimarker qPCR panel for the 
molecular characterization of circulating tumor cells in 
blood samples of metastatic breast cancer patients during 
the course of palliative treatment. Oncotarget. 2016; 
7:41677-41690. doi: 10.18632/oncotarget.9528.

44. Shaw JA, Guttery DS, Hills A, Fernandez-Garcia D, Page 
K, Rosales BM, Goddard KS, Hastings RK, Luo J, Ogle 
O, Woodley L, Ali S, Stebbing J, Coombes RC. Mutation 
analysis of cell-free DNA and single circulating tumor cells 
in metastatic breast cancer patients with high CTC counts. 
Clin Cancer Res. 2017; 23:88-96.

45. De Luca F, Rotunno G, Salvianti F, Galardi F, Pestrin M, 
Gabellini S, Simi L, Mancini I, Vannucchi AM, Pazzagli 
M, Di Leo A, Pinzani P. Mutational analysis of single 
circulating tumor cells by next generation sequencing in 
metastatic breast cancer. Oncotarget. 2016; 7:26107-26119. 
doi: 10.18632/oncotarget.8431.

46. Hayes DF, Walker TM, Singh B, Vitetta ES, Uhr JW, Gross 
S, Rao C, Doyle GV, Terstappen LW. Monitoring expression 
of HER-2 on circulating epithelial cells in patients with 
advanced breast cancer. Int J Oncol. 2002; 21:1111-1117.

47. Munzone E, Nole F, Goldhirsch A, Botteri E, Esposito 
A, Zorzino L, Curigliano G, Minchella I, Adamoli L, 
Cassatella MC, Casadio C, Sandri MT. Changes of HER2 
status in circulating tumor cells compared with the primary 
tumor during treatment for advanced breast cancer. Clin 
Breast Cancer. 2010; 10:392-397.

48. Paoletti C, Muniz MC, Thomas DG, Griffith KA, 
Kidwell KM, Tokudome N, Brown ME, Aung K, Miller 
MC, Blossom DL, Schott AF, Henry NL, Rae JM, et al. 
Development of circulating tumor cell-endocrine therapy 
index in patients with hormone receptor-positive breast 
cancer. Clin Cancer Res. 2015; 21:2487-2498.

49. Babayan A, Hannemann J, Spotter J, Muller V, Pantel K, 
Joosse SA. Heterogeneity of estrogen receptor expression 
in circulating tumor cells from metastatic breast cancer 
patients. PLoS One. 2013; 8:e75038.

50. Al Saleh S, Al Mulla F, Luqmani YA. Estrogen receptor 
silencing induces epithelial to mesenchymal transition in 
human breast cancer cells. PLoS One. 2011; 6:e20610.

51. Bouris P, Skandalis SS, Piperigkou Z, Afratis N, 
Karamanou K, Aletras AJ, Moustakas A, Theocharis AD, 
Karamanos NK. Estrogen receptor alpha mediates epithelial 
to mesenchymal transition, expression of specific matrix 
effectors and functional properties of breast cancer cells. 
Matrix Biol. 2015; 43:42-60.

52. Garcia-Becerra R, Santos N, Diaz L, Camacho J. 
Mechanisms of resistance to endocrine therapy in 
breast cancer: focus on signaling pathways, miRNAs 
and genetically based resistance. Int J Mol Sci. 2012; 
14:108-145.

53. Osborne CK, Schiff R. Mechanisms of endocrine resistance 
in breast cancer. Annu Rev Med. 2011; 62:233-247.

54. de Hoon JP, Veeck J, Vriens BE, Calon TG, van Engeland 
M, Tjan-Heijnen VC. Taxane resistance in breast cancer: 
a closed HER2 circuit? Biochim Biophys Acta. 2012; 
1825:197-206.

55. Socialstyrelsen. (2015-09-02). http://www.socialstyrelsen.
se/publikationer2014/2014-4-2.

56. Sorlie T, Tibshirani R, Parker J, Hastie T, Marron JS, Nobel 
A, Deng S, Johnsen H, Pesich R, Geisler S, Demeter J, 
Perou CM, Lonning PE, et al. Repeated observation of 
breast tumor subtypes in independent gene expression data 
sets. Proc Natl Acad Sci U S A. 2003; 100:8418-8423.

57. Goldhirsch A, Wood WC, Coates AS, Gelber RD, 
Thurlimann B, Senn HJ. Strategies for subtypes--dealing 
with the diversity of breast cancer: highlights of the St. 
Gallen International Expert Consensus on the Primary 
Therapy of Early Breast Cancer 2011. Ann Oncol. 2011; 
22:1736-1747.

58. Pantel K, Alix-Panabieres C. Liquid biopsy: potential and 
challenges. Mol Oncol. 2016; 10:371-373.

59. Lianidou ES. Gene expression profiling and DNA 
methylation analyses of CTCs. Mol Oncol. 2016; 
10:431-442.

60. Onstenk W, Sieuwerts AM, Weekhout M, Mostert B, 
Reijm EA, van Deurzen CH, Bolt-de Vries JB, Peeters DJ, 
Hamberg P, Seynaeve C, Jager A, de Jongh FE, Smid M, 
et al. Gene expression profiles of circulating tumor cells 
versus primary tumors in metastatic breast cancer. Cancer 
Lett. 2015; 362:36-44.

61. Fina E, Reduzzi C, Motta R, Di Cosimo S, Bianchi G, 
Martinetti A, Wechsler J, Cappelletti V, Daidone MG. Did 
circulating tumor cells tell us all they could? The missed 
circulating tumor cell message in breast cancer. Int J Biol 
Markers. 2015; 30:e429–33. doi: 10.5301/jbm.5000166:0.

62. Stathopoulou A, Ntoulia M, Perraki M, Apostolaki S, 
Mavroudis D, Malamos N, Georgoulias V, Lianidou 
ES. A highly specific real-time RT-PCR method for the 
quantitative determination of CK-19 mRNA positive cells 



Oncotarget45565www.impactjournals.com/oncotarget

in peripheral blood of patients with operable breast cancer. 
Int J Cancer. 2006; 119:1654-1659.

63. Androulakis N, Agelaki S, Perraki M, Apostolaki S, 
Bozionelou V, Pallis A, Kalbakis K, Xyrafas A, Mavroudis 
D, Georgoulias V. Clinical relevance of circulating 
CK-19mRNA-positive tumour cells before front-line 
treatment in patients with metastatic breast cancer. Br J 
Cancer. 2012; 106:1917-1925.

64. Ferreira MM, Ramani VC, Jeffrey SS. Circulating tumor 
cell technologies. Mol Oncol. 2016; 10:374-394.

65. Bulfoni M, Gerratana L, Del Ben F, Marzinotto S, 
Sorrentino M, Turetta M, Scoles G, Toffoletto B, Isola M, 
Beltrami CA, Di Loreto C, Beltrami AP, Puglisi F, Cesselli 
D. In patients with metastatic breast cancer the identification 
of circulating tumor cells in epithelial-to-mesenchymal 
transition is associated with a poor prognosis. Breast Cancer 
Res. 2016; 18:1-15.

66. Kasimir-Bauer S, Hoffmann O, Wallwiener D, Kimmig 
R, Fehm T. Expression of stem cell and epithelial-
mesenchymal transition markers in primary breast cancer 
patients with circulating tumor cells. Breast Cancer Res. 
2012; 14:R15.

67. Tomita H, Tanaka K, Tanaka T, Hara A. Aldehyde 
dehydrogenase 1A1 in stem cells and cancer. Oncotarget. 
2016; 7:11018-11032. doi: 10.18632/oncotarget.6920.

68. Turajlic S, Swanton C. Metastasis as an evolutionary 
process. Science. 2016; 352:169-175.

69. McGranahan N, Swanton C. Biological and therapeutic 
impact of intratumor heterogeneity in cancer evolution. 
Cancer Cell. 2015; 27:15-26.

70. Nowell PC. The clonal evolution of tumor cell populations. 
Science. 1976; 194:23-28.

71. Kam Y, Das T, Minton S, Gatenby RA. Evolutionary 
strategy for systemic therapy of metastatic breast cancer: 
balancing response with suppression of resistance. Womens 
Health (Lond). 2014; 10:423-430.

72. Turner NC, Reis-Filho JS. Genetic heterogeneity and cancer 
drug resistance. Lancet Oncol. 2012; 13:e178-185.

73. Nahta R. Deciphering the role of insulin-like growth 
factor-I receptor in trastuzumab resistance. Chemother Res 
Pract. 2012; 2012:648965.

74. Pizon M, Zimon DS, Pachmann U, Pachmann K. Insulin-
like growth factor receptor I (IGF-IR) and vascular 
endothelial growth factor receptor 2 (VEGFR-2) are 
expressed on the circulating epithelial tumor cells of breast 
cancer patients. PLoS One. 2013; 8:e56836.

75. de Bono JS, Attard G, Adjei A, Pollak MN, Fong PC, 
Haluska P, Roberts L, Melvin C, Repollet M, Chianese 
D, Connely M, Terstappen LW, Gualberto A. Potential 
applications for circulating tumor cells expressing the 
insulin-like growth factor-I receptor. Clin Cancer Res. 2007; 
13:3611-3616.

76. Wallwiener M, Hartkopf AD, Baccelli I, Riethdorf S, Schott 
S, Pantel K, Marme F, Sohn C, Trumpp A, Rack B, Aktas 
B, Solomayer EF, Muller V, et al. The prognostic impact 
of circulating tumor cells in subtypes of metastatic breast 
cancer. Breast Cancer Res Treat. 2013; 137:503-510.

77. Frithiof H, Welinder C, Larsson AM, Ryden L, Aaltonen 
K. A novel method for downstream characterization of 
breast cancer circulating tumor cells following CellSearch 
isolation. J Transl Med. 2015; 13:126.

78. Bredemeier M, Aktas B, Wagner J, Schellbach D, Kimmig 
R, Kasimir-Bauer S. Establishment of a new method for 
the selection and detection of circulating tumor cells in 
metastatic breast cancer patients. Proceedings of the 105th 
Annual Meeting of the American Association of Cancer 
Research. 2014; 74(Abstract 3066).

79. Andersen CL, Jensen JL, Orntoft TF. Normalization of real-
time quantitative reverse transcription-PCR data: a model-
based variance estimation approach to identify genes suited 
for normalization, applied to bladder and colon cancer data 
sets. Cancer Res. 2004; 64:5245-5250.


