
 

Supplementary Information 

 

Patients  

All patients had advanced stage (UICC Stage IV), progressive disease at the time of blood 

collection. Clinical evidence of disease progression was based on (a) newly diagnosed 

metastatic disease, (b) disease progression after initial treatment response during treatment 

break or, (c) primary tumor progression as initial response to anti-tumor treatment. Clinical 

data for patients where CTC analyses were performed (i.e., #6, #9, #18, #22, #26, and #38) 

are summarized in Supplementary Table 1. The study was approved by the local ethics 

committee and written informed consent was obtained from all patients. The patients were 

seen at the Division of Clinical Oncology, Department of Internal Medicine at the Medical 

University of Graz.  

In the following are additional details to some patients: 

Patient #6: When the initial diagnosis was made in patient #6, he already had metastases in 

the liver, bones, abdominal lymph nodes and peritoneum. However, a biopsy was obtained 

only from the primary tumor (Array-CGH profile in Supp. Fig. 2a). This biopsy was used to 

establish the KRAS mutation status and the G12V mutation was found. Five months later, a 

cerebellar metastasis was completely resected. Many copy number changes in the array-CGH 

profile of this metastasis (Supp. Fig. 2b) differed from those observed in the primary tumor. 

Three months after resection of the metastasis we collected blood for our analyses - i.e., 8 

months after the initial diagnosis. Thus, multiple tumor sites could have released CTCs into 

the circulation at the time of blood collection. 

Patient #38: Patient #38 had at diagnosis the primary tumor completely resected, the primary 

tumor had the KRAS G12D mutation. Fourty-four months later, metastases were noted in 

liver, bone and lung, a biopsy was obtained from the liver. One month later we performed our 
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analyses. Array CGH of the primary tumor of patient #38 revealed gains on chromosomes 1q, 

7, 12, and 20q and loss on chromosome 18 (Supp. Fig. 4a). The liver metastasis, which had 

been obtained only a month before our blood collection showed an almost identical copy 

number profile (Supp. Fig. 4b), suggesting that no major shift in copy number alterations had 

occurred during the 44 months between diagnosis of the primary tumor and occurrence of the 

metastasis. 

 

Supplemental Experimental Procedures 

 

Detection of CTCs and whole-genome amplification 

Blood samples (7.5-ml each) were collected into CellSave tubes (Veridex, Raritan, NJ, USA). 

The Epithelial Cell Kit (Veridex) was applied for CTC enrichment and enumeration with the 

CellSearch system as described previously (1). In brief, in a first step CTCs were captured by 

anti-epithelial cell adhesion molecule (EpCAM)-antibody-bearing ferrofluid. Subsequent 

identification of CTCs was based on cytokeratin (CK)-positivity and negativity for the 

leukocyte common antigen CD45. In addition, 4′,6-diamidino-2-phenylindole (DAPI) staining 

was done to evaluate the integrity of the nucleus.  

For further analysis of CTCs, the EpCAM-enriched cell fraction in a volume of 300 µl was 

transferred from the CellSearch cartridge onto slides. Nucleated CK-positive, CD45-negative 

CTCs were isolated with the help of a micromanipulation device comprising the microinjector 

CellTram vario and the micromanipulator TransferMan NK2 (Eppendorf AG, Hamburg, 

Germany) connected to an Axiovert 200 inverted microscope (Carl Zeiss AG, Jena, 

Germany). Single CTCs were placed into a 2.5 µl water drop in a 200 µl PCR reaction tube 

and stored overnight at -20°C prior to whole genome amplification. To propagate DNA from 

single CTCs, either the GenomePlex Single Cell Whole Genome Amplification Kit (Sigma-
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Aldrich, St. Louis, MO, USA) as described previously (2, 3) or the GenomiPhi DNA 

amplification kit (GE Healthcare, Chalfont St. Giles, UK) was applied. 

For WGA using the GenomiPhi DNA amplification kit, 9 µl sample buffer and 1 µl protease 

(Qiagen, Hilden, Germany, dissolved in distilled water, final concentration 10.7 µAU/µl) 

were added for cell lysis (50 °C for 15 min, 70°C for 15 min). The DNA was denatured (95°C 

for 2 min) and 10 µl reaction mix (9 µl reaction buffer + 1 µl enzyme mix) was added. The 

amplification reaction was performed at 30 °C for 2.5 h, followed by a final inactivation step 

at 65 °C for 10 min. 

WGA products were purified using the GenElute PCR Clean-up Kit (Sigma-Aldrich, St. 

Louis, MO, USA) for DNA obtained with the GenomePlex Single Cell WGA Kit (Sigma-

Aldrich) or NucleoSeq Columns (Macherey-Nagel, Düren, Germany) for GenomiPhi 

amplified DNA. The final DNA concentration was determined by a NanoDrop ND-100 

Spectrometer (Peqlab Biotechnologie, Erlangen, Germany).  

When present in the primary tumor, we also tested for KRAS mutations in the CTC 

amplification products by Sanger sequencing. 

 

DNA isolation of tumor DNA from FFPE sections 

Formalin-fixed paraffin embedded (FFPE) tissue samples from primary tumors and, if 

available, from metastases were cut and mounted on a microscope slide. Hematoxylin and 

eosin stained slides were reviewed by experienced pathologists (C.L. and S.L.) and areas with 

a high tumor cell infiltration were macrodissected from parallel sections and DNA was 

isolated using the QIAamp DNA FFPE tissue kit (Qiagen, Hilden, Germany), following the 

manufacturer’s instructions. Quantification and quality of the extracted DNA were determined 

using the Nano-Drop Spectrometer ND-1000 (Peqlab Biotechnologie, Erlangen, Germany).  
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Array CGH 

Array CGH was carried out using a genome-wide oligonucleotide microarray platform 

(Human genome CGH 60K microarray kit, Agilent Technologies, Santa Clara, CA, USA), 

following the instructions of the manufacturer (protocol version 6.0). We used commercially 

available male reference DNA (Promega, Madison, WI, USA). DNA from FFPE samples and 

the CTCs, which were amplified with Phi 29 polymerase, were additionally digested with 

ALUI/RSAI. Samples were labeled with the Bioprime array CGH genomic labeling system 

(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. In brief, 500 

ng test DNA and reference DNA were differentially labeled with dCTP-Cy5 or dCTP-Cy3 

(GE Healthcare, Milwaukee, WI, USA). Slides were scanned using a microarray scanner, and 

images were preprocessed using Feature Extraction and DNA Workbench 5.0.14 (Agilent 

Technologies).  

Evaluation of our array CGH was done based on our previously published algorithm (4) in R 

(5). In brief, data normalization and calculation of ratio values were conducted employing the 

Feature Extraction software 9.1 from Agilent Technologies. The algorithm focuses on 

detecting which ratio values differ significantly from the ratio profile’s mean and should 

therefore be considered as over- or under-represented. The algorithm employs running means 

with different window sizes and analyses at progressively greater levels of smoothing and 

subsequently combining these analyses. Consecutive data points are combined and their mean 

ratio values are presented in graphs of array CGH results. The algorithm iterates through the 

profile by changing window positions, employing a sliding window approach. The algorithm 

calculates the mean ratio value for each window based on the respective ratio values. 

Assuming that a window’s ratio values are distributed normally, we estimate the standard 

deviation (SD) by considering the outmost value that is within ± 34.1% of the mean. 

Thresholds were defined as ± 1.25 times the SD in single cell experiments. The values 
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obtained were assigned to all oligos of the respective window. If a window shows a 

significantly increased or decreased mean ratio value the mean position of that window will 

be displayed above or below the respective region of the ratio profile. We used 7 different 

window sizes consisting of 10, 25, 50, 100, 250, 500, and 750 adjacent oligos. Depending on 

the window size it will be labeled with a different color and distance to the X-axis, thus 

generating a color bar code. As we use sliding windows, the assessment of the copy number 

status of each oligo is based on 44 different calculations. The final assessment is indicated in a 

single green or red bar for gained or lost regions, respectively, which is generated if at least 39 

(90%) of the 44 repetitive calculations consistently result in the same copy number change. 

Furthermore, the algorithm generates a table with all localizations of significant calls which 

allows detailed mapping of each CNV. All ratio profiles shown in the center of the images 

were calculated using a 500 oligonucleotide window.  

 

Establishment of integer copy numbers 

Single cells should have integer copy number states. We inferred them from the array CGH 

ratio values as follows: A nullosomy is reflected by a log2(0) ratio value, which should in 

theory result in an infinite small ratio value, but is in practice usually indicated by a very 

small (<-2) log2 ratio value. A heterozygous deletion in a diploid cell results in a ratio of 1:2, 

which translates to a log2(0.5) ratio value of -1. With the exception of nullosomies there are 

two (i.e. 2:3; log2 ratio: -0.585 and 1:3; log2 ratio: -1.585) different possible deletion states in 

a triploid cell and three (i.e. 3:4, log2 ratio: -0.415; 2:4, log2 ratio: 1; 1:4, log2 ratio: -2) in a 

tetraploid cell. There are even more discrete ratio values for high level amplifications. 

Therefore, our algorithm focuses on ratio values for the limited number of deleted conditions 

to first establish the ploidy of a cell and, second, to infer subsequently the integer copy 

number of increased ratio values. We subdivided ratio values from 1.2 (which approximately 

corresponds in a diploid cell to a 5:2 copy number ratio, in a triploid cell to a 7:3, and in a 
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tetraploid cell to a 10:4 copy number ratio) to less than -1.5, which covers the monosomies in 

di- (i.e. 1:2 copies), tri- (1:3) and tetraploid (1:4) cells, into 20 different bins. We used then 

non-parametric Gaussian kernel density estimators similar to a previously described approach 

(6, 7) employing the bkde2D function in R (5) to establish the distribution of ratio values into 

the various bins. Such a high number of bins was necessary because the higher the ploidy 

level, the smaller the log2 ratio differences between different integer copy number states. 

Thus, adjacent bins may represent the same copy number, depending on the ploidy level of a 

cell. Furthermore, due to smoothing operations and the various window sizes employed 

during the evaluation process, some ratio values representing the same integer copy number 

may be also be assigned to neighboring bins. Supp. Fig. 7 shows such Gaussian kernel 

smoothed density plots for a diploid and a tetraploid cell, respectively. To confirm whether 

the integer copy number estimations are correct, array CGH offers the option to compare the 

respective array CGH ratio profile with the integer copy number profile. Thus, we simulated 

integer copy number profiles for each cell, assuming a diploid (Supp. Fig. 8a), triploid (Supp. 

Fig. 8b), tetraploid (Supp. Fig. 8c) state and compared those to the initial array CGH profile 

(Supp. Fig. 8d). 

 

Reconstruction of copy number profiles from individual CTCs 

Common copy number profiles were reconstructed after establishing the integer copy number 

status. We added up the previously established integer copy numbers for each oligonucleotide 

and each cell and divided those by the number of cells included in the analysis. 

 

Enrichment of genes 

A total of 68 genes (Supplementary Table 2), corresponding to 696 kb, which are frequently 

mutated in CRC 

(www.sanger.ac.uk/perl/genetics/CGP/cosmic?action=byhist&ss=colon&sn=large_intestine&
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s=3) according to the COSMIC database (Catalogue Of Somatic Mutations In Cancer), were 

enriched using a SeqCap EZ Choice Library (Roche Nimblegen, Madison, WI, USA), 

following the manufacturer´s instructions. In brief, SeqCap EZ Oligo pool was designed and 

synthesized against the above mentioned target regions in the genome. A standard shotgun 

library was made from genomic (tumor and metastasis of patients 6 and 26) or amplified 

(CTCs from patients 6 and 26) DNA. Four libraries were pooled equimolarily (250 ng each) 

(FFPE pool: tumor and metastasis of patient 6 and 26, CTC pool 1: CTC 7, 13, 14 from 

patient 6, CTC 5 from patient 26; CTC pool 2: CTC 21, 22, 24, 28 from patient 26) and 

hybridized to the SeqCap EZ Oligo pool for 72h. Streptavidin beads were used to pull down 

the complex of captured oligos and genomic DNA fragments, whereas unbound fragments 

were removed by washing. Finally, the enriched fragment pools were amplified by PCR. For 

quality control of enrichment qPCR at control loci included in the Choice Library and for one 

target gene (TP53) was performed. Average fold-enrichment for control loci enriched was 

4321-fold and for the selected target gene TP53 9210-fold. 

 

Sequencing of target enriched library pools 

For sequencing of the target enriched library pools of tumors, metastases, and CTCs we 

followed the Lib-L protocol (emPCR Method Manual – Lib-L LV). To achieve sufficient 

coverage for all samples and due to low quality reads of FFPE samples (tumors and 

metastases) we performed four sequencing runs for a total of 3 library pools.  

A total of 959.790 and 2,070.381 sequences were generated for the FFPE pool (tumor and 

metastasis of patient 6 and 26) and the two CTCs pools (pool 1: CTC 7, 13, 14 from patient 6 

and CTC 5 from patient 26; pool 2: CTC 21, 22, 24, 28 from patient 26), respectively. Read 

length was remarkably consistent throughout the experiment. The average read length was 

232bp for the FFPE material and 329bp for the CTCs, and the total yield from the sequencing 

run was 223Mb for the 4 FFPE samples and 683Mb for the 8 CTCs. The average coverage of 
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tumors and metastases (24x) was lower as compared to the CTCs (41x). Sequencing of 

enriched CTCs achieved more on-target reads (55.6%) than sequencing of the FFPE material 

(41.5%). 

 

Deep sequencing with the Illumina MiSeq 

For validation of “private CTC mutations”, i.e. mutations found in only one CTC, we used a 

comparative ultra-deep sequencing approach employing the Illumina MiSeq. Primers were 

designed for all private CTC mutations and Illumina specific adapters were attached to the 5’ 

ends. We sequenced DNA from the primary tumors, metastases, and normal tissue from both 

patient #6 and #26. The DNA samples were amplified by PCR using the FastStart High 

Fidelity PCR System (Roche). The PCR products were individually checked on agarose gel 

and purified using the Agencourt AMPure kit (Beckman Coulter) according to the 

manufacturer’s protocol. PCR products were quantified using Quant-iT PicoGreen dsDNA 

Assay Kit (Invitrogen) and pooled equimolarly into four pools including PCR products of the 

respective samples (i.e. primary tumor, metastasis, normal tissue) from patient #6 and #26. 

Four independent runs were performed on an Illumina MiSeq® System. Obtained sequence 

reads were base called, filtered by quality metrics, and aligned to the human reference 

sequence. Evaluation was done according to the recently described deepSNV algorithm (8). 

 

Hierarchical cluster analyses  

We used copy number changes to perform hierarchical (centroid linkage) cluster analysis. 

Oligonucleotides with gained ratio values were set to 1, balanced oligonucleotides to 0, and 

lost oligonucleotides to -1. Thus, cluster analysis was based on the values of 59,012 

olignucleotides per tumor, metastasis, and CTC, respectively. We used the Gene Cluster 3.0 

software, which is an enhanced version of the original Cluster/TreeView program described 
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by (9). Cluster 3.0 was created by Michiel de Hoon together with Seiya Imoto and Satoru 

Miyano and is available under the URL (http://bonsai.hgc.jp/~mdehoon/software/cluster/). 

 

Statistics 

Statistical analysis was done using Microsoft Excel or R (5) for the Wilcoxon Rank Sum test. 

Unpaired two-sided Student’s t tests were used to calculate P values for the other data sets. 
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Supplementary Figures 

 

Supplementary Figure 1 

Additional CTCs from patient #26. 

Individual CTC-integer number profiles from CTCs 05 (a), 24 (b), 25 (c), 28 (d). 

 

Supplementary Figure 2 

Evaluation of available material from patient #6. 

(a-b) Array CGH profiles of the primary tumor (a) and metastasis (b). The multicolor bar 

codes at the top or bottom of the ratio profiles illustrate the results obtained during the 

iterative calculations with various window sizes, the single green and red bars summarize the 

regions which were gained or lost based on all calculations (Supplementary Methods). Black 

parts in the profile represent balanced regions, lost regions appear in red and gained regions in 

green.  

(c) Integer copy number profiles of CTC14. 

 

Supplementary Figure 3 

Evaluation of available material from patient #9. 

(a-b) Array CGH profiles of the primary tumor (a) and metastasis (peritoneal carcinomatosis) 

(b). Regarding the color bar codes please see legend to Supp. Fig. 2. 

 

Supplementary Figure 4 

Evaluation of available material from patient #38. 

(a-b) Array CGH profiles of the primary tumor (a) and liver metastasis (b). 
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Supplementary Figure 5 

Analysis of CTC03 of patient #22: The array-CGH ratio profile demonstrates losses on 

chromosomes 3, 4, 5, 8p, and 18 and gains on chromosomes 7p, 17q, and 20. 

 

Supplementary Figure 6 

Sequencing of UCR41 and flanking regions: UCR41 is a 217-bp-long ultra-conserved region 

depicted in dark green. The gray bar indicates the extremely conserved sequence. The region 

is flanked by two SNPs that are frequent in the European population (blue arrows). The black 

curve indicates the mutability, which is higher in non-conserved regions compared with 

conserved segments (10). The black bars illustrate the 5 overlapping amplicons used for 

amplification. Mutations identified in our samples are indicated with red arrows. The genomic 

coordinates refer to the hg18 assembly of the human genome. (The graph is reproduced with 

permission from De Grassi et al. (10)) 

 

Supplementary Figure 7 

Ratio bin distributions for CTC12 (a) and CTC03 (b) from patient #6. The large bin 13 peak 

indicates the frequency of oligonucleotides with balanced ratio values. The bins to the right of 

13 represent the bins for oligonucleotides with deleted, the bins to the left oligonucleotides 

with increased values.  

(a) In CTC12 only one of the bins for deleted values was increased (i.e. bin 15), suggesting 

that this cell is diploid. In a diploid cell the log2 ratio for balanced values ranges from 0.295 to 

-0.293 and therefore extends to bins adjacent to 13, which is reflected by the small increases 

in the bins 12 and 14. The peaks at bins 11 and 12 reflect trisomies (i.e. a 3:2 ratio or an 

integer copy number of 3), the peak at 9 indicates tetrasomies (i.e. 4:2) or 4 copies). 

(b) CTC03 had clearly more discrete deleted copy number states visible at bins 15 to 18, 

suggesting that this cell is tetraploid. In a tetraploid cell the log2 ratio range for balanced 
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values is narrower (i.e. 0.161 to -0.208) as in a diploid cell, which is reflected in the almost 

empty bins 12 and 14. Bin 15 represents oligonucleotides with ratio values translating to 3 

copies, bins 16 and 17 to two copies and bin 18 to one copy. Bin 10 represents 5 copies, bins 

8 and 9 six copies, bin 7 seven copies, and bin 4 eight copies.  

 

Supplementary Figure 8 

Calculation of different integer copy number profiles for CTC03 from patient #6 assuming 

diploidy (a), triploidy (b), or tetraploidy (c) and the respective array CGH profile (d). 

 

 

 


