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Abstract: Breast cancers can metastasize via hematogenous and lymphatic routes, however 
in some patients only one type of metastases are detected, suggesting a certain proclivity in 
metastatic patterns. Since epithelial-mesenchymal transition (EMT) plays an important role 
in cancer dissemination it would be worthwhile to find if a specific profile of EMT gene 
expression exists that is related to either lymphatic or hematogenous dissemination. Our 
study aimed at evaluating gene expression profile of EMT-related markers in primary 
tumors (PT) and correlated them with the pattern of metastatic spread. From 99 early breast 
cancer patients peripheral blood samples (N = 99), matched PT (N = 47) and lymph node 
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metastases (LNM; N = 22) were collected. Expression of TWIST1, SNAI1, SNAI2 and VIM 
was analyzed in those samples. Additionally expression of CK19, MGB1 and HER2 was 
measured in CTCs-enriched blood fractions (CTCs-EBF). Results were correlated with 
each other and with clinico-pathological data of the patients. Results show that the 
mesenchymal phenotype of CTCs-EBF correlated with poor clinico-pathological 
characteristics of the patients. Additionally, PT shared more similarities with LNM than 
with CTCs-EBF. Nevertheless, LNM showed increased expression of EMT-related markers 
than PT; and EMT itself in PT did not seem to be necessary for lymphatic dissemination. 

Keywords: breast cancer; lymph node metastasis; circulating tumor cells; metastasis; 
cancer dissemination; epithelial-mesenchymal transition 

 

1. Introduction 

Metastatic spread still remains the main cause of deaths in breast cancer. There are two main routes 
of cancer cells dissemination in breast cancer: lymphatic and hematogenous. 

Axillary lymph node status is one of the most important prognostic factors for survival in breast 
cancer [1]. However, clinical studies have shown that approximately 25% of patients with negative 
lymph node status still develop systemic recurrence and die of the disease [2–4]. This might  
suggest that hematogenous spread occurs in a substantial number of patients and is independent of 
lymphatic involvement. 

The hematogenous route of dissemination can be manifested as disseminated cells in bone marrow 
(DTCs) or circulating tumor cells (CTCs) in the bloodstream of cancer patients. In the pooled analysis 
of 4,703 patients with operable breast cancer DTCs have been shown to be a negative prognostic  
factor [5], like CTCs analyzed in a recent meta-analysis [6]. The number of CTCs carries prognostic 
information in both early [7,8] and metastatic breast cancer [9–11]. Also, CTCs detected via PCR-based 
methods have been shown to be associated with poor prognosis in a number of studies [12,13], 
summarized by Zhao [14]. CTCs may constitute seeds for subsequent growth of metastasis in distant 
organs, according to Paget’s “seed and soil hypothesis” [15]. Nevertheless, they represent a heterogeneous 
population of tumor cells and only some of them are capable of developing metastasis.  

Epithelial-mesenchymal transition (EMT) has been found to be crucial in cancer dissemination, 
endowing tumor cells with metastatic and cancer stem cell properties [16,17]. It is characterized by 
downregulation of epithelial markers (e.g., cytokeratin 8, 18, 19, E-cadherin, claudins, occludins) and 
upregulation of mesenchymal markers (e.g., N-cadherin, fibronectin, vimentin, tenascin C) [18], what 
results in numerous phenotypic changes such as the loss of cell-cell adhesion and cell polarity, and the 
acquisition of migratory and invasive properties [19,20]. TWIST1, SNAI1 and SNAI2 are transcription 
factors governing EMT [19]. Their increased expression in primary tumor (PT) has been associated with 
poor prognostic clinico-pathological features and worse outcome in breast and other cancers [21–23]. 
Also increased expression of TWIST1 and SNAI1 in lymph node metastasis (LNM) of early breast 
cancer patients, reported previously by our group, conferred worse prognosis, confirming the correlation 
of EMT with aggressive disease behavior [24]. EMT seems to be involved in metastatic potential of 
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CTCs [25–27]. Mesenchymal markers on CTCs have been detected in numerous studies [28–30], they 
occurred more frequently in metastatic compared to early breast cancer [26]. Mesenchymal CTCs were 
associated with disease progression [30] and allowed more accurate prediction of worse prognosis than 
the expression of epithelial markers alone [31].  

Correlation of CTCs presence in blood with lymphatic spread is still controversial. Some studies 
have revealed that CTCs might be shed by primary tumors independently of lymph node status [7,32–35], 
while other presented strong correlations between CTCs and lymph node involvement [36], compiled 
also by recent meta-analysis [14].  

It has been hypothesized that some tumors, like breast cancer [37–39], may spread preferentially via 
lymphatic pathways to lymph nodes, whereas others, e.g., sarcomas [37,39], may metastasize directly 
via a hematogenous route at an early stage. These pathways are governed by the biological characteristics 
of the primary tumor (PT), complemented by factors in the metastatic host environment [40]. A preferential 
metastasis route might result from differences in structure and accessibility of lymphatic and 
hematogenous vasculature in the primary tumor [41]. We have hypothesized that tumor cells 
disseminated via lymphatic or hematogenous route show different levels of EMT activation as a result 
of varying changes cancer cells need to adapt in order to enter and survive in those circulatory systems. 

In the current study we have prospectively examined patterns of metastatic spread to lymph nodes 
and peripheral blood in a group of patients with early breast cancer. We have evaluated gene 
expression patterns of EMT-related markers in PT and correlated them with the pattern of metastatic 
spread for the individual tumors as determined by the presence or absence of lymph node metastases 
(LNM) or CTCs. We also compared EMT-related gene expression pattern in PT with expression 
patterns in LNM and CTCs enriched blood fractions (CTCs-EBF). The focus was also put on 
comparison of epithelial and mesenchymal CTCs phenotypes in relation to clinical data. 

2. Results  

2.1. Occurrence of CTCs and LNM  

CTCs enrichment and functional RNA isolation was successful in 90% (89/99) of cases. No CTCs-EBF 
from healthy controls had detected expression of TWIST1, SNAI1, SNAI2, HER2, CK19 and MGB1. 
Therefore every expression of these genes in patient’s samples was considered positive. Expression of 
VIM was found in nine healthy controls—median VIM expression level 11.4 (range 0–30.7). The 
maximal expression level found in CTC-EBF of healthy donors—30.7 was the threshold level above 
which CTCs-EBF of breast cancer patients were considered positive. Epithelial positive CTCs-EBF 
defined as CK19+ occurred in 27% (24/89) of cases. Positive result for MGB1 and HER2 was found in 
11.5% (10/87) and 36% (31/87) of cases, respectively.  

Multimarker-based approach for CK19+ and/or MGB1+ gave 34% (30/89) detection rate, for 
CK19+ and/or MGB1+ and/or HER2+ 55% (49/89) (Table 1).  

Mesenchymal positive CTCs-EBF, defined as VIM+ was found in 20% (18/89) of cases, TWIST1 
was positive in 2% (2/87), SNAI1 in 8% (7/87) of cases. There was no positive result for SNAI2, 
according to defined criteria. Mesenchymal positive CTCs-EBF based on multimarker definition 
(VIM+ and/or SNAI1+ and/or TWIST1+) occurred in 25% (22/87) of cases.  
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In the CTC+ group (CK19+ and/or MGB1+ and/or HER2+) the expression rates of mesenchymal 
markers were higher than in CTC− group (28% vs. 10% for VIM, 4% vs. 0% for TWIST1 and 15% vs. 
0% for SNAI1). Altogether positive mesenchymal markers status occurred in 38% of CTC+ cases 
compared to 10% CTC− (p = 0.002; Table 1). 

Table 1. Correlation between CTCs detection status and mesenchymal markers expression status. 

Marker Expression status CTC− N (%) CTC+ * N (%) p 

Mesenchymal markers 
Negative  36 (90) 29 (62) 

0.002 
Positive 4 (10) 18 (38) 

VIM 
Negative  36 (90) 35 (72) 

0.03 
Positive 4 (10) 14 (28) 

TWIST1 
Negative  40 (100) 45 (96) 

0.19 
Positive 0 (0) 2 (4) 

SNAI1 
Negative  40 (100) 40 (85) 

0.01 
Positive 0 (0) 7 (15) 

* CTC positivity defined as CK19+ and/or MGB1+ and/or HER2+. Statistically significant p values in bold.  

Lymph node involvement was observed in 51% (45/89) of cases. It positively correlated with both 
CTCs detected by multimarker method (defined as CK19+ and/or MGB1+ in a double marker assay; 
or CK19+ and/or MGB1+ and/or HER2+ in a triple marker assay) and mesenchymal positive (VIM+) 
CTCs-EBF (p = 0.009, p = 0.008, p = 0.04, respectively), but not with epithelial positive (CK19+) 
CTCs-EBF (p = 0.17; Table 2). We have not observed any statistically significant correlation between 
expression of VIM, TWIST1 or SNAI1 (analyzed together or separately) in CTCs-EBF and histological 
type of the tumor (ductal vs. lobular, p = 0.48) or molecular subtype of the primary tumor (p = 0.93, 
data not shown). 

Table 2. Correlation between CTCs-EBF gene expression status (applying different 
phenotypes classification) and lymph node status.  

CTCs characteristics status 
Lymph node status # 

p value N Negative (%) Positive (%) 
89 (100) 44 (50) 45 (51) 

CK19 
Negative 65 (73) 35 (80) 30 (69) 

0.17 
Positive 24 (27) 9 (20) 15 (33) 

CK19/MGB1 
Negative 59 (66) 35 (80) 24 (53) 

0.009 
Positive 30 (34) 9 (20) 21 (47) 

CK19/MGB1/HER2 
Negative 40 (45) 26 (59) 14 (31) 

0.008 
Positive 49 (55) 18 (41) 31 (69) 

VIM 
Negative 71 (80) 39 (89) 32 (71) 

0.04 
Positive 18 (20) 5 (11) 13 (29) 

VIM/SNAI1/TWIST1 * 
Negative 65 (75) 36 (84) 29 (66) 

0.056 
Positive 22 (25) 7 (16) 15 (34) 

* For TWIST1 and SNAI1 87 RT-qPCR results were available. For two samples the reaction was 
unsuccessful. # The percentages calculated for columns. Statistically significant p values in bold. 
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2.2. Different CTCs-EBF Phenotypes and Clinical Characteristics 

Epithelial phenotype of CTCs-EBF based on the identification of CK19 did not correlate with any 
clinical data, while mesenchymal positive CTCs-EBF phenotype was more frequent in higher T stage 
tumors (p = 0.0003). Lymph node positive status was observed more frequently in higher T stage  
(p = 0.008) and higher grade tumors (p = 0.01; Table 3). 

Table 3. Basic clinical characteristics of PT in relation to CTCs-EBF epithelial and 
mesenchymal phenotype and LNM. 

PT 
CTCs epithelial 

phenotype 
CTCs mesenchymal 

phenotype 
LN status 

 CK19- CK19+ 
p 

VIM− VIM+ 
p 

− + 
p 

N 65 24 71 18 44 55 
Age [median] 63 59 0.2 61.5 67.5 0.35 62 60.5 0.64 

T          
1-2 57 (89) 24 (100) 

0.09 
69 (97) 12 (71) 

0.0003 
44 (100) 46 (85) 

0.008
3-4 7 (11) 0 (0) 2 (3) 5 (29) 0 (0) 8 (15) 
G          

1-2 42 (66) 16 (67) 
0.93 

48 (70) 10 (56) 
0.29 

34 (77) 29 (54) 
0.01 

3 22 (34) 8 (33) 21 (30) 8 (44) 10 (23) 25 (46) 
Hormone receptor status          

Negative 12 (18) 5 (21) 
0.8 

15 (21) 2 (11) 
0.33 

7 (16) 12 (22) 
0.46 

ER and/or PgR positive 53 (82) 19 (79) 56 (79) 16 (89) 37 (84) 43 (78) 
HER2 status          

Negative 48 (76) 19 (79) 
0.68 

53 (75) 14 (78) 
0.85 

35 (81) 36 (67) 
0.1 

Positive 16 (24) 5 (21) 17 (25) 4 (22) 8 (19) 18 (33) 
Statistically significant p values in bold.  

2.3. Primary Tumor Characteristics in Relation to CTCs-EBF Phenotype and LNM 

Gene expression level of examined EMT-related markers: TWIST1, SNAI1, SNAI2 and VIM in PT 
did not correlate with hematogenous spread expressed as positivity either for CTCs-EBF epithelial or 
mesenchymal phenotype. SNAI1 and VIM negative status in PT correlated with positive LN status  
(p = 0.03 and p = 0.05, respectively; Table 4). 

2.4. Comparison of Gene Expression Levels in Paired PT vs. LNM and Paired PT vs. CTCs-EBF 

Gene expression level of all examined markers was significantly increased in LNM compared to PT 
when paired samples were examined. Gene expression level of TWIST1, SNAI1 and SNAI2 was 
significantly decreased in CTCs-EBF compared to PT, while the level of VIM was increased in CTCs-EBF 
(Figure 1).  
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2.5. Correlations between Gene Expression Levels in PT, LNM and CTCs  

Correlations between TWIST1, SNAI1, SNAI2 and VIM gene expression levels in PT and LNM were 
statistically significant, while there were no such correlations observed for PT and CTCs-EBF. 
Moreover, the difference in correlations strength between PT and LNM vs. PT and CTCs-EBF was 
significant for TWIST1 and SNAI1 (Table 5).  

Table 5. Correlations between gene expression levels in PT, LNM and CTCs-EBF. 

Marker 
PT and LNM PT and CTCs 

p * 
N Rs p N Rs p 

TWIST1 20 0.77 0.00007 36 0.17 0.32 0.006 

SNAI1 20 0.78 0.0002 36 0.22 0.2 0.02 

SNAI2 20 0.64 0.002 36 X X X 

VIM 20 0.43 0.057 37 0.09 0.57 0.2 

* determined by test of differences that compared Rs values in both subgroups. Statistically significant  
p values in bold.  

2.6. Conversion of Biomarkers Status between PT vs. LNM and PT vs. CTCs-EBF 

Conversion rate of examined markers status between paired PT and LNM ranged from 15% for 
TWIST1 to 40% for SNAI1. TWIST1 expression between PT and LNM showed the highest concordance 
level. Mostly occurred conversions from negative EMT-related marker in PT to positive in LNM 
(Table 6).  

Conversion rate of examined markers status between paired PT and CTCs-EBF was higher and 
ranged from 46% for VIM to 58% for TWIST1 and SNAI2. The concordance of expression between PT 
and CTCs-EBF was very low for all examined markers (Cohen’s kappa from 0 for SNAI2 to 0.23 for 
SNAI1). Moreover, for TWIST1, SNAI1 and SNAI2 occurred only switch from positive in PT to 
negative in CTCs (Table 7). 

Table 6. Biomarkers’ conversion rate between paired PT and LNM. Conversion described 
as the number (percentage) of discordant cases and kappa coefficient of concordance. 

Marker N 
Positive in 

PT 
Positive in 

LNM 
Conversion rate  

PT LNM 
N (%) N (%) (−)  (+) N (%) (+)  (−) N (%) N (%) kappa coefficient (95% CI) 

TWIST1 20 7 (35) 10 (50) 3 (15) 0 (0) 3 (15) 0.7 (0.4–0.99) 
SNAI1 20 5 (25) 11 (55) 7 (35) 1 (5) 8 (40) 0.23 (−0.1–0.58) 
SNAI2 20 9 (45) 12 (60) 4 (20) 1 (5) 5 (25) 0.51 (0.15–0.87) 
VIM 20 8 (40) 11 (55) 5 (25) 2 (10) 7 (35) 0.31 (−0.08–0.71) 

CI: confidence interval. 
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Table 7. Biomarkers’ conversion rate between paired PT and CTCs-EBF. Conversion 
described as the number (percentage) of discordant cases and kappa coefficient of concordance. 

Marker N 
Positive in 

PT 
Positive in 

CTCs 
Conversion rate  

PT CTCs
N (%) N (%) (−)  (+) N (%) (+)  (−) N (%) N (%) kappa coefficient (95% CI)

TWIST1 36 22 (61) 1 (3) 0 (0) 21 (58) 21 (58) 0.036 (−0.035–0.1) 
SNAI1 36 20 (55) 1 (3) 0 (0) 18 (50) 18 (50) 0.23 (−0.047–0.15) 
SNAI2 36 21 (58) 0 (0) 0 (0) 21 (58) 21 (58) 0.00 (0–0) 
VIM 37 19 (51) 8 (22) 3 (8) 14 (38) 17 (46) 0.095 (−0.16–0.35) 

CI: confidence interval. 

3. Discussion 

Cancer dissemination and metastasis formation remain the most intensively investigated issues in 
cancer research. Recent findings suggested that distinct lymphatic and hematogenous metastatic 
pathways exist in early breast cancer and that these pathways are governed by specific biological 
markers [40]. Since EMT was shown to play critical role in cancer dissemination, we focused on gene 
expression profiles related to lymphatic and hematogenous dissemination. We therefore analyzed the 
expression of mesenchymal markers connected with EMT activation (VIM, TWIST1, SNAI1 and 
SNAI2) in PT, CTCs-EBF and LNM of breast cancer patients. 

First, we tried to elucidate if gene expression profile of EMT-related markers in PT correlates with 
the pattern of metastatic spread. We have found that examined profile of PT did not correlate with 
hematogenous spread expressed as positivity either for CTCs epithelial (CK19+) or mesenchymal 
(VIM+) phenotype or CK19+ and/or MGB1+ and/or HER2+ (data not shown). Interestingly, SNAI1 
and VIM negative status in PT correlated with lymph node involvement, suggesting that EMT was not 
involved in lymphatic dissemination. The anatomy of lymphatic vessels/system might make it easier 
for tumor cells to metastasize to lymph nodes. Lymphatic capillaries lack tight junctions that are 
present in blood vessels and are not surrounded by pericytes [42]. It was also shown that lymphatic 
endothelial cells might facilitate intravasation of tumor cells [43] and tumor cells can be transported to 
lymph nodes by mechanical forces arising from intratumoral interstitial fluid pressure [44]. Permeability 
of lymphatic vessels could also allow for passage of E-cadherin connected cells clusters [41,45].  
If fewer restrains are put on tumor cells metastasizing via the lymphatic route it is conceivable that 
these cells do not need to acquire special abilities to metastasize to the lymph nodes. Whereas more 
severe obstacles that tumor cells encounter during hematogenous dissemination force them to acquire 
additional properties like motility, induced by EMT. Following this reasoning, the study of  
Giampieri et al. [46] showed that most tumor cells which had arrived in lymph nodes present collective 
migration phenotype. Moreover, these cells are incapable of forming hematogenous metastases [46], 
whereas cells exhibiting single migration pattern (like those after EMT) are. Hematogenous metastases 
were also reduced by inhibiting TGF-β signaling, known for induction of EMT. Interestingly, 
inhibiting TGF-β signaling did not affect lymphatic metastases as visualized by the presence of 
collectively invading cancer cells in lymph nodes. These observations support our results, showing that 
EMT in PT is not required for lymph nodes invasion.  



Cancers 2013, 5                            
 

 

1493

Contrary, we observed increased expression of EMT-related markers in LNM compared to PT and 
their frequent status conversion rate (15%–35%) from negative in PT to positive in LNM. This finding 
would indicate that EMT in lymph nodes is more effectively activated than in PT, thus lymph nodes 
might serve as tumor cells conditioning centers, at which selection of more malignant phenotypes takes 
place. Our previous results also showed that spread to lymph nodes is not related to EMT process in 
primary tumor but high expression of TWIST1 and SNAI1 in LNM, as well as negative-to-positive 
conversion of SNAI1 confer worse prognosis, confirming the correlation of EMT with aggressive 
disease behavior [24]. 

On the other hand, TWIST1, SNAI1 and SNAI2 gene expression level was significantly decreased in 
CTCs-EBF compared to PT, while the level of VIM was increased in CTCs-EBF. It should be kept in 
mind that EMT might not be the only process involved in tumor cells dissemination. Recent report by 
Marinari et al. showed that epithelial cells can detach from the epithelial layer in a process of 
delamination [47]. This could explain presence of epithelial cancer cells in blood. Although we did not 
observe a direct correlation between expression of EMT-related markers in PT and CTCs detection 
rate it should be noted that TWIST1, SNAI1, SNAI2, being transcription factors, can be expressed at 
low levels what hampers their detection in rare CTCs and in isolated sections of PT due to time and 
space-limited activation of EMT process. This could also explain the occurrence of switch in gene 
expression status from positive in PT to negative in CTC-EBF in case of TWIST1, SNAI1 and SNAI2. 
Nevertheless, elevated expression of VIM, but not TWIST1 and SNAI1, was observed in TGF-β-treated, 
motile breast cancer cells in the study of Giampieri et al. [46].  

Moreover, we noticed that the profile of analyzed gene expression was more conserved between PT 
and LNM than between PT and CTCs-EBF. This could reflect higher histological similarity of solid 
tumors and metastases versus solid tumors and CTCs present in blood. However, analysis of single 
CTCs would be required to confirm this finding. 

PCR was demonstrated as the most sensitive technique for detecting CTCs [48,49]. Also, using 
negative selection with anti-CD45 antibodies that allows for epithelial markers-independent CTCs 
enrichment, is especially important if CTCs with mesenchymal phenotype are to be captured. As 
shown by Mego et al. both AdnaTestTM and CellSearch® are unable to isolate cells that completed 
EMT [35] as EpCam may be lost due to EMT [50]. Therefore, we applied negative selection of CTCs 
and PCR based approach to reliably examine EMT-related markers.  

In our study we have found epithelial CTCs-EBF defined as CK19+ in 27% of cases, what is in 
agreement with previous PCR-based studies of early breast cancer patients exploiting CK19 as CTCs 
marker [13,51–53]. Analyzing expression of a panel of different cytokeratins could increase CTCs 
detection rate, however validity of this approach remains to be determined. As shown by Joosse et al. [54] 
breast cancer cells express various cytokeratins, which can be affected by their molecular subtype. 
Using cocktail of antibodies against cytokeratins they increased CTCs detection rate in metastatic 
breast cancer patients.  Future research detecting CTCs using PCR based methods should consider 
using multiple cytokeratins detection in single- or multiplex assays. Multimarker-based detection of 
CTCs was reported to give higher sensitivity [32,48,55–57]. Like others have reported [48,56], a 
multimarker approach based on addition of MGB1 alone or together with HER2 gave higher  
detection rates in our study (34 and 55%, respectively). Mesenchymal phenotype of CTCs-EBF 
defined as VIM+ was observed in 22% of cases, defined as VIM+ and/or SNAIL+ and/or TWIST1+ in 
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25%, what also remains concordant with reported wide range of detection rate of mesenchymal CTCs 
15%–77% [26,28,31,35,58]. 

The mesenchymal phenotype of CTCs was found to correlate with more aggressive tumor 
characteristics [25,26] and disease progression [30]; it also occurred more frequently in metastatic 
compared to early breast cancer [26,30]. Analysis of mesenchymal markers in CTCs allowed more 
accurate prediction of worse prognosis than the expression of epithelial markers alone [31]. In patients 
with primary breast cancer the overexpression of EMT-inducing transcription factors (TWIST1, 
SNAIL1, SLUG, ZEB1, and FOXC2) was more frequently detected in those who received neoadjuvant 
therapies, than in those who did not, which suggests that neoadajuvant therapy is unable to eliminate 
CTCs undergoing EMT [35]. 

In regard to lymph nodes involvement and CTCs detection rate, no clear association is  
apparent. Some studies show similar CTCs detection rate in LNM− and LNM+ breast cancer  
patients [7,32,33,35,59], which would indicate similar seeding potential of the tumor, but not similar 
colonization potential of the disseminated cells. However, preliminary results from a large SUCCESS 
trial revealed a correlation between CTCs presence and lymph nodes involvement [36] implying 
different seeding potential and possibly colonization potential. We have found significantly different 
CTCs detection rate (defined as CK19+/MGB1+ or CK19+/MGB1+/HER2+) between LNM− and 
LNM+ patients (20% vs. 47%, p = 0.009 and 41% vs. 69%, p = 0.008, respectively), what supports the 
notion that tumors from LNM+ patients have superior seeding potential in comparison to LNM− 
patients. We would not have drawn the same conclusion if CK19 was the only CTCs marker in our 
study, as in that case there was no significant difference in CTCs marker detection rate between LNM− 
and LNM+ patients (20% vs. 32%, p = 0.17). Also the study of Pecot [60] shows that cytokeratin 
expression should not be an ultimate marker for CTCs identification as cytokeratin-negative cancer 
cells can be found both in circulation and within primary tumors. 

We are aware of limitations of our study, like the relatively small sample size and short follow-up 
period, which does not allow for assessing the impact of the analyzed markers on patients’ survival. 
However, it must be underlined that patients in this prospective study are still under observation and 
survival analysis will be done when data are mature. The method we applied—RT-qPCR—has many 
advantages, including high sensitivity and reproducibility, but it does not allow visualization of CTCs, 
and therefore, the detection of CTCs with EMT phenotype by this method is an indirect assessment. 
Obtained results are expressed as average gene expression obtained for the pool of cancer cells, so no 
heterogeneity within PT, LNM or individual CTCs can be analyzed. But the method has been carefully 
standardized [24]. Moreover, the results we present are strictly correlative in nature and present the 
general dependence between variables. Hence, the molecular characteristics of CTCs-EBF associated 
with lymph node involvement is a hypothesis generating finding, in line with recent publications [30]. 
Additional analyses aiming at understanding molecular mechanisms of the observed phenomenon are 
required to corroborate our hypothesis. 
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4. Experimental  

4.1. Clinical Material  

This study included 99 consecutive breast cancer patients treated at the Medical University Hospital 
in Gdansk between April 2011 and January 2013. Inclusion criteria were signed inform consent, 
primary operable breast cancer confirmed by histological examination and chemonaive status. Patients 
who received previous systemic treatment were not eligible for the study. Detailed characteristics of 
the studied group is presented in Table 8. ER and PgR were scored according to classical Allred 
system with cut-point 3 for positive result. HER2 positivity was based on standard criteria: 3+ in 
immunohistochemistry or positive result in fluorescence in situ hybridization (FISH), as previously 
described [61]. Median follow-up time was 1.6 years (0.2 to 2.6 years). To date, five deaths were 
observed, which is insufficient for performing survival analysis; however, follow-up data continue to 
be collected. 

Table 8. Patients’ characteristics. 

Variable Number of cases (%) 
N 99 (100) 

Age Median (range) 62 (33–85.5) 
T stage    

T1  36 (36) 
T2  54 (55) 
T3  3 (3) 
T4  5 (5) 
Tx  1 (1) 

N stage    
N0 44 (44) 

N1-3  55 (56) 
Grade    

G1  13 (13) 
G2  50 (51) 
G3  35 (35) 

Missing data  1 (1) 
Histological type    

Ductal  75 (76) 
Lobular  12 (12) 
Other  11 (11) 

Missing data 1 (1) 
HER2 status *    

Negative 71 (72) 
Positive 26 (26) 

Missing data  2 (2) 
HR status   
Negative 19 (19) 

ER and/or PgR positive 80 (81) 
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stained with hematoxin-eosin to visualize primary tumors/lymph nodes metastases morphology, what 
allowed for selection of representative fragments containing invasive tumor component. Ten micrometer 
sections were cut and stored at 4 °C until RNA isolation. Additionally, sections of non-cancerous 
breast tissue and non-involved lymph nodes were collected. The study was conducted in accordance 
with the Declaration of Helsinki and approved by the local Ethical Committee of the Medical 
University of Gdansk. 

4.2. RNA Extraction from Formalin-Fixed Paraffin-Embedded (FFPE) Tissue 

Total RNA was isolated from 2–4 section of 10 µm thick FFPE tissues using RNeasy FFPE Kit 
(Qiagen, Hamburg, Germany) according to the manufacturer’s protocol. Samples were de-paraffinized 
by xylene wash followed by 100% ethanol wash. After the isolation RNA was digested using Turbo 
DNase Kit (Ambion, Austin, TX, USA) according to the manufacturer’s instruction (“Rigorous DNaze 
treatment” protocol) adding four units of DNaze per sample and digestion at 37 °C for 25 min. 

4.3. Reverse Transcription 

RNA (up to 10 µL) isolated from both CTC-enriched fractions and PT and LNM samples was 
reverse transcribed with Transcriptor cDNA First Strand Synthesis Kit (Roche, Basel, Switzerland) 
using random hexamers as primers. To monitor presence of contaminants that might influence both 
reverse transcription and qPCR 1 µL of external RNA molecule (RNA Spike from Solaris RNA Spike 
Control Kit, Thermo Scientific, Rockford, IL, USA) was added to each patient’s sample and control 
sample (containing water instead of isolated RNA thus carrying no inhibitors). cDNA samples were 
stored at −20 °C until gene expression analysis. Exogenous molecule was detected in qPCR, cycle 
thresholds (Cq) of control and patients’ samples were compared to assess the occurrence of inhibition 
(detection of RNA Spike molecule at later cycles indicated inhibition).  

4.4. Real-Time PCR (qPCR) 

Gene expression analysis was performed using pre-design, commercially available assays 
containing primers and probes (TaqMan Gene Expression Assay, Applied Biosystems, Foster City, 
CA, USA) for detection of TWIST1 (Hs00361186_m1, UniGene Hs.644998), SNAI1 
(Hs00195591_m1, UniGene Hs.48029), SNAI2 (Hs00950344_m1, UniGene Hs.360174), CK19 
(KRT19, Hs01051611_gH; UniGene Hs.654568), HER2 (Hs99999005_mH; UniGene Hs.446352), 
MGB1 (SCGB2A2; Hs00935948_m1; UniGene Hs.46452) and reference genes GAPDH 
(Hs99999905_m1, UniGene Hs.544577) and YWHAZ (Hs03044281_g1; UniGene Hs.492407). 
Reference genes were chosen based on their expression stability (M parameter) in 10 samples of 
CTCs-EBF, 10 PT and 10 LNM assessed using geNorm applet (M parameter for GAPDH—0.395, 
0.641 and 0.485 in CTCs-EBF, PT and LNM, respectively; M parameter for YWHAZ—0.500, 0.641 
and 0.374 in CTCs-EBF, PT and LNM, respectively). TaqMan® Universal PCR Master Mix  (Applied 
Biosystems) was used, 4 µL of diluted cDNA was added per reaction, giving a total reaction volume of 
20 µL. Reactions were performed in duplicate on 96-well plates in CFX96 thermal cycler (Bio-Rad, 
Hercules, CA, USA). Inter-run calibrator (cDNA obtained from healthy breast tissue) and no template 
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controls were included in every plate. Moreover, in case of YWHAZ and CK19 (the only assays that 
could detect also genomic DNA) genomic DNA contamination was monitor adding the same amount 
of untranscribed RNA to a PCR reaction. The samples was considered genomic DNA-free if the Cq 
difference between the sample containing RNA and cDNA was equal to or higher than 5. 

Gene expression was calculated with a qBasePLUS software version 2.1 using a modified ∆∆Ct 
approach that corrects for a run-to-run variation. Gene expression levels were scaled to control samples—in 
the case of CTC-enriched samples the control samples were the samples with minimal expression level 
of each gene; in case of PT—healthy FFPE breast sample was chosen as a control, and for LNM  
non-involved FFPE lymph node. CTC-enriched blood samples were considered positive for expression 
of a given gene when the expression of that gene was higher than the highest expression in healthy 
control samples. For PT and LNM median value of gene expression was a cut-off value for positivity. 
For multimarker method, CTCs positivity was defined as positivity for at least one of the markers 
(CK19, MGB1 or HER2). 

4.5. Statistical Analysis  

The patients’ characteristics were summarized using the median (range) for continuous variables 
and frequency (percentage) for categorical variables. Categorical variables were compared by Fisher’s 
exact test, and continuous variables were compared by the Spearman’s rank order test. Mann-Whitney 
test was used to examine correlations between quantitative values (gene expression level, age) and 
qualitative parameters (T stage, grade, LN status). Significance was defined as p < 0.05. STATISTICA 
software [63] was used for statistical analyses. 

Concordance between PT and LNM or CTCs-EBF was measured by estimating Cohen’s kappa 
coefficient (κ) with Medcalc software [64]. The level of agreement based on κ values was assessed 
using the Landis and Koch criteria: 0.00–0.20, slight agreement; 0.21–0.40, fair agreement; 0.41−0.60, 
moderate agreement; 0.61–0.80, substantial agreement; and 0.81–1.00, almost perfect agreement [65]. 

5. Conclusions  

PT shared more similarities with LNM than with CTCs-EBF, which might indicate that 
dissemination via the lymphatic route requires less extensive phenotypical/gene expression changes in 
tumor cells than hematogenous dissemination. LNM showed increased expression of EMT-related 
markers in comparison to PT, but EMT itself in PT did not seem to be necessary for lymphatic 
dissemination. The mesenchymal phenotype of CTCs-EBF correlated with poor clinicopathological 
characteristics of the patients. This study will be the basis for future evaluation of the outcome of the 
disease and the prognostic value of early-detected CTCs with mesenchymal phenotype.  

Acknowledgments 

This work was supported by The National Centre for Research and Development grant 
LIDER/13/117/L-1/09/NCBiR/2010. In addition, this work was supported by the system project 
“InnoDoktorant–Scholarships for PhD students, 3rd ed.”. The project is co-financed by the European 
Union in the frame of the European Social Fund. 



Cancers 2013, 5                            
 

 

1499

Conflicts of Interest 

The authors declare no conflict of interest.  

References 

1. Carter, C.L.; Allen, C.; Henson, D.E. Relation of tumor size, lymph node status, and survival in 
24,740 breast cancer cases. Cancer 1989, 63, 181–187. 

2. Fisher, B.; Anderson, S.; Bryant, J.; Margolese, R.G.; Deutsch, M.; Fisher, E.R.; Jeong, J.-H.; 
Wolmark, N. Twenty-year follow-up of a randomized trial comparing total mastectomy, lumpectomy, 
and lumpectomy plus irradiation for the treatment of invasive breast cancer. N. Engl. J. Med. 
2002, 347, 1233–1241. 

3. Quiet, C.A.; Ferguson, D.J.; Weichselbaum, R.R.; Hellman, S. Natural history of node-negative 
breast cancer: A study of 826 patients with long-term follow-up. J. Clin. Oncol. 1995, 13, 1144–1151. 

4. Group, E.B.C.T.C. Effects of chemotherapy and hormonal therapy for early breast cancer on 
recurrence and 15-year survival: An overview of the randomised trials. Lancet 2005, 365, 1687–1717. 

5. Braun, S.; Vogl, F.D.; Naume, B.; Janni, W.; Osborne, M.P.; Coombes, R.C.; Schlimok, G.; Diel, I.J.; 
Gerber, B.; Gebauer, G.; et al. A pooled analysis of bone marrow micrometastasis in breast 
cancer. N. Engl. J. Med. 2005, 353, 793–802. 

6. Zhang, L.; Riethdorf, S.; Wu, G.; Wang, T.; Yang, K.; Peng, G.; Liu, J.; Pantel, K. Meta-analysis of 
the prognostic value of circulating tumor cells in breast cancer. Clin. Cancer Res. 2012, 18, 5701–5710. 

7. Lucci, A.; Hall, C.S.; Lodhi, A.K.; Bhattacharyya, A.; Anderson, A.E.; Xiao, L.; Bedrosian, I.; 
Kuerer, H.M.; Krishnamurthy, S. Circulating tumour cells in non-metastatic breast cancer: A 
prospective study. Lancet Oncol. 2012, 13, 688–695. 

8. Bidard, F.C.; Mathiot, C.; Delaloge, S.; Brain, E.; Giachetti, S.; de Cremoux, P.; Marty, M.; 
Pierga, J.Y. Single circulating tumor cell detection and overall survival in nonmetastatic breast 
cancer. Ann. Oncol. 2010, 21, 729–733. 

9. Cristofanilli, M.; Budd, G.T.; Ellis, M.J.; Stopeck, A.; Matera, J.; Miller, M.C.; Reuben, J.M.; 
Doyle, G.V.; Allard, W.J.; Terstappen, L.W.M.M.; et al. Circulating tumor cells, disease 
progression, and survival in metastatic breast cancer. N. Engl. J. Med. 2004, 351, 781–791. 

10. Giuliano, M.; Giordano, A.; Jackson, S.; Hess, K.R.; de Giorgi, U.; Mego, M.; Handy, B.C.; 
Ueno, N.T.; Alvarez, R.H.; de Laurentiis, M.; et al. Circulating tumor cells as prognostic and 
predictive markers in metastatic breast cancer patients receiving first-line systemic treatment. 
Breast Cancer Res. 2011, 13, doi:10.1186/bcr2907. 

11. Pierga, J.-Y.; Hajage, D.; Bachelot, T.; Delaloge, S.; Brain, E.; Campone, M.; Diéras, V.; Rolland, E.; 
Mignot, L.; Mathiot, C.; et al. High independent prognostic and predictive value of circulating 
tumor cells compared with serum tumor markers in a large prospective trial in first-line 
chemotherapy for metastatic breast cancer patients. Ann. Oncol. 2012, 23, 618–624. 

12. Xenidis, N.; Ignatiadis, M.; Apostolaki, S.; Perraki, M.; Kalbakis, K.; Agelaki, S.; Stathopoulos, E.N.; 
Chlouverakis, G.; Lianidou, E.; Kakolyris, S.; et al. Cytokeratin-19 mRNA-positive circulating 
tumor cells after adjuvant chemotherapy in patients with early breast cancer. J. Clin. Oncol. 2009, 
27, 2177–2184. 



Cancers 2013, 5                            
 

 

1500

13. Stathopoulou, A.; Vlachonikolis, I.; Mavroudis, D.; Perraki, M.; Kouroussis, C.; Apostolaki, S.; 
Malamos, N.; Kakolyris, S.; Kotsakis, A.; Xenidis, N.; et al. Molecular detection of cytokeratin-19-
positive cells in the peripheral blood of patients with operable breast cancer: Evaluation of their 
prognostic significance. J. Clin. Oncol. 2002, 20, 3404–3412. 

14. Zhao, S.; Liu, Y.; Zhang, Q.; Li, H.; Zhang, M.; Ma, W.; Zhao, W.; Wang, J.; Yang, M. The 
prognostic role of circulating tumor cells (CTCs) detected by RT-PCR in breast cancer: A  
meta-analysis of published literature. Breast Cancer Res. Treat. 2011, 130, 809–816. 

15. Paget, S. The distribution of secondary growths in cancer of the breast. Lancet 1889, 133, 571–573. 
16. Mani, S.A.; Guo, W.; Liao, M.J.; Eaton, E.N.; Ayyanan, A.; Zhou, A.Y.; Brooks, M.; Reinhard, F.; 

Zhang, C.C.; Shipitsin, M.; et al. The epithelial-mesenchymal transition generates cells with 
properties of stem cells. Cell 2008, 133, 704–715. 

17. Polyak, K.; Weinberg, R.A. Transitions between epithelial and mesenchymal states: Acquisition 
of malignant and stem cell traits. Nat. Rev. Cancer 2009, 9, 265–273. 

18. Thiery, J.P.; Sleeman, J.P. Complex networks orchestrate epithelial-mesenchymal transitions.  
Nat. Rev. Mol. Cell Biol. 2006, 7, 131–142. 

19. Thiery, J.P.; Acloque, H.; Huang, R.Y.; Nieto, M.A. Epithelial-mesenchymal transitions in 
development and disease. Cell 2009, 139, 871–890. 

20. Książkiewicz, M.; Markiewicz, A.; Żaczek, A.J. Epithelial-mesenchymal transition: A hallmark in 
metastasis formation linking circulating tumor cells and cancer stem cells. Pathobiology 2012, 79, 
195–208.  

21. Van Nes, J.; de Kruijf, E.; Putter, H.; Faratian, D.; Munro, A.; Campbell, F.; Smit, V.; Liefers, G.-J.; 
Kuppen, P.; van de Velde, C.; et al. Co-expression of SNAIL and TWIST determines prognosis in 
estrogen receptor–positive early breast cancer patients. Breast Cancer Res. Treat. 2012, 133, 49–59. 

22. Elloul, S.; Bukholt Elstrand, M.; Nesland, J.M.; Tropé, C.G.; Kvalheim, G.; Goldberg, I.; Reich, R.; 
Davidson, B. Snail, Slug, and Smad-interacting protein 1 as novel parameters of disease 
aggressiveness in metastatic ovarian and breast carcinoma. Cancer 2005, 103, 1631–1643. 

23. Martin, T.; Goyal, A.; Watkins, G.; Jiang, W. Expression of the Transcription Factors Snail, Slug, 
and Twist and Their Clinical Significance in Human Breast Cancer. Ann. Surg. Oncol. 2005, 12, 
488–496. 

24. Markiewicz, A.; Ahrends, T.; Wenicka-Jakiewicz, M.; Seroczyska, B.; Skokowski, J.; Jakiewicz, J.; 
Szade, J.; Biernat, W.; Aczek, A. Expression of epithelial to mesenchymal transition-related 
markers in lymph node metastases as a surrogate for primary tumor metastatic potential in breast 
cancer. J. Transl. Med. 2012, 10, doi:10.1186/1479-5876-10-226. 

25. 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, doi:10.1186/bcr2333. 

26. Kallergi, G.; Papadaki, M.; Politaki, E.; Mavroudis, D.; Georgoulias, V.; Agelaki, S. Epithelial to 
mesenchymal transition markers expressed in circulating tumour cells of early and metastatic 
breast cancer patients. Breast Cancer Res. 2011, 13, doi:10.1186/bcr2896. 

27. Lianidou, E.S.; Mavroudis, D.; Georgoulias, V. Clinical challenges in the molecular characterization 
of circulating tumour cells in breast cancer. Br. J. Cancer 2013, 108, 2426–2432. 



Cancers 2013, 5                            
 

 

1501

28. 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, doi:10.1186/bcr3099. 

29. Barriere, G.; Riouallon, A.; Renaudie, J.; Tartary, M.; Rigaud, M. Mesenchymal and stemness 
circulating tumor cells in early breast cancer diagnosis. BMC Cancer 2012, 12, doi:10.1186/1471-
2407-12-114. 

30. Yu, M.; Bardia, A.; Wittner, B.S.; Stott, S.L.; Smas, M.E.; Ting, D.T.; Isakoff, S.J.; Ciciliano, J.C.; 
Wells, M.N.; Shah, A.M.; et al. Circulating breast tumor cells exhibit dynamic changes in 
epithelial and mesenchymal composition. Science 2013, 339, 580–584. 

31. Gradilone, A.; Raimondi, C.; Nicolazzo, C.; Petracca, A.; Gandini, O.; Vincenzi, B.; Naso, G.; 
Aglianò, A.M.; Cortesi, E.; Gazzaniga, P. Circulating tumour cells lacking cytokeratin in breast 
cancer: The importance of being mesenchymal. J. Cell. Mol. Med. 2011, 15, 1066–1070. 

32. Ignatiadis, M.; Kallergi, G.; Ntoulia, M.; Perraki, M.; Apostolaki, S.; Kafousi, M.; Chlouverakis, G.; 
Stathopoulos, E.; Lianidou, E.; Georgoulias, V.; et al. Prognostic value of the molecular detection 
of circulating tumor cells using a multimarker reverse transcription-PCR assay for cytokeratin 19, 
mammaglobin A, and HER2 in early breast cancer. Clin. Cancer Res. 2008, 14, 2593–2600. 

33. Apostolaki, S.; Perraki, M.; Kallergi, G.; Kafousi, M.; Papadopoulos, S.; Kotsakis, A.; Pallis, A.; 
Xenidis, N.; Kalmanti, L.; Kalbakis, K.; et al. Detection of occult HER2 mRNA-positive tumor 
cells in the peripheral blood of patients with operable breast cancer: Evaluation of their prognostic 
relevance. Breast Cancer Res. Treat. 2009, 117, 525–534. 

34. Riethdorf, S.; Muller, V.; Zhang, L.; Rau, T.; Loibl, S.; Komor, M.; Roller, M.; Huober, J.; Fehm, T.; 
Schrader, I.; et al. Detection and HER2 expression of circulating tumor cells: Prospective monitoring 
in breast cancer patients treated in the neoadjuvant GeparQuattro trial. Clin. Cancer Res. 2010, 
16, 2634–2645. 

35. Mego, M.; Mani, S.; Lee, B.; Li1, C.; Evans, K.; Cohen, E.; Gaol, H.; Jackson, S.; Giordano, A.; 
Hortobagyi, G.; et al. Expression of epithelial-mesenchymal transition-inducing transcription factors 
in primary breast cancer: The effect of neoadjuvant therapy. Int. J. Cancer 2012, 130, 808–816. 

36. Rack, B.K.; Schindlbeck, C.; Andergassen, U.; Schneeweiss, A.; Zwingers, T.; Lichtenegger, W.; 
Beckmann, M.; Sommer, H.L.; Pantel, K.; Janni, W.; et al. Use of circulating tumor cells (CTC) 
in peripheral blood of breast cancer patients before and after adjuvant chemotherapy to predict 
risk for relapse: The SUCCESS trial. J. Clin. Oncol. 2010, 28, No. 15_suppl 1003. 

37. Leong, S.P.; Cady, B.; Jablons, D.M.; Garcia-Aguilar, J.; Reintgen, D.; Jakub, J.; Pendas, S.; 
Duhaime, L.; Cassell, R.; Gardner, M.; et al. Clinical patterns of metastasis. Cancer Metastasis 
Rev. 2006, 25, 221–232. 

38. Disibio, G.; French, S.W. Metastatic patterns of cancers: Results from a large autopsy study. 
Arch. Pathol. Lab. Med. 2008, 132, 931–939. 

39. Cao, Y. Opinion: Emerging mechanisms of tumour lymphangiogenesis and lymphatic metastasis. 
Nat. Rev. Cancer 2005, 5, 735–743. 

40. Klevesath, M.B.; Pantel, K.; Agbaje, O.; Provenzano, E.; Wishart, G.C.; Gough, P.; Pinder, S.E.; 
Duffy, S.; Purushotham, A.D. Patterns of metastatic spread in early breast cancer. Breast 2013, 
22, 449–454. 



Cancers 2013, 5                            
 

 

1502

41. Wong, S.Y.; Hynes, R.O. Lymphatic or hematogenous dissemination: How does a metastatic 
tumor cell decide? Cell Cycle 2006, 5, 812–817. 

42. Alitalo, K.; Carmeliet, P. Molecular mechanisms of lymphangiogenesis in health and disease. 
Cancer Cell 2002, 1, 219–227. 

43. Irjala, H.; Alanen, K.; Grenman, R.; Heikkila, P.; Joensuu, H.; Jalkanen, S. Mannose receptor 
(MR) and common lymphatic endothelial and vascular endothelial receptor (CLEVER)-1 direct 
the binding of cancer cells to the lymph vessel endothelium. Cancer Res. 2003, 63, 4671–4676. 

44. Jain, R.K.; Munn, L.L.; Fukumura, D. Dissecting tumour pathophysiology using intravital 
microscopy. Nat. Rev. Cancer 2002, 2, 266–276. 

45. Byers, S.W.; Sommers, C.L.; Hoxter, B.; Mercurio, A.M.; Tozeren, A. Role of E-cadherin in the 
response of tumor cell aggregates to lymphatic, venous and arterial flow: measurement of cell-cell 
adhesion strength. J. Cell Sci. 1995, 108, 2053–2064. 

46. Giampieri, S.; Manning, C.; Hooper, S.; Jones, L.; Hill, C.S.; Sahai, E. Localized and reversible 
TGFbeta signalling switches breast cancer cells from cohesive to single cell motility. Nat. Cell 
Biol. 2009, 11, 1287–1296. 

47. Marinari, E.; Mehonic, A.; Curran, S.; Gale, J.; Duke, T.; Baum, B. Live-cell delamination 
counterbalances epithelial growth to limit tissue overcrowding. Nature 2012, 484, 542–545. 

48. Van der Auwera, I.; Peeters, D.; Benoy, I.H.; Elst, H.J.; van Laere, S.J.; Prove, A.; Maes, H.; 
Huget, P.; van Dam, P.; Vermeulen, P.B.; et al. Circulating tumour cell detection: A direct 
comparison between the CellSearch System, the AdnaTest and CK-19/mammaglobin RT-PCR in 
patients with metastatic breast cancer. Br. J. Cancer 2010, 102, 276–284. 

49. Strati, A.; Markou, A.; Parisi, C.; Politaki, E.; Mavroudis, D.; Georgoulias, V.; Lianidou, E. Gene 
expression profile of circulating tumor cells in breast cancer by RT-qPCR. BMC Cancer 2011, 11, 
doi:10.1186/1471-2407-11-422. 

50. Gorges, T.; Tinhofer, I.; Drosch, M.; Rose, 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, e178. 

51. Xenidis, N.; Perraki, M.; Kafousi, M.; Apostolaki, S.; Bolonaki, I.; Stathopoulou, A.; Kalbakis, K.; 
Androulakis, N.; Kouroussis, C.; Pallis, T.; et al. Predictive and prognostic value of peripheral 
blood cytokeratin-19 mRNA-positive cells detected by real-time polymerase chain reaction in 
node-negative breast cancer patients. J. Clin. Oncol. 2006, 24, 3756–3762. 

52. Xenidis, N.; Vlachonikolis, I.; Mavroudis, D.; Perraki, M.; Stathopoulou, A.; Malamos, N.; 
Kouroussis, C.; Kakolyris, S.; Apostolaki, S.; Vardakis, N.; et al. Peripheral blood circulating 
cytokeratin-19 mRNA-positive cells after the completion of adjuvant chemotherapy in patients 
with operable breast cancer. Ann. Oncol. 2003, 14, 849–855. 

53. Strati, A.; Kasimir-Bauer, S.; Markou, A.; Parisi, C.; Lianidou, E.S. Comparison of three molecular 
assays for the detection and molecular characterization of circulating tumor cells in breast cancer. 
Breast Cancer Res. 2013, 15, doi:10.1186/bcr3395. 

54. Joosse, S.A.; 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 detection of 
circulating tumor cells. Clin. Cancer Res. 2012, 18, 993–1003. 



Cancers 2013, 5                            
 

 

1503

55. Molloy, T.J.; Devriese, L.A.; Helgason, H.H.; Bosma, A.J.; Hauptmann, M.; Voest, E.E.;  
Schellens, J.H.M.; van’t Veer, L.J. A multimarker QPCR-based platform for the detection of 
circulating tumour cells in patients with early-stage breast cancer. Br. J. Cancer 2011, 104,  
1913–1919. 

56. Chen, Y.; Zou, T.N.; Wu, Z.P.; Zhou, Y.C.; Gu, Y.L.; Liu, X.; Jin, C.G.; Wang, X.C. Detection of 
cytokeratin 19, human mammaglobin, and carcinoembryonic antigen-positive circulating tumor 
cells by three-marker reverse transcription-PCR assay and its relation to clinical outcome in early 
breast cancer. Int. J. Biol. Markers 2010, 25, 59–68. 

57. Chong, M.H.; Zhao, Y.; Wang, J.; Zha, X.M.; Liu, X.A.; Ling, L.J.; Du, Q.; Wang, S. The 
dynamic change of circulating tumour cells in patients with operable breast cancer before and 
after chemotherapy based on a multimarker QPCR platform. Br. J. Cancer 2012, 106, 1605–1610. 

58. Raimondi, C.; Gradilone, A.; Naso, G.; Vincenzi, B.; Petracca, A.; Nicolazzo, C.; Palazzo, A.; 
Saltarelli, R.; Spremberg, F.; Cortesi, E.; et al. Epithelial-mesenchymal transition and stemness 
features in circulating tumor cells from breast cancer patients. Breast Cancer Res. Treat. 2011, 
130, 449–455. 

59. Wulfing, P.; Borchard, J.; Buerger, H.; Heidl, S.; Zanker, K.S.; Kiesel, L.; Brandt, B. HER2-positive 
circulating tumor cells indicate poor clinical outcome in stage I to III breast cancer patients.  
Clin. Cancer Res. 2006, 12, 1715–1720. 

60. Pecot, C.V.; Bischoff, F.Z.; Mayer, J.A.; Wong, K.L.; Pham, T.; Bottsford-Miller, J.; Stone, R.L.; 
Lin, Y.G.; Jaladurgam, P.; Roh, J.W.; et al. A novel platform for detection of CK+ and CK− 
CTCs. Cancer Discov. 2011, 1, 580–586. 

61. Żaczek, A.J.; Markiewicz, A.; Seroczyńska, B.; Skokowski, J.; Jaśkiewicz, J.; Pieńkowski, T.; 
Olszewski, W.P.; Szade, J.; Rhone, P.; Wełnicka-Jaśkiewicz, M.; et al. Prognostic Significance of 
TOP2A Gene Dosage in HER-2-Negative Breast Cancer. Oncologist 2012, 17, 1246–1255. 

62. Goldhirsch, A.; Wood, W.C.; Coates, A.S.; Gelber, R.D.; Thürlimann, B.; Senn, H.-J.; members, P. 
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. 

63. STATISTICA (data analysis software system), version 10. Statsoft, Inc.: Tulsa, OK, USA, 2011. 
64. MedCalc Statistical Software, version 12.7.2. MedCalc Software bvba: Ostend, Belgium; 2013. 
65. Landis, J.R.; Koch, G.G. The measurement of observer agreement for categorical data. Biometrics 

1977, 33, 159–174. 

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.org/licenses/by/3.0/). 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


