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Abstract  
Background: Intra-tumour heterogeneity is a common feature of many cancers and can 
facilitate tumour evolution. The aim of this study was to assess heterogeneity in genomic copy 
number alterations (CNAs) at the single-cell level in lung tumour samples using low coverage 
single-cell whole genome sequencing (scWGS).  
Patient and methods: We used 586 nuclei from three metastases and two primary tumour 
samples from a small cell lung cancer (SCLC) patient to generate scWGS libraries. Good quality 
scWGS libraries (54-82 cells/sample) and CNAs were identified using AneuFinder.  
Results: CNA plots of merged scWGS data for all five tumour samples revealed patterns very 
similar to those seen in array CGH-based plots of DNA derived from the total tumour. Analysis 
of the scWGS data revealed a high degree of intra-tumour CNA heterogeneity among single 
cells from the primary tumour, lymph node metastasis and adrenal gland metastasis, but a 
much lower degree of heterogeneity and a distinct CNA pattern in the liver metastasis cells. 
A CNA pattern identical to that of the merged liver metastasis was observed in two out of 74 
cells from one of the two primary tumour samples and in five out of 72 cells from the adrenal 
metastasis. No cells with the CNA pattern observed in the liver metastasis were found in the 
other primary tumour sample or in the lymph node metastasis.  
Conclusions: A high degree of CNA heterogeneity was observed among cells from five distinct 
tumour locations in a SCLC patient. Strikingly, a minority of tumour cells from one of the 
primary tumour samples and from the adrenal metastasis showed the dominant CNA pattern 
observed in liver metastasis cells. Our data suggests polyclonal tumour-cell seeding occurred 
in lymph node and adrenal metastases and monoclonal seeding occurred in the liver 
metastasis.  
 
Key message 
Heterogeneity in both primary tumour and metastasis is a prominent factor in tumour 
evolution. Using single-cell whole genome sequencing of multiple tumour samples from a 
small cell lung cancer patient, we found heterogeneity at the copy-number-alteration level 
that indicated mono- and polyclonal seeding of metastasis-specific subclones. These 
metastasis-specific subclones were already present in the primary tumour. 
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Introduction 
Lung cancer is the main cause of cancer-related deaths in the world. The estimated number 
of new cases in the US in 2016 was 224,390 with approximately 158,080 deaths 1. Small-cell 
lung carcinoma (SCLC) represents approximately 12% of all lung cancer cases. Patients with 
SCLC have a very poor prognosis, with a 5-year survival of 20-25% for limited stage disease 
and a 2-year survival of less than 10% for extensive stage disease 2. The most striking clinical 
features of SCLC is the rapid development of metastasis and an initially good tumour response 
to chemotherapy that is often quickly followed by an early tumour relapse.  
Phenotypic intra-tumour heterogeneity (ITH) has been reported in many tumour types in 
multiple studies as reviewed by Navin and Hicks 3. In addition to phenotypic ITH, studies using 
next generation sequencing techniques support a marked degree of genomic ITH 4–7. 
Occurrence of ITH implies the presence of different subclonal populations of cancer cells 8. 
Using a multi-region approach, it has been shown that subclones of cancer cells in the primary 
tumour can seed distant metastasis 5,9, and the metastases appeared to have a more 
homogeneous profile of somatic mutations and copy number alterations (CNAs) in 
comparison to the highly heterogeneous primary tumour 5. 
Single-cell sequencing approaches allow analysis of ITH at the level of CNAs. In SCLC patients, 
low-coverage whole-genome sequencing (WGS) of single circulating tumour cells revealed 
different copy number alterations that partly resembled the aberrations in the primary 
tumour or metastasis 10. Single-cell sequencing studies in primary tumour and metastasis 
samples of SCLC patients have not been reported previously.  
In this study, we used a recently developed single-cell sequencing platform 11,12 to quantify 
tumour heterogeneity by measuring CNAs, which are considered as events underlying 
oncogenic rearrangements 13. What we find is a strikingly high number of CNA heterogeneities 
in primary and metastatic SCLC samples, but a low degree of CNA heterogeneity in the liver 
metastasis.  
 
Materials and Methods  
 
Patient 
The patient was a heavily smoking 79-year-old woman without a history of malignancy who 
had been diagnosed with chronic obstructive pulmonary disease and diabetes mellitus more 
than thirty years prior. She was admitted to the hospital with superior vena cava syndrome 
and was found to have an enlarged right-sided adrenal gland due to metastasized small-cell 
lung cancer. She received one course of carboplatin and etoposide immediately, but died 
suddenly in the hospital eight days later due to heart failure. FDG-PET/CT showed a large 
mediastinal tumour in the upper lobe of the right lung with mediastinal involvement and 
compression of the upper caval vein, multiple liver metastases, metastases in the right 
adrenal gland, and bone metastases at the 6th rib, sacral bone, and 7th thoracic and 2nd 
lumbal vertebra (Figure 1). No brain metastases were detected on MRI. At autopsy, two fresh 
tissue samples were taken from different areas of the 7-cm-sized primary tumour and one 
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sample from multiple other metastatic lesions. All samples were frozen at -80°C. 
Haematoxylin and eosin staining was performed for each tumour sample to confirm diagnosis 
and to determine tumour cell percentage. 

Figure 1. Presentation of tumour in different organs as detected by FDG-PET/CT (A-C); A) primary 
tumour in right upper lobe of lung (circle), which consists of primary tumour 1 (*) and primary tumour 
2 (**), mediastinal lymph node (arrow), B) metastasis in liver (circle), and C) metastasis in right adrenal 
gland (circle). (D) Schematic representation of the distribution pattern of tumour region specific cells 
calculated based on Pearson’s correlation coefficient. Colours indicate different tumour regions. 
 

Array-based comparative genomic hybridization 
Genomic DNA was isolated using standard laboratory procedures. 500ng tumour DNA and a 
mixed DNA pool of 15 normal subjects (from peripheral mononuclear blood cells) were 
labelled with Cy5 and Cy3, respectively, according to the Complete Genomic SureTag DNA 
Enzymatic Labelling Kit protocol (Agilent Technologies, Santa Clara, USA). The program setting 
for incubation for denaturation was 3 min at 95°C followed by 5 min at 4°C. DNA labelling was 
for 2h at 37°C and 10 min at 65°C. Hybridization was carried out using custom-designed 
Agilent 4x180K Human Genome CGH microarray slides (Agilent ID 027730) following the 
protocol OligoaCGH/ChIP-on-Chip Hybridization kit (Agilent Technologies). The program 
setting for incubation for blocking unspecific binding and removing repetitive sequences was 
3 min at 95°C then 30 min at 37°C. Hybridization was for 22h at 65°C, 20 RPM. Slides were 
scanned using the G25052C DNA microarray scanner (Agilent Technologies). The data were 
analysed in Nexus 7.5, Biodiscovery using FE Agilent data type (Biodiscovery, California, USA). 
 
Single cell whole genome sequencing, CNA, heterogeneity and aneuploidy scores 
Three 30μm thick sections of fresh-frozen tissues were incubated in nuclear isolation medium 
[10mM Tris-Cl (pH8), 320mM sucrose, 5mM CaCl2, 3mM Mg(Ac)2, 0.1mM EDTA, 1mM 
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dithiothreitol (DTT) and 0.1% Triton X-100]. Nuclei were gently pushed out of the tissue pieces 
through a 70µm filter using a syringe plunger. After centrifugation, nuclei were re-suspended 
in PBS containing 2% BSA and the DNA-binding dye DAPI (10 μg/ml) for assessment of DNA 
content. Single G1 phase nuclei were sorted based on low DAPI fluorescence using a 
MoFloAstrios Cell Sorter (Beckman Coulter) into 96-well skirted PCR plates containing 5μl 
freeze medium [50% PBS, 7.5% DMSO and 42.5% 2X Pro-Freeze CDM Freeze Medium (Lonza)]. 
Wells with 10 nuclei were sorted as positive control and empty wells served as negative 
controls. 
Library preparation was performed as described by van den Bos et al. (2016) 11. For 
sequencing, clusters were generated on the cBot (HiSeq2500) and single-end 50bp reads were 
generated using the HiSeq2500 sequencing platform (Illumina, San Diego, USA). Raw 
sequencing data were demultiplexed based on library-specific barcodes that were 
incorporated during library preparation. Demultiplexed fastq files were aligned to the human 
reference genome assembly (GRCh37) using Bowtie2 (version 2.2.4) 14 with default settings. 
The resulting BAM files were sorted using Samtools 15 and duplicate reads were marked using 
BamUtil (version 1.0.3).  
CNAs were determined CNAs were determined of 586 tumour nuclei using AneuFinder 16 with 
the following settings. Duplicate reads and low-quality alignments (MAPQ<10) were 
discarded, read counts in 2Mb variable-width bins were GC-corrected, and CNA state was 
determined with a 10-state Hidden Markov Model (HMM) with copy-number states: zero-
inflation, null-, mono-, di-, tri-, tetra-, penta-, hexa-, septa- and octasomy. Using the 
Aneufinder function, ClusterByQuality, the resulting single-cell libraries were clustered based 
on several quality criteria: bin-to-bin variation in read density (spikiness), entropy, number of 
ploidy state segments, Bhattacharyya distance and the log-likelihood of the fit as described 
by Bakker et al. 16. The highest quality cluster from each sample was then used in subsequent 
analysis. After this filtering step, 383 of 586 tumour nuclei remained.  
 
After the second filtering step, 346 out of 383 tumour nuclei remained in the final libraries, in 
which the most common state of chromosome arm is disomy. For further analysis, two bins 
at the centromere of chromosome 3 (Chr3:82444744-86324666) that showed an artificially 
high variance in CNA among cells were excluded from each single-cell data. The heterogeneity 
score (HS) was measured as the number of cells with a distinct copy number state within the 
population as described by Bakker et al. (2016). HS was defined as:  

             𝐻𝐻𝐻𝐻 = 1
𝑇𝑇𝑇𝑇∑ ∑ 𝑓𝑓 ∙ 𝑚𝑚𝑓𝑓,𝑡𝑡

𝑆𝑆
𝑓𝑓=0

𝑇𝑇
𝑡𝑡=1     

where N is total number of single cells, T is total number of bins, mf,t is the number of cells 
with copy number states at bin t, and S is the total number of copy number states. The 
aneuploidy score (AS) was measured based on the divergence from the euploidy as described 
by Bakker et al. 16. The AS was defined as: 

𝐴𝐴𝐻𝐻 = 1
𝑇𝑇𝑇𝑇 ∑ ∑ |𝑐𝑐𝑛𝑛,𝑡𝑡 − 𝑒𝑒𝑡𝑡|𝑇𝑇

𝑡𝑡=1
𝑇𝑇
𝑛𝑛=1
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where N is total number of single cells, T is total number of bins, cn,t is the copy number state 
of cell n in bin t, and et is the euploid copy number in bin t.   
The hierarchical clustering of tumour cells was performed with complete linkage and 
Euclidean distance measure on the matrix of copy number states for each cell and bin. The 
correlation of the CNA pattern of each single cell to the merged CNAs of each of the five 
tumour samples was calculated using Pearson’s correlation based on copy number states per 
2Mb. The data set(s) supporting the results of this article are available in the ArrayExpress 
repository under accession number E-MTAB-4186. 
 
 
Results 
Copy number alterations in single tumour cells 
Low coverage scWGS was performed on 586 single tumour nuclei derived from five frozen 
tumour samples of the SCLC patient: two areas of the primary tumour and one each from 
mediastinal lymph node, liver and adrenal metastasis. Cells passing quality control and having 
their most common copy number state being disomy (Supplementary Table S1) revealed 74 
(primary tumour 1), 54 (primary tumour 2), 82 (lymph node metastasis), 64 (liver metastasis) 
and 72 (adrenal metastasis) single cell libraries (n=346 cells) (Supplementary Table S2, 
Supplementary materials and methods).  
To exclude experimental bias introduced by the settings of the sorting gates at the G1 peak, 
we performed array-based comparative genomic hybridization (aCGH) on DNA isolated from 
the same five tissue samples. Merged scWGS data of each tumour used to generate bulk CNA 
patterns were highly similar to those generated by aCGH, thus ruling out bias due to sorting 
gates (Supplementary Figure S1).  
The overall CNA patterns of the three metastases were similar to the primary tumour, 
supporting their clonal relation to the primary tumour rather than representing secondary 
unrelated primary tumours.  
 
Intra-tumour CNA heterogeneity  
To identify intra-tumour CNA heterogeneity, we performed unsupervised clustering based on 
the CNA patterns of all individual cells per sample. As expected, the majority of the single 
tumour cells of each sample showed CNA patterns that were consistent with merged scWGS 
data and aCGH-based plots (Figure 2 and Supplementary Figure S1). Each sample also 
contained tumour cells with additional unique CNAs that were not detected by aCGH analysis 
of bulk material (Figure 2 and 3).  
Clustering of primary tumour 1 cells revealed two main clusters (Figure 2A). The dominant 
CNA characteristics were disomy of chromosome 10 and pentasomy of 3q and 13q in one 
cluster and disomy or trisomy of chromosome 10 and tetrasomy of 3q and 13q in the other 
cluster. The overall HS of primary tumour sample 1 was 0.19 and the AS was 0.91 (Figure 2A, 
Supplementary Figure S2A). Primary tumour sample 2 cells grouped into several smaller 
clusters (Figure 2B), and the dominant cluster showed CNAs similar to one of the two clusters 

 

87 
 

in primary tumour 1 (Figure 2A). Primary tumour 2 had the highest HS (0.30) and AS (0.95) 
among all tumour regions (Figure 2B, Supplementary Figure S2B). The lymph node metastasis 
cells showed one main cluster with CNA patterns that were quite similar to primary tumours 
1 and 2. The HS of the lymph node metastasis was 0.14 and the AS was 0.87 (Figure 2C, 
Supplementary Figure S2C). The adrenal metastasis cells clustered into several small clusters, 
which showed an overall disomic state of chromosomes 2, 4, 7, 8, 10 and 21 (Figure 2E). The 
HS of the adrenal metastasis was 0.23 and the AS was 0.92 (Figure 2E, Supplementary Figure 
S2E).  
In contrast to the primary tumour and metastasis cells described above, the liver metastasis 
showed a much more homogenous CNA pattern that included trisomy of 18, disomy of 22 
and pentasomy of Xp. None of these CNAs were prominent in any of the other tumour 
samples. Furthermore, a very characteristic liver-metastasis-specific CNA pattern was 
observed for chromosome 11, with one part being disomic, one part trisomic and one part 
tetrasomic (Figure 2D). This relatively low variation in CNAs in liver metastasis led to this 
region having the lowest HS (0.07). Liver metastasis also had the lowest AS among all tumour 
regions (0.85) (Figure 2D, Supplementary Figure S2D).  
Altogether, our single cell CNA analyses revealed a marked variation in the degree of 
heterogeneity between liver metastasis on the one hand and the primary tumours, lymph 
node and adrenal of the same patient on the other. 
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in primary tumour 1 (Figure 2A). Primary tumour 2 had the highest HS (0.30) and AS (0.95) 
among all tumour regions (Figure 2B, Supplementary Figure S2B). The lymph node metastasis 
cells showed one main cluster with CNA patterns that were quite similar to primary tumours 
1 and 2. The HS of the lymph node metastasis was 0.14 and the AS was 0.87 (Figure 2C, 
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Altogether, our single cell CNA analyses revealed a marked variation in the degree of 
heterogeneity between liver metastasis on the one hand and the primary tumours, lymph 
node and adrenal of the same patient on the other. 
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Figure 2. scWGS-derived whole genome copy number profiles of each site of tumour; A) 74 cells of 
primary tumour 1, B) 54 cells of primary tumour 2, C) 82 cells of lymph node metastasis, D) 64 cells of 
liver metastasis, E) 72 cells of adrenal metastasis. Each row represents a single cell with chromosomes 
plotted as columns. Cells are clustered based on similarity of their copy number profile. Copy number 
states are indicated by colours as shown in the legend at the bottom of the figure (upper row). The 
coloured bar on the left represents the tumour region. The tumour region is indicated by colours as 
shown in the legend at the bottom of the figure (lower row).  Heterogeneity score (HS) and aneuploidy 
score (AS) are shown at the right of each image. 
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Figure 3. Schematic representation of the CNA states of the four chromosomes that show 
differences between primary tumour 1, liver metastasis, and adrenal metastasis. The upper panel 
represents the CNA patterns obtained from the merged scWGS data of the primary tumour, lymph 
node metastasis, liver metastasis, and adrenal metastasis. The second row shows the CNA patterns of 
the single cells obtained from two primary tumour 1 (#59 and #82) that are identical to the CNA 
pattern of the merged scWGS data of the liver metastasis. The third row gives the CNA patterns of the 
adrenal metastasis derived single cells (#26, #44, #74 #85 and #90) that clustered between the liver 
metastasis cells. Copy number states are indicated by colours as shown in the legend at the bottom of 
the figure. 
 

Identification of metastasis founder cells  
We followed two strategies to identify single cells in the primary tumour that could be 
metastasis founder cells based on their copy number state. The first strategy was based on 
hierarchical clustering of all sequenced primary tumour and metastasis cells. This revealed an 
overall intermixed pattern, especially for the primary tumours and the lymph node and 
adrenal metastasis (Supplementary Figure S3). In contrast, liver cells clustered separately, 
with almost all single cells of the liver metastasis clustering in one subcluster with two cells 
from primary tumour 1 (#59 and #82) and five cells of the adrenal metastasis (#26, #44, #74, 
#85 and #90), with all showing the liver-specific CNA pattern of four chromosomes identical 
to the merged liver CNA pattern (Figure 3).  
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In the second strategy, we showed that the Pearson’s correlation coefficients of the liver 
metastasis cells to the merged liver CNA data were much higher than the correlation 
coefficients of the other single cells to their matching merged patterns (Supplementary Figure 
S4). This confirmed the more homogenous nature of the liver metastasis. A subset of the 
single tumour cells (19 out of 346) of the other four tumour samples showed a stronger 
association with the merged pattern of one of the other tumour samples as compared to their 
own merged pattern (Figure 1D and Supplementary Table S3). Three of the 74 cells of primary 
tumour 1 and six of the 72 adrenal gland tumour cells showed a stronger association with the 
merged liver metastasis, including the cells with the characteristic liver CNA patterns. The two 
cells strongly associated with the liver metastasis (cell #70 of primary tumour 1 and #82 of 
adrenal metastasis) did not show the characteristic CNA pattern of chromosomes 11, 18, 22 
and Xp. Thus we clearly showed liver metastasis resembling cells in primary tumour and 
adrenal metastasis.   
 
Discussion 
Recent developments in single cell sequencing, in combination with improved bio-informatics 
tools, have greatly advanced the field of tumour genetics. Here, we generated scWGS-based 
CNA patterns to study heterogeneity within a single tumour region and between different 
tumour regions in a SCLC patient. The merged CNA patterns of the five tumour samples were 
similar, supporting a clonal relation of the metastasis to the primary tumour. In addition, we 
showed a marked degree of CNA heterogeneity at the single-cell level.  
Mutational and CNA heterogeneity can vary greatly among tumour lesions and among 
patients 17. Smoking and ultraviolet radiation are the main causes of genomic alterations. 
Multi-region sampling of non-SCLC primary tumour samples revealed a marked degree of 
heterogeneity in both mutational and CNA patterns 18. However, aberrations present in a 
minority of cells can be missed due to dilution within the background of other tumour cells 
and normal cell admixture within a tumour. This can be circumvented in part by increasing 
sequencing depth 19 or by using single-cell sequencing. Using the latter approach, we were 
able to detect various distinct tumour subclones with unique CNA patterns both within and 
between different tumour regions in our SCLC patient. Whole exome sequencing of the same 
tumour samples in a previously published study revealed a low degree of heterogeneity with 
approximately 95% of the somatic mutations being shared 20. Thus, the high degree of 
heterogeneity among different tumour regions at the CNA level was undetectable at the 
mutational-level using DNA isolated from tumour bulk. This shows the power of single-cell 
analysis to truly determine heterogeneity in tumour samples. In fact, the true level of 
heterogeneity in this patient might be even higher because the single cells we analysed 
originated from only a limited region of the tumour mass.  
Metastases are the result of multiple advantageous aberrations that support dissociation, 
migration and secondary colonization of specific subclones of the primary tumour. The ability 
to metastasize might innately be limited to a subset of the primary tumour cells or be gained 
through genetic or non-genetic changes throughout tumour progression. Such non-genetic 
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changes include the emergence of cancer stem cells, epithelial-mesenchymal transition, 
interclonal cooperation and tumour microenvironment such as stromal cells, extracellular 
matrix and immune cells. Metastasizing potential will be gained in specific subclones at 
different time points during evolution 8. In our study, some of the primary lung tumour-
derived cells had a CNA pattern identical to those of the merged liver metastasis cells, 
indicating that liver-metastasis founder cells were present in the primary tumour as a minor 
clone with specific CNAs. 
Indeed, single cells or collectively migrating groups of cells may very well represent the 
founder cells of the metastasis clone. Hou et al (2012) showed that circulating tumour cells 
(CTCs) in SCLC patients frequently clump together 21. Lack of Ki67 expression in these 
circulating tumour microemboli indicated that circulating cells are released from the primary 
tumour as a clump of cells through a collective migration mechanism, rather than being 
formed upon proliferation of solitary CTCs in the blood circulation 21,22. Presence of liver-
metastasis-resembling cells in the primary tumour, but not the lymph node tumour, in our 
patient suggests that the liver metastasis clone formed independently of the lymph node 
metastasis clone and seeded through blood vessels. A similar lymph-node-independent 
seeding pattern has been shown for bone marrow metastasis of breast cancer 23. 
Interestingly, the presence of five cells in the adrenal metastasis with a CNA pattern similar 
to the liver metastasis may even suggest a possible migration of cells between different 
metastatic regions, although the actual order of events cannot be deduced. 
The low degree of ITH suggests a monoclonal seeding pattern in the liver. This pattern is 
supported by WGS of single CTCs of lung cancer patients showing CNA patterns more similar 
to the CNA patterns of the metastasis tumour than they were to the primary tumour 10. 
However, the low degree of ITH could also be the result of a restrictive growth potential of a 
specific tumour-cell subclone in the liver. Another explanation could be that the liver-
metastasis-founding cells have lost the potential to survive on-going chromosomal instability, 
resulting in the outgrowth of a more homogeneous cell population 8.  
The higher degree of ITH observed in the lymph node and adrenal gland metastases 
potentially suggests polyclonal seeding during the development of these metastases in our 
patient. Subcutaneous injection of a combination of neuroendocrine and non-
neuroendocrine SCLC cell lines into immune deficient mice resulted in more aggressive liver 
metastasis development than injection of only a single-cell clone 24. This supports more 
favourable growth of a polyclonal tumour cell population. Moreover, interaction among 
subclones with different tumour secreted factors has been shown to contribute to the 
development of new tumour phenotypes 25. Thus, tumour cells with unique CNA patterns, as 
identified in our SCLC patient, could represent newly emerging clones with new 
characteristics. Polyclonal seeding to metastatic sites may also occur from single or multiple 
subclones of the primary tumour and from one metastatic site into another 26,27. The fact that 
we identified multiple subclones in primary and metastasis tumour regions with identical CNA 
patterns could be consistent with a polyclonal seeding mechanism. 
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identified in our SCLC patient, could represent newly emerging clones with new 
characteristics. Polyclonal seeding to metastatic sites may also occur from single or multiple 
subclones of the primary tumour and from one metastatic site into another 26,27. The fact that 
we identified multiple subclones in primary and metastasis tumour regions with identical CNA 
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Conclusions 
CNAs determined by scWGS varied markedly among distinct primary tumour and metastasis 
samples. Tumour cells derived from liver metastasis and a small subset of the cells derived 
from the adrenal metastasis resembled a minor subset of the cells in the primary tumour. Our 
data imply that metastases develop through either a monoclonal seeding pattern, as we 
observed in liver, or a polyclonal seeding patterns, as we observed in lymph node and adrenal 
gland metastases in our patient.  
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Supplementary Figure S1. Comparison of the array-based CGH patterns of total DNA with the 
merged scWGS-data based CNA plots. CNA plots of the A) primary tumour 1, B) primary tumour 2, C) 
lymph node, D) liver metastasis, and E) adrenal metastasis. Array-based CGH plots are shown at the 
top and the merged scWGS-data based plots are shown below. The X-axis of array-based CGH plots 
represents each chromosome region, while the Y-axis represents log2 intensity ratio between tumour 
and reference. The diploid clones will correspond to log2 ratio of zero in ideal condition. The X-axis of 
the merged scWGS-data based plots represents each chromosome region, while the Y-axis represents 
the number of reads for each 1Mb bin of each copy number sate. Copy number states are indicated 
by colours as shown at the bottom right of the figure. 
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Supplementary Figure S2. The plots of aneuploidy score (AS) and heterogeneity score (HS) for each 
site of tumour. A) primary tumour 1, B) primary tumour 2, C) lymph node metastases, D) liver 
metastasis, E) adrenal metastasis. The X-axis represents each chromosome region, while the Y-axis 
represents the score for aneuploidy or heterogeneity. The upper plots of each chromosome region 
show the aneuploidy (divergence from euploidy) score while the lower plots show the heterogeneity 
score. Each dot in the plot represents one chromosome. 
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Supplementary Figure S3. Unsupervised hierarchical clustering of the single cells from primary 
tumour 1, primary tumour 2, lymph node metastasis, liver metastasis, and adrenal metastasis. Each 
row represents a single cell with chromosomes plotted as columns. Cells are clustered based on 
similarity of their copy number profile. Copy number states are indicated by colours as shown in the 
legend at the bottom of the figure (upper row). The coloured bar on the left represents the tumour 
region. The tumour region is indicated by colours as shown in the legend at the bottom of the figure 
(lower row).  The most characteristic cluster was dominated by single cells of the liver metastasis 
admixed with two cells of primary tumour 1, 5 cells of the adrenal metastasis and one cell of primary 
tumour 2. However, the primary 2 cell did not show specific CNA pattern as seen in liver metastasis 
cells.  
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Supplementary Figures S4. The correlation of single cells to their own merged CNA libraries data. 
Each dot in the plot represents one single cell. Different tumour regions indicated by the colours of 
the dots. 
 
Supplementary Table 1. Quality assessment by Aneufinder for single cell libraries filtering. Shown are 
the mean values for the highest scoring cluster in each tumour region. 

Sample ID Spikiness Entropy Log-
likelihood 

Number of ploidy 
state segments 

Bhattacharyya 
distance 

Primary 1 0.13 7.11 -6953.63 81.24 3.05 

Primary 2 0.14 7.11 -6026.63 62.73 2.36 

Lymph node 0.12 7.11 -7313.90 85.63 2.66 

Liver 0.11 7.12 -7139.36 70.12 3.36 

Adrenal 0.12 7.12 -6887.18 63.87 3.35 

 

Supplementary Table 2. Overview of sequencing results. 
Sample ID No. cells 

sequenced 
(excluding 
controls) 

Mapped 
reads 

Unique 
mapped 
reads  

Average 
no. of 
reads for 
each bin 

Coverage 
(%) 

 

No. cells with 
aberrant CNV 
pattern that passed 
QC (%) 

Primary 1 92 780863 521965 386 0.87 74 

Primary 2 93 1177623 545697 404 0.91 54 

Lymph 
node 

165 913704 458330 339 0.76 82 

Liver 92 299575 211548 156 0.35 64 

Adrenal 144 1007752 444981 329 0.74 72 
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Supplementary Table 3. Cell correlation to merged libraries data from each tumour region. 
 

Tumour 
region 

Total cells Cells similar 
to other 
tumour 
region 

Details 

{Other tumour region [number of cells; cell ID (correlation 
value to other tumour region vs. correlation value to own 
merge)]} 

primary 1 74 7 primary 2 [2 cells; #11 (0.89 vs. 0.88), #88 (0.91 vs. 0.89)] 

lymph node [2 cells; #13 (0.98 vs. 0.97), #80 (0.91 vs. 0.89)] 

liver [3 cells; #59 (0.94 vs. 0.88), #70 (0.81 vs. 0.76), #82 
(0.93 vs. 0.87)] 

primary 2 54 4 primary 1 [4 cells; #23 (0.93 vs. 0.87), #41 (0.59 vs. 0.52) #48 
(0.81 vs. 0.80), #52 (0.93 vs. 0.92)] 

lymph 
node 

82 1 primary 1 [1 cell; #56 (0.93 vs. 0.91)] 

liver 64 0 - 

adrenal 72 7 primary 1 [1 cell; #51 (0.40 vs. 0.38)] 

liver [6 cells; #26 (0.98 vs. 0.96), #44 (0.95 vs. 0.92), #74 
(0.93 vs. 0.91), #82 (0.74 vs. 0.73), #85 (0.94 vs. 0.92), #90 
(0.95 vs. 0.92)] 
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