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Fig. S1. EpCAM and CD45 expression, karyotyping, and 6-thioguanine effects on 4T1 

cells and sublines. (A) Immunocytochemistry staining of EpCAM on cytospins of 4T1 cells. Shown 

are representative staining from n = 3 independent experiments. (B) Karyotype analysis of 4T1, CTC1, 



DTC1, and DTC1-derived CTC sublines CTC8-1, CTC8-5, CTC8-6, CTC8-12, CTC6-11 and CTC6-

6. Shown are representative karyotypes including color-coded chromosomes, chromosome numbers, 

and marker mutations. Typical aberrations of 4T1 and DTC1 (t(9;16)(A1;A1), del(15)(D2), 

del(15)(B3), del(17)(E1) ) were also found in CTC sublines. del: deletion; der: derived; dmin: double 

minute chromosomes; mar: marker chromosome; rob: Robertsonian translocation; t: translocation. (C) 

CD45 expression on 4T1-derived sublines. Expression of leukocyte marker CD45 on the cell surface 

of 4T1, CTC1, DTC1 and DTC1-derived CTC sublines was measured by flow cytometry with CD45-

specific antibodies(black) and isotype controls (grey). Murine B cell lymphoma cell line WEHI-231 

was used as a positive control. Shown are representative histograms. (D) 6-TG resistance of 4T1, 

CTC1 and DTC1 cell lines. 4T1, CTC1, and DTC1 cell lines and murine NIH3T3 fibroblast cells were 

plated at equal cell numbers (initial cell number 5000 cells). Relative proliferation rates were 

calculated at day 5 as cell numbers in 6-thioguanine (6-TG) containing medium divided by cell 

numbers in medium without 6-TG. NIH 3T3 cells were used as a negative control based on their 

sensitivity towards 6-TG. Shown are mean ratios with SD of n ≥ 3 independent experiments performed 

in duplicates. One-way ANOVA with posthoc multiple testing and Bonferroni correction; *** < 

0.001. (E) 4T1 cells were cultured for the indicated 28 days in the presence of 6-TG and cell 

morphology was assessed at the indicated time points. Shown are representative points of treated 

cultures. 

  



 

 

Fig. S2. Quantification of EMT markers, cell growth, 2D and 3D colony formation, cell 

adhesion, migration, and invasion of 4T1 cells and sublines CTC1 and DTC1. (A) mRNA 

transcript levels of epithelial markers Ddr1, Grhl2 and Krt19, and of EMT markers Erbb2, Erbb3, 

Snail and Twist in 4T1, CTC1 and DTC1 were assessed upon qRT–PCR with specific primers and 

GUSP as a house-keeping gene. Shown are mean with SD from n = 3 independent experiments 



performed in triplicates. One-way ANOVA with posthoc multiple testing and Bonferroni correction; 

ns: not significant, * < 0.05, ** < 0.01, *** < 0.001. (B) Proliferation rate of 4T1, CTC1, DTC1 was 

assessed by cell counting (initial cell number 5000 cells). Shown are mean with SD from n ≥ 4 

independent experiments. One-way ANOVA with posthoc multiple testing and Bonferroni correction; 

ns: not significant, *** < 0.001. (C) 2D colony formation assay was performed with 4T1, CTC1, and 

DTC1 cells. Left panel: Plating efficiency is shown as box-plot whiskers graph with mean and SD 

from n = 4 independent experiments performed in unicates. One-way ANOVA with posthoc multiple 

testing and Bonferroni correction; ns: not significant. Lower panels: Representative images of crystal 

violet-stained colonies from each cell line and 2D colony edges are shown from 4T1, CTC1, and 

DTC1 cells at an initial seeding density of 200 cells. Right panel: Colony sizes were calculated using 

Image J software and are represented as box-plot whiskers graph with mean and SD. One-way 

ANOVA with posthoc multiple testing and Bonferroni correction; ns: not significant, * < 0.05. (D) 3D 

colony formation assay was performed with 4T1, CTC1, and DTC1 cells. Representative images of 

colonies from 4T1, CTC1, and DTC1 cells are shown. Quantification of 3D colony size is shown 

(right panel) as dot plots with mean from n = 12 randomly selected colonies for each cell lines. One-

way ANOVA with posthoc multiple testing and Bonferroni correction; ns: not significant, *** < 

0.001. (E) Adhesion assay to matrigel and gelatin was performed with 4T1, CTC1, and DTC1 cells. 

Shown are mean adhesion rate with SD from n ≥ 3 independent experiments performed in triplicates. 

One-way ANOVA with posthoc multiple testing and Bonferroni correction; ns: not significant, * 

<0.05, ** < 0.01. (F) Migration capacity of 4T1, CTC1 and DTC1 was assessed in a scratch assay. 

Representative images of cellular migration were taken at times 0 h, 24 h and 48 h. (G) The invasion 

capacity of 4T1, CTC1, DTC1 cells was detected by transwell invasion assay. Representative images 

of invasive cells are shown (n = 3 independent experiments). 

  



 

 

Fig. S3. Analysis of tumor growth, metastases formation, EpCAM and vimentin 

expression, ex vivo cultures, and GO terms and genes associated with DNA breakpoints 



in 4T1 cells and sublines CTC1 and DTC1. (A) 4T1, CTC1, and DTC1 (1.25*105 cells) were 

transplanted subcutaneously into BALB/c mice. Line charts show tumor growth curves for each group 

as mean with SD. One-way ANOVA with posthoc multiple testing and Bonferroni correction; ns: not 

significant, * <0.05, *** < 0.001. (B) Shown are representative immunohistochemistry (IHC) staining 

of EpCAM and vimentin in primary tumors from 4T1, CTC1 and DTC1 cells injected group (left 

panel) and quantified IHC scores (see Materials and Methods) across all tumors. One-way ANOVA 

with posthoc multiple testing and Bonferroni correction; ns: not significant, *** < 0.001. (C) 4T1 and 

DTC1 cell number in 1.25*105, whereas CTC cell numbers in 0.5*106, 106, and 2*106 were 

transplanted subcutaneously into BALB/c mice. Line charts show tumor growth curves for each group 

as mean with SD. One-way ANOVA with posthoc multiple testing and Bonferroni correction; ns: not 

significant, ** < 0.01, *** < 0.001. (D) Metastasis colony formation assay was performed as described 

in Materials and Methods. Dot plots show numbers of colonies including mean (line). No significant 

difference was detected between groups. (E) Ex vivo establishment of primary tumor and metastatic 

cell lines. Schematic representation of ex vivo set-up of cell lines from primary tumors and metastatic 

sites (lung, spleen, liver and kidney). Table shows frequencies of successfully established cell lines 

from input. (F) Ex vivo establishment of CTCs and DTCs. Schematic representation of ex vivo set-up 

of CTC and DTC lines from blood and bone marrow. Table shows frequencies of successfully 

established cell lines from input. (G) Cancer genes extracted from genomic regions affected by 

chromosomal aberrations defined as significantly different between 4T1 and DTC1 cells. Shown are 

genes from aberrations present in 4T1 and DTC1 with different frequencies and genes from exclusive 

aberrations. (H) Venn diagram representing 27 potentially affected breakpoint genes that are assigned 

to three superordinated GO-terms (cell cycle, signal transduction, regulation of response to stress). Six 

genes marked in red are part of the most important downstream GO-term “Positive regulation of 

ERK1 and ERK2 cascade“. The remaining genes are part of other GO-terms. (I) GO-term enrichment 

analysis of 34 genes listed in (G). GO-terms were referenced to the selected cancer genes. The top 10 

GO-terms are depicted. 



 

 

Fig. S4. Analysis of EMT scores and markers in 4T1 cells, E/m- and M/e-type sublines. 

(A) Epithelial and mesenchymal phenotypes of 4T1, CTC1, and CTC lines generated from mice re-



transplanted with DTC1 cells were assessed. Shown are representative pictures of CTC1, 4T1 and 

CTCs displaying various degrees of EMT (upper panels). EMT score is presented as product of 

percentage of mesenchymal/spindle shape cells and cell-cell contact level (see Materials and 

Methods). (B) EMT score for 4T1, CTC1, and DTC1-derived CTC lines is presented as mean with SD 

from n = 4 experiments. Mice of origin are color-coded in the bar graph. (C) Immunohistochemistry 

staining of vimentin and control in E/m-type (CTC6-6, CTC6-11, CTC8-12) and M/e-type (CTC8-6, 

CTC8-5, CTC8-1) CTCs derived from DTC1 transplantations. Shown are representative pictures from 

n = 3 staining. (D) mRNA transcript levels of epithelial markers Epcam, E-cad, Rab25, Ddr1, Grhl2, 

Krt19, and mesenchymal maker N-cad, Vim, Slug, Zeb1/2, Erbb2/3, Snail, Twist in E/m-type (CTC6-

6, CTC6-11, CTC8-12) and M/e-type (CTC8-6, CTC8-5, CTC8-1) CTCs derived from DTC1 

transplantations, with 4T1 cells as a reference set to 1. Shown are mean with SD from n = 3 

independent experiments performed in triplicates. T-test E/m versus M/e cells is indicated; ns: not 

significant, * <0.05, ** < 0.01, *** < 0.001. 

  



 

 

Fig. S5. Analysis of cell proliferation, adhesion, sensitivity to chemotherapy, and 

metastasis formation in 4T1 cells, E/m-, M/e-, and M-type sublines. (A) Cell proliferation of 

E/m-type (CTC6-6, CTC6-11, CTC8-12) and M/e-type (CTC8-6, CTC8-5, CTC8-1) CTCs derived 

from DTC1 transplantations (initial seeding number 5000 cells, cell numbers were counted on day 5). 

Shown are mean with SD from n=4 independent experiments. T-test E/m versus M/e cells is indicated; 

*** < 0.001. (B) Adhesion assay to matrigel and gelatin was performed with E/m-type (CTC6-6, 

CTC6-11, CTC8-12) and M/e-type (CTC8-6, CTC8-5, CTC8-1) CTCs. Shown are mean adhesion rate 

with SD from n ≥ 3 independent experiments performed in triplicates. T-test E/m versus M/e cells is 

indicated; *** < 0.001. (C) Chemoresistance towards cisplatin and doxorubicin was tested across a 



concentration range of 1.875 - 120 µM by MTT assay in the indicated cell lines. Shown are viability 

curves with SD from n = 3 independent experiments performed in triplicates. Statistical analysis was 

done by comparing IC50 values. One-way ANOVA with posthoc multiple testing and Bonferroni 

correction*, p-values is indicated. (D-E) D: Epithelial E-type (4T1), E/m-type (CTC6-6, CTC6-11, 

CTC8-12, DTC1), M/e-type (CTC8-6, CTC8-5, CTC8-1) and mesenchymal M-type (CTC1) cells 

were transplanted into mice through tail vein injection. After 19 days, numbers of superficial lung 

metastasis were counted and lungs were harvested for further metastasis colony formation assay. Dot 

plots show numbers of metastasis counted in lungs including mean (line) and p-values. E: Metastasis 

colony formation assay was performed (Materials and Methods) and is displayed as dot plots showing 

numbers of colonies including mean (line). One-way ANOVA with posthoc multiple testing and 

Bonferroni correction*, p-values is indicated. (F-G) E/m-type (CTC6-6), M/e-type (CTC8-6, CTC8-5, 

CTC8-1) and mesenchymal M-type (CTC1) cells were transplanted into mice through tail vein 

injection. Each experimental group was ended at indicated signs of endpoint. F: Dot plots show 

numbers of metastasis counted in lungs including mean (line) and p-values. G: Metastasis colony 

formation assay was performed and is displayed as dot plots showing numbers of colonies including 

mean (line). One-way ANOVA with posthoc multiple testing and Bonferroni correction*, p-values is 

indicated. (H) Line charts shows mouse weight curves for each group as mean with SD. 

  



 

 

Fig. S6. Analysis of morphology, EMT scores, and EpCAM expression of 4T1-, CTC1-, 

and DTC1-derived single cell clones, and DTC1-derived CTC sublines. (A) Single cell 

clones were generated from 4T1 (n = 30), CTC1 (n = 23), and DTC1 cells (n = 30). Shown are 

representative pictures of 4T1, CTC1, DTC1 single cell clones and DTC1-derived CTC lines (n = 26) 

with highest and lowest EMT scores. (B) Dot plots shows mean values of EMT scores in 4T1, CTC1, 

DTC1 single cell clones and DTC1-derived CTC lines from n = 3 independent scoring. The degree of 

EMT score dispersion in each group is shown as frequency diagrams with variance (squared value of 

standard deviation) and range (difference between lowest and highest values). Kruskal-wallis test with 

posthoc multiple testing and Dunn´s correction, * < 0.05, ** < 0.01, *** < 0.001. (C) Dot plots shows 



means of EpCAM expression in 4T1, CTC1, DTC1 single cell clones and DTC1-derived CTC lines 

from n = 2 initial measurements. The degree of EpCAM expression dispersion in each group is shown 

as frequency diagrams with variance and range. One-way ANOVA with posthoc multiple testing and 

Bonferroni correction, *** < 0.001. 



 

 

Fig. S7. EpCAM expression in 4T1- and CTC1-derived primary tumors and metastases, 

and in primary tumors, lymph node and distant metastases of clinical samples of MBC. 

(A-B) EpCAM expression in 4T1 derivative cell lines. EpCAM expression was measured by flow 

cytometry in permanent cell lines originating from primary tumor and metastases generated following 

re-transplanted of 4T1 (left panel) and CTC1 cells (right panel) into BALB/c mice. Brackets demark 

cell lines originating from one individual mouse. L: lung, S: spleen, LN: lymph node. Data is 

presented as mean fluorescence intensity ratios (EpCAM/control) with SD. Shown are mean MFI-R 

with SD from n ≥ 3 independent experiments performed in unicates. One-way ANOVA with posthoc 

multiple testing and Bonferroni correction*; p-values is indicated ns: not significant. (C) EpCAM 



expression level was assessed in n = 38 human breast tumors. Shown are representative 

immunohistochemistry (IHC) staining of EpCAM in primary tumors and corresponding metastatic 

sites (lung, liver, bone marrow, lymph node) and the quantification of EpCAM IHC scores of paired 

tumor and metastases samples (see Materials and Methods). Paired T test; * < 0.05, *** < 0.001. 

  



 

Fig. S8. Patients’ characteristics and ploidy and cell size of CTCs and DTCs from MBC 

patients. (A) Patients’ characteristics. Shown are clinical parameters for n=34 MBC patients 



including gender, age, tumor stage, subtype, follow-up time in months, distant metastases, CTC and 

DTC numbers. (B) Characterization of chromosome 8 ploidy and cell size compared to white blood 

cells (WBC) in CTCs and DTCs isolated from breast cancer patients. Shown are frequencies of 

differential ploidy statuses and cell size compared to WBC in percent for CTC and DTC from n=34 

MBC patients. Additionally, the ploidy status is depicted in relation to CTC and DTC size compared 

to WBC (lower panels). (C) Shown are proportions of EpCAM+ CTC and DTC in individual patients 

(n = 34) (left pie charts) and in overall numbers of CTC (n = 700) and DTC cells (n = 56,816) (right 

pie charts). Blue: EpCAM+, red: EpCAM-. Data exclude EpCAM+ diploid CTC and DTC, and 

represent exclusively aneuploid cells. 

  



 

 

Fig. S9. Copy number variations in EpCAM+ and EpCAM– CTCs from MBC patients. 

Shown are CNV on all chromosomes with numbers of CNV regions, genes, and length of CNV 

regions. Unsupervised clustering of top 100 CNV in in EpCAM+ and EpCAM- CTC. (A) Visualization 

of copy number variation (CNV) profiles in n=10 EpCAM+ (light blue) and n=20 EpCAM- single 

CTCs (black). Within the chromosome plots, red indicates DNA copy number amplifications and blue 

indicates deletions in log2 scale. (B) Chromosome distribution of significantly different CNV regions 



(CNVRs) between EpCAM+ and EpCAM- CTCs. Listed are chromosomes, numbers of CNVRs, 

numbers of genes affected and total length of CNV regions in base pairs (bp). (C) Shown is an 

unsupervised clustering of the top 100 CNV, including genes encoded in the genomic regions affected 

by the CNV between EpCAM+ (light blue) and EpCAM- CTCs (black). CTCs originated from n = 3 

patients, which are denoted as Pt1-3. 

  



Table S1. Enrichment analysis of GO biological process terms of CNVs from EpCAM+ 

and EpCAM– CTCs. Enrichment analysis of GO biological process terms was carried out with in 

657 CNVs comprising 1255 genes obtained from EpCAM+ vs EpCAM- CTCs. Shown are all terms 

with p-value < 0.05. Genes marked in red font were amplified, genes marked in green font were 

deleted. 

 


