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Abstract
While intratumour genetic heterogeneity of primary clear cell renal cell carcinoma (ccRCC) is well 
characterized, the genomic profiles of metastatic ccRCCs are seldom studied. We profiled the 
genomes and transcriptomes of a primary tumour and matched metastases to better understand 
the evolutionary processes that lead to metastasis. In one ccRCC patient, four regions of the primary 
tumour, one region of the thrombus in the inferior vena cava, and four lung metastases (including 
one taken after pegylated (PEG)-interferon therapy) were analysed separately. Each sample was 
analysed for copy number alterations and somatic mutations by whole exome sequencing. We 
also evaluated gene expression profiles for this patient and 15 primary tumour and 15 metastasis 
samples from four additional patients. Copy number profiles of the index patient showed two 
distinct subgroups: one consisted of three primary tumours with relatively minor copy number 
changes, the other of a primary tumour, the thrombus, and the lung metastases, all with a similar 
copy number pattern and tetraploid-like characteristics. Somatic mutation profiles indicated 
parallel clonal evolution with similar numbers of private mutations in each primary tumour 
and metastatic sample. Expression profiling of the five patients revealed significantly changed 
expression levels of 57 genes between primary tumours and metastases, with enrichment in 
the extracellular matrix cluster. The copy number profiles suggest a punctuated evolution from 
a subregion of the primary tumour. This process, which differentiated the metastases from the 
primary tumours, most likely occurred rapidly, possibly even before metastasis formation. The 
evolutionary patterns we deduced from the genomic alterations were also reflected in the gene 
expression profiles.
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1. Introduction
Kidney cancer is a usually lethal urologic malignancy with an annual mortality rate of 50% and an 
annual incidence of 337,000 new cases worldwide [1]. About 30% of all kidney cancer patients 
have metastases at the time of diagnosis, and another 30–40% will develop metastases at a later 
stage [2]. Clear cell renal cell carcinoma (ccRCC) is the most common type of kidney cancer in 
adults and metastasizes hematogenously to lungs, bone and liver [3].

Although somatic mutation and RNA expression profiles of primary ccRCC have been extensively 
described in the Cancer Genome Atlas project [4], the genomic profiles of metastatic ccRCC 
have not been frequently studied in the context of their primary tumours. In the few reported 
cases, intra primary tumour and metastasis heterogeneity was identified based on differences in 
copy number aberrations (CNAs) [5], single nucleotide variants (SNVs) [5,6] and RNA expression 
patterns [5,7].

Understanding how molecular (genomic) alterations accumulate during tumour evolution is 
important to gain insight into the development of metastasis and might provide clues to more 
optimal treatment strategies. As the majority of metastases are thought to establish through 
hematogenous dissemination [8], studying venous tumour thrombus samples may reveal the 
mutations of at least some of the cancer cells on their road to distant metastasis [9].

In this study, we extensively analysed samples from a unique ccRCC patient for whom nine 
samples were available taken from multiple regions of a primary ccRCC tumour, tumour thrombus 
reaching inferior vena cava, and four pulmonary metastases from different sites in the lung. We 
analysed the pattern of CNAs, SNVs, and gene expression in these samples to interrogate the 
process of tumour evolution in this patient. To explore the differences in gene expression among 
primary ccRCCs and metastases, we then analysed samples from four additional patients.

2. Results

2.1. Copy Number Profiles of Primary and Metastatic ccRCC
Array comparative genomic hybridization (CGH)-based copy number profiles were generated for 
three primary tumour samples (Pr1, Pr3, and Pr4), the inferior vena cava tumour thrombus (VT), 
and four lung metastases (M1–M4) of the index patient (Figure 1). All samples had a gain of 5q 
and a loss of chromosome 3, a small segment of 2q and 10q. In addition to these consistent 
aberrations, several CNAs were present in either a single sample or a subset of the primary tumour 
samples. We also observed intermediate copy number states at varying positions in all primary 
tumour samples, which was indicative of intra-sample heterogeneity in copy number levels. Clear 
examples of this were a gain of chromosome 2 in Pr1 and loss of 1p and chromosome 4 in Pr3. The 
most striking copy number differences in the primary tumour samples were observed between 
Pr1 and Pr3, on the one hand, and Pr4, on the other. Two different samples of primary tumour, 
Pr1 and Pr3 showed very similar CNA patterns. In contrast, Pr4 showed more extensive CNAs that 
closely resembled the patterns of the VT and the lung metastases, which shared the loss of
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Figure 1. Array comparative genomic hybridization (CGH) plots of eight tumour samples from ccRCC 
patient 1 (RC1). The x-axes show the genomic position starting from 1pter until Xqter. The y- axes 
indicate the log2 intensity ratio between tumour and reference. Abbreviations: Pr1, primary tumour 1; 
Pr3, primary tumour 3; Pr4, primary tumour 4; VT, inferior vena cava tumour thrombus; M1, metastasis 
1; M2, metastasis 2; M3, metastasis 3; M4, metastasis 4; G1, tumour grade 1; G2, tumour grade 2; G3, 
tumour grade 3; G4, tumour grade 4.

Chapter 4



537042-L-sub01-bw-Ferronika537042-L-sub01-bw-Ferronika537042-L-sub01-bw-Ferronika537042-L-sub01-bw-Ferronika
Processed on: 24-10-2019Processed on: 24-10-2019Processed on: 24-10-2019Processed on: 24-10-2019 PDF page: 83PDF page: 83PDF page: 83PDF page: 83

83  

1p, 9 and 13q and the gain of chromosome 7, 12p and 20q as their common feature. The lung 
metastasis that developed after treatment with pegylated (PEG)- interferon, M4, was distinct from 
other metastases by several copy number alterations, most prominently the loss of 11q. 

A phylogenetic tree based on the CNA data (Figure 2) shows a clear separation, with two primary 
tumour samples (Pr1 and Pr3) on one branch and the third primary tumour sample (Pr4), VT, 
and the metastases samples on the other branch. In agreement with the CNA pattern, Pr4 was 
most closely related to M2, whereas the VT was almost identical to M3. Even though we noticed 
variations in tumour grade among primary tumours and metastases, we were unable to prove a 
relationship of regional tumour grade to specific copy number events.

Figure 2. Phylogenetic tree based on copy number alteration (CNA) characteristics from different 
tumour samples of ccRCC patient 1 (RC1). Abbreviations: Pr1, primary tumour 1; Pr3, primary tumour 3; 
Pr4, primary tumour 4; VT, inferior vena cava tumour thrombus; M1, metastasis 1; M2, metastasis 2; M3, 
metastasis 3; M4, metastasis 4.

We generated B-allele frequency (BAF) plots for all samples, including Pr2, for which we had no 
array CGH data. The BAF plot of Pr2 resembled that of Pr1 and Pr3, indicating a similar CNA pattern 
(Supplementary Figure S1). We then used the BAF plots to determine absolute chromosomal 
copy numbers, and thus, the ploidy of the tumour cells. All metastases showed the lowest copy 
number states for chromosomes 6, 9, and 13 in the array CGH profiles. The BAF data, however, 
indicated an even number of copies for chromosome 13 in Pr4, VT, and the lung metastases 
(Supplementary Figure S1 and Table S1). This suggests that the tumour cells of Pr4, VT, and the 
four lung metastases contained two copies of chromosome 13. The other genomic segments 
with a similar copy number state in the array CGH plots, including chromosome 3 in all samples 
except M4, also represented a copy number state of 2. The BAF plots also indicated that all copies 
of chromosome 3 in Pr4, VT, and the lung metastases originated from the same parental allele. 
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The next level in the CNA plots in Pr4, VT, and the metastases should refer to chromosomal 
segments for which three copies were present. Indeed, the BAF plots of the germline variants 
for chromosomes 8, 14, and 15 indicated an odd number of copies in the tumour cells in Pr4, VT, 
and the lung metastases, consistent with the presence of three copies. Taken together, these data 
indicated that Pr1–Pr3 had a near diploid genome, while Pr4, VT, and the four lung metastases 
had a near tetraploid genome.

2.2. Somatic Mutations Identified in Primary and Metastatic ccRCC
Whole exome sequencing (WES) was conducted for all tumour samples of RC1 with matched 
normal kidney cortex used as control. The mean target coverage for all samples was 57×, with a 
coverage >10× for 90% of the target region (Supplementary Table S2).

A total of 146 non-synonymous somatic mutations identified in 138 genes were defined as a 
major clone mutation in at least one tumour sample, adding up to 390 events of major clone 
mutations in nine tumour samples (Figure 3). In an additional 104 instances, these mutations 
were classified as minor clone mutations. Targeted sequencing to validate 27 randomly chosen 
somatic mutations (including both major and minor clone mutations) in nine tumour samples 
led to a total of 243 validation events, e.g., genomic positions where a mutation should either 
be present or absent in a specific sample (Supplementary Table S3). Coverage in the targeted 
sequencing data was sufficient for 207 events. Almost all of the variants, 203 out of 207 (98%), 
could be validated. The number of major and minor clone mutations that could be validated by 
targeted sequencing was similar: 127 out of 129 for major clone mutations and seven out of eight 
for minor clone mutations.
 

Figure 3 (next page). Somatic mutations identified in multiple regions of the primary tumour and 
metastases detected by whole exome sequencing (WES). The somatic mutations were classified as 
major or minor clonal as described in the Material and Methods section. Classification of mutations 
is indicated by the colours in the legend. The somatic mutations encompass 138 genes, including 11 
cancer driver genes, as highlighted at the bottom of the figure. Abbreviations: Pr1, primary tumour 1; 
Pr3, primary tumour 3; Pr4, primary tumour 4; VT, inferior vena cava tumour thrombus; M1, metastasis 
1; M2, metastasis 2; M3, metastasis 3; M4, metastasis 4; G1, tumour grade 1; G2, tumour grade 2; G3, 
tumour grade 3; G4, tumour grade 4.
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Eighteen of the 146 non-synonymous somatic mutations (12.3%) were shared by all tumour 
samples. Among these were mutations in two well-known ccRCC cancer driver genes (VHL and 
PBRM1) and in EPHA4, a lung adenocarcinoma driver gene [10]. Fifty-one mutations (35%) were 
present in a subset of the primary tumours but not detected in the VT nor in the lung metastases. 
This included a mutation in a known ccRCC cancer driver gene, ARID1A. Twenty mutations were 
unique for the metastases. We did not observe a clear increase in mutational load consistent 
with the evolutionary path reflected by CNA patterns depicted in Figure 2. Two primary tumour 
samples, Pr1 and Pr3 clearly separated in one branch of the phylogenetic tree (Figure 2) and had 
18 and 10 unique mutations, respectively. For all other samples, the number of unique mutations 
fell within the range of 3–6. In Pr4, we identified 10 mutations that were not present in the other 
primary tumour regions, of which three (in BLOC1S4, WDFY4, and CUBN) were shared with VT and 
all lung metastases.

2.3. Gene Expression Profiling of Primary and Metastatic ccRCC Samples
We carried out a gene expression analysis to further explore the relationship between the 
primary tumour and the metastases in the index patient (Supplementary Table S4). Unsupervised 
hierarchical clustering based on the 500 most variably expressed genes showed a clear distinction 
between three of the primary tumour samples (Pr1, Pr2, and Pr3) and the remaining samples, 
including Pr4, VT, and the metastases (Figure 4). The four lung metastases clustered separately 
from VT and Pr4.

Figure 4. Unsupervised hierarchical clustering of expression profiles generated for ccRCC patient 1 
(RC1). Clustering was based on the 500 genes with the highest variance in gene expression across all 
samples. The respective tumour samples are indicated at the bottom of the graph. For each gene, the 
mean value across the samples was defined. Expression levels higher than the mean of all samples 
are indicated in red. Expression levels lower than the mean are indicated in blue. Site of origin and the 
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tumour grade are indicated by the colours at the top of the figure. The overall similarity between tumour 
samples is depicted by the dendrogram at the top of the figure and is based on the measurement of the 
Euclidian distance between tumour samples in expressing genes. Abbreviations: Pr1, primary tumour 1; 
Pr3, primary tumour 3; Pr4, primary tumour 4; VT, inferior vena cava tumour thrombus; M1, metastasis 
1; M2, metastasis 2; M3, metastasis 3; M4, metastasis 4; G1, tumour grade 1; G2, tumour grade 2; G3, 
tumour grade 3; G4, tumour grade 4.

To evaluate the performance of gene expression data in visualizing the relationship of primary 
tumour segments to the metastases of the same patient, we generated gene expression profiles 
for multiple tumour samples of four additional ccRCC patients (Table 1).

Table 1. Tumour sample characteristics

Abbreviations

pT, pathological tumour size; N, lymph node involvement; M, metastasis; G, tumour grade (World 
Health Organization/International Society Urological Pathology system, 2012); WES, whole exome 
sequencing; Array CGH, array comparative genomic hybridization; RNAseq, RNA sequencing.

Comprehensive profiling of primary and metastatic ccRCC

 

Patient Tumour 
Origin 

Tumour Grade (WHO/ISUP 2012) Metastatic 
Site 

Method 
Applied 

  G1 G2 G3 G4-
epitheloid 

G4-
sarcomatoid 

G4-
rhabdoid 

  

RC1 
(pT3bN0M1) 
Index patient 

4 primary 
samples 

- - 2 1 1 -  

WES, 
Array CGH, 

RNAseq 

1 vena 
thrombus 

- 1 - - - - inferior 
vena cava 

3 metastasis 
pre-treatment 

- - 1 1 1 - lung 

1 metastasis 
post-

treatment 
- - - - - 1 lung 

RC2 
(Pt3NoM1) 

4 primary 
samples 

- 3 1 - - -  
RNAseq 

5 metastasis 
samples 

- - 3 2 - - brain 

RC3 
(pT1bN0M1) 

4 primary 
samples 

- - 2 2 - -  
RNAseq 

4 metastasis 
samples 

- - - 4 - - brain, 
omentum 

RC4 
(pT1N0M1) 

4 primary 
samples 

- 2 2 - - -  
RNAseq 

3 metastasis 
samples 

- 2 - 1 - - costae 

RC5 
(pT3N0M1) 

3 primary 
samples 

- 3 - - - -  
RNAseq 

3 metastasis 
samples 

- 1 2 - - - lung 

Abbreviations: pT, pathological tumour size; N, lymph node involvement; M, metastasis; G, tumour grade (World Health 
Organization/International Society Urological Pathology system, 2012); WES, whole exome sequencing; Array CGH, array comparative genomic 
hybridization; RNAseq, RNA sequencing. 
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Unsupervised hierarchical clustering of the most variably expressed genes for each patient 
indicated that the most distinct separation was between the primary tumour samples and the 
metastatic samples (Supplementary Figure S2). Within the primary and metastatic samples, 
the dendrogram branches tended to be further separated based on their regional grades 
and metastatic sites. In patient RC3, one primary tumour sample clustered together with the 
metastases, suggesting its role as the tumour region responsible for the metastasis, which was 
similar to what we observed in our index patient.

2.4. Differentially Expressed Genes in Primary Tumours versus Metastatic Tumours
We next identified genes consistently differentially expressed between primary tumours and 
metastases of all five patients. As the VT sample of the index patient (RC1) could not be clearly 
classified as a primary tumour or a metastasis, this sample was not included. The analysis identified 
57 genes with an absolute fold change > 3 (p < 0.01), 32 of which were upregulated and 25 
that were downregulated in metastases versus the primary tumours (Supplementary Table S5). 
The Database for Annotation, Visualization and Integrated Discovery (DAVID) annotation analysis 
[11] of these genes showed enrichment for blood micro-particle group (p < 0.009) (CP, FGA, FGB, 
SERPINA3, and ALB) and extracellular matrix organization (p < 0.03) (ACAN, COL11A1, DCN, FGA, 
FGB, LAMA2, and LOX). All differentially expressed genes that clustered in the blood micro-particle 
and extracellular matrix organization groups were upregulated in metastases, except for ALB 
and ACAN. Although not indicated as an enriched pathway, seven genes (COL11A1, DCN, FGA, 
FOSB, SPOCK1, AQP9, and PTGDS) in this list are related to the epithelial–mesenchymal transition 
pathway [12–18].

3. Discussion
Application of high-throughput sequencing to multiregional sampled ccRCC has highlighted a 
marked degree of intratumoural genomic heterogeneity [6,9], but cases with analysis of multiple 
primary tumour subregions and multiple metastases are still relatively rare. We present a metastatic 
ccRCC patient for whom multiple samples of the primary tumour, inferior vena cava, and lung 
metastases were available. Tumour grade heterogeneity is seen both in the primary tumour 
sections and metastases by haematoxylin and eosin staining. However, we did not observe any 
significant morphological feature that differentiated metastasis from primary tumour sections. 
In contrast, through multiregional sampling and extensive genomic analysis, we identified the 
somatic alterations underlying early and late events in tumour development. We also identified 
one subclone within the primary tumour that closely matched the profiles of the metastases and 
is, therefore, likely to be their origin.

When we looked at the pattern of structural alterations to map tumour evolutionary events, we 
noted two distinct groups. One group, consisting of three primary tumour samples, had a near- 
diploid genome with few CNAs. The other group, consisting of primary tumour sample Pr4, the 
vena cava tumour thrombus (VT), and all lung metastases, had a complex, largely similar, copy 
number profile with tetraploid characteristics. We assumed that conversion of a near diploid 
tumour cell (Pr1– Pr3) to a near tetraploid state (Pr4) resulted in a tumour–cell lineage with 
metastatic potential in this patient.
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Theoretically, the VT could have acted as a “distribution station” between the primary tumour 
subclone with metastatic potential and all other metastases, as has been observed by Turajlic 
et al [9]. Alternatively, and not surprisingly, the primary tumour subclone could have “sent out” 
multiple cancer cells in parallel, and some of these could have formed the venous thrombus 
while others metastasized to distant organs, bypassing that thrombus station. Although based on 
small copy number differences in the metastases group, M2 most closely resembles Pr4, whereas 
VT and M3 have virtually identical copy number patterns with their only difference being an 
intra-sample copy number heterogeneity for chr11 in M3. Our data, therefore, suggest that the 
latter scenario was the most likely one, and Pr4, rather than VT, was the origin of all the metastases 
we studied. In this scenario, a number of closely related subclones may all have emerged in 
the region of Pr4 that resulted in the slightly different copy number patterns that we observed 
in VT and M1–M3. The lung metastasis that developed after treatment of PEG-interferon, M4, 
featured additional structural alteration in 11q and more copy number levels than the rest of the 
metastases. However, all the CNAs that characterize the metastases were also present in M4. Thus, 
M4 seemed derived from the same tumour subclone as the previously developed metastases. 
The existence of such clones, including very small ones, in different types of cancer matching the 
distant metastasis profile, was demonstrated by single-cell sequencing experiments including 
some by our group [19].

Compared to the analysis of the copy number changes, the somatic mutation profiles of the 
tumours were less informative for reconstructing metastatic origin but did reveal early evolutionary 
steps. We did not observe a clear difference in the mutation load between Pr1, Pr2, and Pr3, 
on the one hand, and Pr4, VT, and the lung metastasis, on the other. Only 12% of the somatic 
mutations were shared between all primary tumour subregions and the metastases. These 
included mutations in the well-known ccRCC-specific cancer driver genes VHL and PBRM1, which 
were, therefore, most likely involved in the initiation of tumour development in this patient. A low 
number of shared mutations between primary tumours and their metastasis was also reported in 
a study where single primary tumour samples were compared with a single metastatic sample per 
patient [20]. We did not see a gradual increase of mutation load. Instead, both the primary tumour 
sections and metastases we analysed show a more-or-less equal number of unique mutations. 
The presence of these private mutations might reflect on-going parallel clonal evolution in each 
of the primary tumour sections and in metastasis regions [21]. It probably reflects independent 
clonal evolution after the structural variations were established in this patient. The combined data 
suggest punctuated evolution of structural variations occurred within a short window of time, 
after which the mutational load of different parts of the primary tumour and all the individual 
metastasis further increased independently.

We identified several somatic mutations restricted to the different metastatic sites in the lungs, 
but none of these mutations were shared between all lung metastasis sites. This, again, indicates 
that metastasis-to-metastasis dissemination of cancer cells, e.g., as seen in prostate cancer [22], 
did not occur in this patient. Instead, all metastases appeared to have originated individually from 
the metastasis-resembling region of the primary tumour.

Comprehensive profiling of primary and metastatic ccRCC
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With respect to the mutations that may have facilitated the process of metastasis, we found it 
interesting that we observed a missense mutation of ARHGAP12 and a frameshift deletion of 
CENPN in the VT and all lung metastatic samples. Gene ARHGAP12 encodes a junctional complex 
protein that affects tumour cell adhesion, scattering, and migration driven by hepatocyte growth 
factor [23,24]. These processes regulate invasive growth, and when aberrantly expressed in cancer 
cells, leads to cancer invasion and metastasis [25]. Downregulated ARHGAP12 has been related 
to the increased invasive growth of human cancer cell lines from lung epithelial cells, prostate, 
thyroid, and breast [24]. As it is well known, CENPN is important in kinetochore assembly prior to 
mitosis [26]. Although no literature specifically mentions the involvement of these mutated genes 
in ccRCC, we speculate that these mutations contributed to metastasis in the index patient. These 
mutations may already have been present in the primary tumour, but if so, the number of tumour 
cells in our sample was too small for these mutations to be discovered. Few mutations were 
only present in area Pr4 of the primary tumour and were shared with VT and all lung metastases, 
including one missense mutation of CUBN. Being expressed in several normal epithelial cell 
types, including those in the kidney, CUBN encodes a receptor for intrinsic factor-vitamin B12 
complexes [27]. Low CUBN expression has been found by others in venous tumour thrombus 
and lung metastases, as compared to primary tumours of ccRCC [28]. The same study found low 
CUBN expression was associated with poor overall and cancer-specific survival in ccRCC patients. 
In our patient’s tumours, we did not observe low CUBN expression. In fact, none of the genes that 
showed differential expression between primary tumour and metastases carried a mutation in 
any of the tumour samples. Conversely, the mutations that occurred in these tumours, apparently 
did not influence mRNA levels of the mutated genes.

To characterize tumour subclones in primary tumours and metastases based on gene expression, 
we analysed mRNA profiles of the index patient and four additional ccRCC patients. Through 
gene expression profiling, we were able to confirm the putative metastatic seeding subclone 
in the index patient. In the additional patients, we succeeded in one case (RC3). Our inability to 
identify the putative metastasis-seeding subclone in the other three patients was most likely due 
to the incomplete sampling and did not exclude the presence of such a subclone in the primary 
tumour.

Among the 57 differentially expressed genes in the metastatic versus primary tumour samples, 
six extracellular matrix genes were upregulated, and one was downregulated in the metastases. 
We also observed upregulation of seven genes related to the epithelial–mesenchymal transition 
in the metastases, three of which are part of the extracellular matrix pathway as well. Together 
with intratumoural hypoxia, the extracellular matrix has been suggested to play a crucial role 
in metastasis development [29] through specific molecular pathways such as the epithelial–
mesenchymal transition [30]. Interestingly, upregulation of extracellular matrix genes in the 
metastases of RCC patients has recently been described [31], which supports our observation.
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4. Materials and Methods

4.1. Patient Materials
Formalin-fixed paraffin-embedded (FFPE) tissues were collected from four different regions of 
the primary tumour, from the venous tumour thrombus and from four metastatic lesions of one 
ccRCC patient—the index patient (Figure 5). With the exception of one lung metastasis (M4), all 
tumours were removed prior to PEG-interferon therapy.

Figure 5. Origin of tumour samples. The primary tumour samples were grade 4 (Pr1), grade 3 (Pr2), 
grade 4 with sarcomatoid differentiation (Pr4), and grade 3 (Pr3). The venous tumour thrombus of 10 
cm length extending to the inferior vena cava was grade 2 (VT). The metastasis in the lingula of the left 
lung was grade 4 with sarcomatoid differentiation (M1). The metastasis in the dorsal apex, the lower 
lobe of the left lung, was grade 4 (M2). The metastasis in the lateral basal, the lower lobe of the right 
lung, had a tumour grade 3 (M3). The metastasis in the upper lobe of the left lung was grade 4 with 
rhabdoid differentiation and was obtained by lobectomy after PEG-interferon treatment (M4). The 
haematoxylin and eosin -stained images were made based on 400× magnification.

Comprehensive profiling of primary and metastatic ccRCC
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For four additional ccRCC patients, multiple regions of a primary ccRCC tumour and metastases 
were available (Table 1). Haematoxylin and eosin staining was used to grade each tumour sample 
histomorphologically according to the WHO/ISUP system 2012 [32,33]. The study was performed 
in accordance with the University Medical Center Groningen Medical Ethical Review board 
(project number 20190251, approved January 4th 2016) and Dutch ethical guidelines and laws, 
and complied with the regulations stated in the Declaration of Helsinki. The FFPE tissue section 
and DNA/RNA isolation are described in the Supplementary Methods.

4.2. CNA Analysis
For all of the index patient’s tumour samples, array CGH was carried out using 500 ng genomic 
DNA from FFPE tumour samples using the Complete Genomic SureTag DNA Enzymatic Labelling 
Kit protocol and an OligoaCGH/ChIP-on-Chip Hybridization kit (Agilent, Santa Clara, CA, USA), 
according to the manufacturer’s instructions. Normal kidney cortex DNA isolated from FFPE 
material from the index patient was used as reference. Labelled DNA samples were hybridized on 
the Agilent Microarray, Custom HD-CGH, 4 × 180 K (Agilent , Santa Clara, CA, USA) following the 
manufacturer’s protocol. After scanning of the arrays, data were analysed with Nexus 7.5 software 
(BioDiscovery, El Segundo, CA, USA).

4.3. Whole Exome Sequencing
All tumour samples from the index patient were subjected to whole exome sequencing (WES) 
(Beijing Genomic Institute, China). Exome capturing and subsequent library preparation were 
conducted using 100 ng of DNA isolated from FFPE material using SureSelect-All exon V2TM 

(Agilent, Santa Clara, CA, USA). The final library was quantified using an Agilent 2100 Bioanalyzer 
(Agilent, Santa Clara, CA, USA). Paired-end sequencing with 100 bp reads was performed on the 
Illumina HiSEQ 4000TM (Illumina, San Diego, CA, USA). Sequencing data were processed using 
our in-house bioinformatics pipeline (://github.com/mmterpstra/molgenis-c5- TumorNormal/
tree/459417cc9553fae8c3040953970938860dafdfea), as described previously. The GATK 
HaplotypeCaller (downloaded from https://software.broadinstitute.org/gatk/) was used as 
variant caller [34]. Variant filtering and somatic mutation identification are described in the 
Supplementary Methods. All sequencing data are available in the European Nucleotide Archive 
(ENA) repository (accession number PRJEB32862). To evaluate the CNAs identified by array CGH 
in more detail, B-allele frequency plots based solely on germline variants were generated for all 
tumour samples.

4.4. RNA Sequencing
The RNA libraries were prepared for tumour samples from the index patient and four additional 
patients using the QuantSeq 3’ mRNA-Seq library prep kit (Lexogen, Vienna, Austria), according 
to the protocol for degraded (FFPE) RNA. The enriched libraries were sequenced on the Illumina 
NextSeq 500 System (Illumina, San Diego, CA, USA). Processing of raw sequence reads and 
subsequent gene expression analysis are described in the Supplementary Methods.
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5. Conclusions
Copy number alteration and somatic mutation profiling from multi-region sampling of the 
primary tumour and metastases facilitates the identification of somatic alterations that underlie 
early events in tumour evolution and subsequent events in metastatic development. Gene 
expression profiling can reveal additional alterations at the transcriptome level. Together, these 
techniques may help to further identify the genomic profiles in primary renal cell cancer and their 
metastases, with the ultimate goal of finding patterns that can improve diagnostics and guide 
clinical management of this severe condition.
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Supplementary materials 

Supplementary Figure S1. B-allele frequency (BAF) plots of all tumour samples of patient RC1. X- 
axes represent the genomic position starting from 1pter until Xqter. Y-axes indicate B-allele frequency. 
Regions with a B-allele frequencies around 0.5 have an even number of copies, including a normal 
diploid state.
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Supplementary Figure S2. Unsupervised hierarchical clustering based on the 500 genes with the 
highest variance in gene expression across samples from Patient RC2 (A), RC3 (B), RC4 (C) and RC5 (D). 
X-axis represents the tumour samples. For each gene, the mean value across the samples was defined. 
Expression levels higher than the mean value are shown in red. Expression levels lower than the mean 
value are indicated in blue. The site of origin and tumour grade are indicated by the colours at the top 
of the figure. The overall similarity between tumour samples is depicted by the dendrogram at the top 
of the figure, which is based on the measurement of Euclidian distance between tumour samples in 
expressing genes.
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Chromosome Normal Pr1 Pr3 Pr2 Pr4 VT M1 M2 M3 M4 

1p 46 43 41 44 14 12 15 26 24 18 

3 46 31 25 27 14 11 14 26 25 17 

4p 46 45 41 45 45 44 45 43 44 42 

4q 46 44 40 43 33 23 22 33 31 23 

6 45 43 43 43 15 11 14 27 26 22 

13 46 42 44 43 42 40 42 44 43 38 

8 46 44 44 44 37 36 36 40 39 42 

14 46 43 44 44 38 36 36 41 40 35 

15 45 43 43 44 36 35 36 41 39 33 

 

               

 ArrayCGH based copy number changes:  normal  loss gain

Supplementary Table S1. Minor allele frequency median of normal and all tumour samples of Patient 
RC1

Supplementary Table S2. Whole exome sequencing quality report of Patient RC1

Comprehensive profiling of primary and metastatic ccRCC

 
Samples Raw reads Reads 

aligned 
Unique 
reads 
aligned 

Average 
sequencing 
depth on 
target 

10x 
coverage 

Normal 49x106 99% 89% 68 89% 
VT 48x106 99% 88% 53 87% 
Pr1 56x106 99% 84% 53 87% 
Pr2 55x106 99% 88% 63 89% 
Pr3 67x106 99% 84% 68 93% 
Pr4 46x106 99% 88% 50 83% 
M1 50x106 99% 86% 51 87% 
M2 67x106 99% 85% 82 94% 
M3 59x106 99% 83% 65 94% 
M4 68x106 99% 81% 64 95% 
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Supplementary Table S3. Validation of somatic mutations by targeted sequencing

MRF: mutant read frequency. Grey highlight: read depth in targeted sequencing <10. Yellow highlight: 
non-concordant case between WES and targeted sequencing

Chapter 4

Position Variant Gene MRF of each position detected by targeted sequencing Number of 

total cases 

(major, 

minor, 

absent) 

Number of 

cases with 

depth ≥10 

Number of 

concordant 

cases 

         

2:222347390 T>G EPHA4 0.43 0.29 0.62 0.50 0.36 1.00 0.88 0.50 0.67 9 5 5 

3:9776257 A>C BRPF1 0.34 0.33 0.51 0.72 0.63 0.67 0.47 0.46 0.57 9 9 9 

3:10183872 G>A VHL 0.43 0.50 0.45 0.50 0.71 0.50 0.45 0.58 0.39 9 9 9 

3:52668692 G>C PBRM1 0.75 0.54 0.29 0.67 0.57 0.75 0.43 0.54 0.55 9 5 5 

7:44152235 G>A AEBP1 0.39 0.41 0.38 0.40 0.47 0.32 0.32 0.29 0.17 9 9 9 

7:141464317 T>A TAS2R3 0.50 0.57 0.14 0.67 0.14 0.54 0.45 0.15 0.44 9 4 4 

11:67888338 A>C CHKA 0.32 0.22 0.43 0.43 0.42 0.27 0.31 0.24 0.37 9 9 9 

12:56397956 T>A SUOX 0.16 0.33 0.19 0.27 0.29 0.26 0.23 0.20 0.30 9 9 9 

16:89929993 T>A SPIRE2 0.45 0.39 0.25 0.33 0.43 0.39 0.36 0.21 0.19 9 9 9 

20:44472264 T>A ACOT8 0.33 0.34 0.41 0.39 0.73 0.42 0.35 0.38 0.39 9 9 9 

7:36489359 C>CT ANLN 0.00 0.67 0.20 0.00 0.42 0.44 0.29 0.22 0.25 9 4 4 

14:21542614 A>G ARHGEF40 0.32 0.50 0.44 0.27 0.38 0.13 0.65 0.00 0.40 9 8 7 

19:1510186 GC>G ADAMTSL5 0.22 0.25 0.38 0.27 0.23 0.31 0.00 0.20 0.27 9 9 8 

3:10420932 C>T ATP2B2 0.00 0.04 0.42 0.82 0.86 0.79 0.51 0.60 0.19 9 9 9 

12:108959131 C>T ISCU 0.00 0.07 0.32 0.50 0.39 0.40 0.46 0.29 0.40 9 8 7 

10:17107512 G>T CUBN 0.00 0.00 0.00 0.17 0.38 0.26 0.36 0.20 0.33 9 8 8 

2:66664909 G>T MEIS1 0.46 0.39 0.42 0.26 0.31 0.24 0.21 0.19 0.24 9 9 9 

11:14666132 T>C PDE3B 0.27 0.27 0.00 0.00 0.00 0.07 0.00 0.00 0.00 9 9 9 

18:8826172 C>G SOGA2 0.23 0.33 0.00 0.00 0.00 0.00 0.00 0.00 0.07 9 9 9 

1:27092746 A>G ARID1A 0.25 0.50 0.38 0.00 0.00 0.00 0.00 0.00 0.00 9 5 5 

6:161771211 G>T PARK2 0.00 0.01 0.01 0.35 0.00 0.01 0.00 0.02 0.02 9 9 9 

1:180165714 G>T QSOX1 0.33 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 9 9 9 

15:58001316 C>T GCOM1 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.10 0.00 9 8 7 

5:139228177 CGCCG>C NRG2 0.19 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 9 9 9 

6:56371328 CCATG>C DST 0.50 0.25 0.75 NA 0.00 0.00 0.00 0.00 0.00 9 0 0 

1:6534175 G>C PLEKHG5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.18 9 9 9 

17:7577121 G>A TP53 0.12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 9 8 8 

SUM  243 207 203 

Concordant cases   0.98 

MRF: mutant read frequency. Grey highlight: read depth in targeted sequencing <10. Yellow highlight: non-concordant case between WES and targeted sequencing 
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Supplementary Table S4. RNA sequencing quality report of five ccRCC patients

Comprehensive profiling of primary and metastatic ccRCC

Patient Sample code Total reads Aligned reads 500 bases reads 

RC1 RC1.33 (Pr3) 10268960 7443978 2447269 

RC1.30 (Pr1) 10497617 6149293 2111509 

RC1.31 (Pr2) 11364514 7526812 2531602 

RC1.32 (Pr4) 10967443 2866431 460411 

RC1.29 (VT) 12859540 4220238 1935315 

RC1.35 (M1) 11535288 7471822 2866891 

RC1.39 (M2) 18746572 9106495 2701171 

RC1.36 (M3) 13665301 8031682 2528924 

RC1.37 (M4) 17653037 9002634 3273343 

RC2 RC2.41 (Pr3) 14709306 4474411 1189480 

RC2.42 (Pr2) 18933981 4178741 1154163 

RC2.43 (Pr1) 15756495 2523947 597345 

RC2.48 (Pr4) 13887927 4982475 1486999 

RC2.45 (M3) 12669026 5678896 1833549 

RC2.44 (M4) 14415909 7462411 2448312 

RC2.46 (M5) 14850348 5974482 1788465 

RC2.2 (M1) 11173392 4861329 1102690 

RC2.3 (M2) 15352885 4473227 674382 

RC3 RC3.5 (Pr1) 12343993 8634239 2632904 

RC3.6 (Pr2) 14253020 3588264 677181 

RC3.7 (Pr4) 13802033 8632195 2965246 

RC3.8 (Pr3) 10705178 2679318 460537 

RC3.12 (M3) 17853948 4813354 1063875 

RC3.13 (M4) 22218649 6321194 1695892 

RC3.10 (M1) 14724481 8666084 3115233 

RC3.11 (M2) 13737557 10835843 3987932 

RC4 RC4.16 (Pr1) 19847051 10011136 3527256 

RC4.17 (Pr2) 21068870 7717536 2838737 

RC4.14 (Pr3) 18815382 8602789 2907266 

RC4.15 (Pr4) 19729956 7218359 2137288 

RC4.18 (M2) 10421183 8934146 3153718 

RC4.19 (M1) 15990148 9201591 3062552 

RC4.21 (M3) 13676291 6156225 2296343 

RC5 RC5.23 (Pr2)  13084300 7948791 2776428 

RC5.24 (Pr3) 11249225 7660983 2586524 

RC5.26 (Pr1) 16320929 9235257 3480370 

RC5.22 (M1) 14230045 8869762 2802021 

RC5.47 (M2) 14078902 10370479 3851834 

RC5.25 (M3) 19022834 7194171 2438752 

 

  

  



537042-L-sub01-bw-Ferronika537042-L-sub01-bw-Ferronika537042-L-sub01-bw-Ferronika537042-L-sub01-bw-Ferronika
Processed on: 24-10-2019Processed on: 24-10-2019Processed on: 24-10-2019Processed on: 24-10-2019 PDF page: 102PDF page: 102PDF page: 102PDF page: 102

 102  

Supplementary Table S5. Differentially expressed genes primary vs. metastasis groups in five ccRCC 
patients

Chapter 4

 gene 
symbol 

mean 
coverage 
(*) 

fold changes  
(=mets/primary) 
(*) 

pValue 
 

pAdj (*) 
 

DAVID 
functional 
analysis 

ENSG00000133392 MYH11 160 0.19 1.98E-15 1.61E-11  
ENSG00000188060 RAB42 55 4.92 1.04E-13 4.22E-10  
ENSG00000157766 ACAN 82 0.26 5.61E-13 1.52E-09 ECM 
ENSG00000181577 C6orf223 73 0.29 2.17E-12 3.53E-09  
ENSG00000147642 SYBU 110 3.73 4.70E-12 5.45E-09  
ENSG00000170370 EMX2 82 0.15 5.44E-12 5.52E-09  
ENSG00000125740 FOSB 299 4.47 5.65E-11 2.87E-08  
ENSG00000053702 NRIP2 52 0.25 2.22E-10 8.56E-08  
ENSG00000152377 SPOCK1 202 4.06 1.33E-08 2.62E-06  
ENSG00000079689 SCGN 736 0.13 1.45E-08 2.68E-06  
ENSG00000047457 CP 1934 3.10 2.16E-08 3.82E-06 BM 
ENSG00000172348 RCAN2 142 0.26 2.90E-08 4.70E-06  
ENSG00000136352 NKX2-1 89 23.92 5.79E-08 8.10E-06  
ENSG00000073792 IGF2BP2 107 4.17 6.36E-08 8.61E-06  
ENSG00000075891 PAX2 305 0.23 9.40E-08 1.17E-05  
ENSG00000175793 SFN 61 4.08 1.12E-07 1.35E-05  
ENSG00000113083 LOX 572 3.16 1.28E-07 1.52E-05 ECM 
ENSG00000060718 COL11A1 135 6.15 1.35E-07 1.57E-05 ECM 
ENSG00000196549 MME 141 3.29 2.62E-07 2.60E-05  
ENSG00000188373 C10orf99 63 15.78 6.37E-07 5.12E-05  
ENSG00000146555 SDK1 61 3.10 7.75E-07 6.00E-05  
ENSG00000145824 CXCL14 707 0.26 1.46E-06 9.98E-05  
ENSG00000166292 TMEM100 75 4.06 1.94E-06 1.26E-04  
ENSG00000103569 AQP9 123 3.46 3.09E-06 1.74E-04  
ENSG00000011465 DCN 687 3.41 5.23E-06 2.70E-04 ECM 
ENSG00000171759 PAH 77 0.14 6.71E-06 3.22E-04  
ENSG00000256870 SLC5A8 128 0.21 6.99E-06 3.34E-04  
ENSG00000178828 RNF186 201 0.33 8.11E-06 3.78E-04  
ENSG00000135525 MAP7 101 0.32 8.87E-06 4.03E-04  
ENSG00000107317 PTGDS 65 3.73 1.15E-05 4.84E-04  
ENSG00000124253 PCK1 388 0.27 1.39E-05 5.70E-04  
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 gene 
symbol 

mean 
coverage 

(*) 

fold changes  
(=mets/primary) 

(*) 

pValue 
 

pAdj (*) 
 

DAVID 
functional 
analysis 

ENSG00000083067 TRPM3 71 0.22 2.39E-05 8.55E-04  
ENSG00000140284 SLC27A2 52 0.33 3.22E-05 1.06E-03  
ENSG00000196569 LAMA2 52 3.48 3.95E-05 1.24E-03 ECM 
ENSG00000124107 SLPI 51 5.86 4.28E-05 1.33E-03  
ENSG00000174564 IL20RB 94 4.00 4.50E-05 1.36E-03  
ENSG00000157005 SST 73 0.08 5.04E-05 1.46E-03  
ENSG00000128591 FLNC 72 3.18 5.29E-05 1.50E-03  
ENSG00000196136 SERPINA3 338 4.29 5.27E-05 1.50E-03 BM 
ENSG00000160282 FTCD 100 0.26 8.25E-05 2.10E-03  
ENSG00000171560 FGA 503 4.79 8.33E-05 2.10E-03 ECM & BM 
ENSG00000173432 SAA1 246 3.89 1.01E-04 2.43E-03  
ENSG00000189058 APOD 56 5.28 1.04E-04 2.47E-03  
ENSG00000133661 SFTPD 74 5.28 1.78E-04 3.73E-03  
ENSG00000148942 SLC5A12 90 0.18 1.79E-04 3.74E-03  
ENSG00000171564 FGB 988 5.78 1.80E-04 3.74E-03 ECM & BM 
ENSG00000152268 SPON1 177 0.27 2.44E-04 4.68E-03  
ENSG00000171885 AQP4 57 3.97 2.52E-04 4.77E-03  
ENSG00000081479 LRP2 633 0.28 2.77E-04 5.12E-03  
ENSG00000130234 ACE2 112 0.20 4.08E-04 6.61E-03  
ENSG00000168484 SFTPC 638 8.40 4.53E-04 7.19E-03  
ENSG00000173698 GPR64 160 3.89 4.62E-04 7.29E-03  
ENSG00000144908 ALDH1L1 66 0.27 4.84E-04 7.53E-03  
ENSG00000013588 GPRC5A 72 3.48 5.20E-04 7.99E-03  
ENSG00000144035 NAT8 444 0.24 5.42E-04 8.26E-03  
ENSG00000160161 CILP2 60 3.84 5.81E-04 8.67E-03  
ENSG00000163631 ALB 102 0.22 6.18E-04 9.05E-03 BM 

Abbreviation: ECM, extracellular matrix organization; BM, blood microparticle.  
(*) criteria for selected genes: absolute mean coverage >50, fold changes <3, and adjective p value after multiple testing 
algorithm (pAdj) <0.01. 
  

  

Abbreviation

ECM, extracellular matrix organization; BM, blood microparticle.
(*) criteria for selected genes: absolute mean coverage >50, fold changes <3, and adjective p value after 
multiple testing correction/Benjamin-Hochberg algorithm (pAdj) <0.01.

Comprehensive profiling of primary and metastatic ccRCC
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Supplementary Materials and Methods

Patient RC1 medical history and sample origin
A male patient with diagnosis of clear cell renal cell carcinoma (ccRCC) pT3bNoM1 underwent 
surgery for a primary tumour resection in the right kidney. Four samples were taken from the 
primary tumour; a tumour region with tumour grade 4 (Pr1), tumour grade 3 (Pr2), tumour 
grade 4-sarcomatoid differentiation (Pr4), and tumour grade 3 (Pr3). Also a tumour thrombus 
reaching inferior vena cava was resected (sample VT with tumour grade 2). In the same year the 
patient underwent wedge excision for the metastatic lesions in the right and the left lungs. Three 
samples were taken from this procedure; a metastasis in the lingula of the left lung with tumour 
grade 4-sarcomatoid differentiation (M1), a metastasis in the dorsal apex, lower lobe of the left 
lung with tumour grade 4 (M2), a metastasis in the lateral basal, the under lobe of the right lung 
with tumour grade 3 (M3). A year later a recurrent metastatic lesion was found in the left lung. 
The patient received conventional immunotherapy of PEG-interferon with a good response. Two 
years later, the patient underwent resection of the whole upper lobe of the left lung (M4 with 
tumour grade 4-rhabdoid).

DNA and RNA isolation of FFPE blocks
The FFPE blocks were serially cut in 10 µm slides, in which the first and the last slides (3 µm in 
thickness) were stained with H&E and used as reference in identifying tumour regions with a 
different WHO/ISUP grade. The odd cut slides were processed for DNA isolation and the even 
slides were processed for RNA isolation. The isolation of DNA was performed following the 
Adaptive Focused AcousticsTM-based DNA extraction of FFPE/ truXTRACTM FFPE DNA kit protocol 
(Covaris, Woburn, MA, USA) and RNA isolation was performed following the Adaptive Focused 
AcousticsTM-based RNA extraction of FFPE/ truXTRACTM FFPE microTUBE RNA kit protocol 
(Covaris, Woburn, MA, USA).

Variant filtering of Whole exome sequencing (WES) data
Called variants were annotated using snpeff/snpsift 3.5 [1], with the Ensembl release 75 gene 
annotations [2], 1000 genome phase 1, dbNSFP2.7 [3], and ExAC 0.3 databases [4]. The annotated 
variants were filtered using the following exclusion criteria: mutant allele frequency >2% in the 
1000 genome project phase 1 or > 0.01% in ExAC database, the possibility of error >1/100 in 
calling (QUAL<20), low quality by depth (QD<2 and QD/AF < 8.0), strand bias (FS >60 for SNVs 
and >200 for Indels), present in tandem repeat units (RPA>8), present in normal sample (personal 
variants), putative non harmful variant e.g synonymous variants, and variants located in non-
coding regions.

Correction based on tumour cell purity and somatic mutation identification
The mutant read frequency (MRF) of each variant detected by WES was corrected for the normal 
cell admixture. The approximate percentage of normal cells in each sample was calculated 
based on the read counts for personal variants on the short arm of chromosome 3. As arrayCGH 
data indicated loss of 3p in all samples except M4, all tumour cells contribute only one copy of 
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the personal variant, whereas all normal cells contribute one copy of both alleles for a certain 
personal variant. M4 appears to have two identical copies of chromosome 3. Thus the imbalance 
between both alleles can be used to estimate the percentage of tumour cells. The MRF of all 
variants in each sample was recalculated based on the percentage of total reads belonging to 
the tumour cells.

For each patient, the mutations present in each tumour area were classified into major clonal, 
minor clonal, absent, or inconclusive [5]. If the total number of mutant reads was ≥5 and the MRF 
≥ 25%, the mutation was considered to be a major clone. If the total number of mutant reads was 
≥5 and the MRF < 25%, or the total number of mutant reads was ≥3 and the total read count was 
≥ 10, the mutation was defined as a minor clone. If the total number of mutant reads was < 3 and 
the total read count was ≥ 10, the mutation was defined as absent. Every mutation with total read 
count < 10 was considered as inconclusive. Matched normal kidney samples were included to 
remove personal variants in WES and TS data. The Integrative Genomic Viewer (IGV) was used to 
confirm the authenticity of the identified somatic mutations [6]. 

Ploidy estimations based on median BAFs of the germline variants
We used the SNV allele counts for the germline variants to get more information on the ploidy 
state of each tumour sample. The germline variants were selected based on having a B- allele 
frequency (BAF) 0.4-0.5 in the normal sample. We calculated the BAF of all variants in tumour 
samples and determined the median BAF for a selection of chromosome, or chromosomal 
segments (supplementary table 1).  The median BAF for the germline variants in the normal 
sample is 0.46, and is representative of an even number of chromosomal copies. If in a tumour 
sample the median BAF for any segment is close to this value, this indicates that also in the 
tumour cells the absolute copy number for this genomic segment is even. If this occurs for the 
lowest ploidy level in an array CGH plot this means that this level represents a copy number of 2. 
In contrast, if the median BAF in a tumour sample is very different from 0.46, this indicates either 
an odd number of copies or an isodisomic situation.

Somatic mutation validation by targeted sequencing for
To validate the somatic mutations previously detected by WES in Patient RC1, a targeted 
sequencing assay based on Single Primer Enrichment Technology (SPET) has been designed 
using the OvationTM Custom Target Enrichment System (NuGEN, San Carlos, CA, USA). Landing 
probes were designed close to, and on both sides of the selected mutations (see supplementary 
Table 3).The library preparation was done according to the FFPE-specific protocol from the 
manufacturer (NuGEN, San Carlos, CA). Single-end sequencing of enriched libraries was performed 
on the Illumina NextSeq 550 System (Illumina, San Diego, CA, USA). 

Generation of phylogenetic trees
Unsupervised hierarchical clustering was done in R 3.4.0 with the ape 5.0 package using the 
binary distance matrix based on the presence or absence of amplification/deletion in each 
chromosome arm generated by arrayCGH. 

Comprehensive profiling of primary and metastatic ccRCC
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RNAseq reads processing and gene expression analysis
In the processing of RNAseq reads, FASTQ files were polyA and polyG trimmed. Then, the reads 
were aligned to the reference genome (grch37 1000 genomes reference build with decoy 
sequences from the GATK bundle ([7-8] with ensembl version 75 transcript annotation [9] 
using hisat [10]. General read operations were performed using SAMtools [11]. The gene-level 
quantification was performed using Htseq-count [12]. The analysis of gene expression was done 
per patient in R 3.4.0 using DESeq2 package, which is based on negative binomial generalized 
linear models [13]. Only genes with a mean read count ≥50 across all samples of a patient were 
used for further analysis. 

Unsupervised gene clustering, based on the 500 most highly variable expressed genes across 
all samples in each patient, was done to compare the gene expression profiles in each patient. 
Regularized-logarithm transformation (rlog) was used to transform the count data to the log2 
scale which minimizes differences between samples with small counts of genes, and which 
normalizes according to library size. The heat map was constructed based on the amount of 
deviation of each gene in a specific sample from the mean expression of that particular gene in 
all samples. The colour ranges for gene expression was adjusted with the rlog -2 to 2 as the core 
and rlog -6 to 6 as the extension. 

Supervised gene clustering analysis was used to identify genes differentially expressed between 
primary tumours and metastases from all five patients, in which P-values were adjusted for 
multiple testing correction (Benjamin-Hochberg algorithm). A Padj-value ≤0.01 was considered 
statistically significant. 
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