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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 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.



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 Materials 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 Materials 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. 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 Materials 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 Materials 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.



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 Materials 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.



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).



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 Materials 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 Materials 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 [12,13,14,15,16,17,18].





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.



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.



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.




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.



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 4th January 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 Materials 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 V2™ (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 4000™ (Illumina, San Diego, CA, USA). Sequencing data were processed using our in-house bioinformatics pipeline (https://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 Materials 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 Materials Methods.





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.








Supplementary Materials


The following are available online at https://www.mdpi.com/2072-6694/11/6/812/s1, Figure S1: B-allele frequency (BAF) plots of all tumour samples of patient RC1, Figure S2: Unsupervised hierarchical clustering based on the 500 genes with the highest variance in gene expression across samples from Patient RC2, RC3, RC4, and RC5, Table S1: Minor allele frequency median of normal and all tumour samples of Patient RC1, Table S2: Whole exome sequencing quality report of Patient RC1, Table S3: Validation of somatic mutations by targeted sequencing, Table S4: RNA sequencing quality report of five ccRCC patients, Table S5: Differentially expressed genes primary vs. metastasis groups in five ccRCC patients.





Author Contributions


Conceptualization, P.F., R.H.S., H.W. and K.K.; Data curation, M.M.T. and K.d.L.; Formal analysis, P.F., J.H. and K.K.; Investigation, P.F., J.H. and G.K.-U.; Project administration, R.H.S., H.W. and K.K.; Resources, G.K.-U., K.d.L. and A.L.-K.; Software, M.M.T.; Supervision, R.H.S., H.W. and K.K.; Visualization, P.F.; Writing—original draft, P.F., J.H. and K.K.; Writing—review and editing, G.K.-U., R.H.S., A.L.-K. and H.W.




Funding


This work was supported by a Netherlands Fellowship Program Grant, Netherlands Organization for International Cooperation in Higher Education, NUFFIC (NFP-PhD.13/119 to P.F.).




Acknowledgments


We thank Kate McIntyre for editorial advice.




Conflicts of Interest


None of the authors have conflicts of interest to declare.




References


	



Torre, L.A.; Bray, F.; Siegel, R.L.; Ferlay, J.; Lortet-Tieulent, J.; Jemal, A. Global cancer statistics, 2012. CA Cancer J. Clin. 2015, 65, 87–108. [Google Scholar] [CrossRef]

	



Lam, J.S.; Shvarts, O.; Leppert, J.T.; Figlin, R.A.; Belldegrun, A.S. Renal cell carcinoma 2005: New frontiers in staging, prognostication and targeted molecular therapy. J. Urol. 2005, 173, 1853–1862. [Google Scholar] [CrossRef]

	



Stewart, G.D.; O’Mahony, F.C.; Powles, T.; Riddick, A.C.; Harrison, D.J.; Faratian, D. What can molecular pathology contribute to the management of renal cell carcinoma? Nat. Rev. Urol. 2011, 8, 255–265. [Google Scholar] [CrossRef]

	



Cancer Genome Atlas Research Network. Comprehensive molecular characterization of clear cell renal cell carcinoma. Nature 2013, 499, 43–49. [Google Scholar] [CrossRef]

	



Huang, Y.; Gao, S.; Wu, S.; Song, P.; Sun, X.; Hu, X.; Zhang, S.; Yu, Y.; Zhu, J.; Li, C.; et al. Multilayered molecular profiling supported the monoclonal origin of metastatic renal cell carcinoma. Int. J. Cancer 2014, 135, 78–87. [Google Scholar] [CrossRef]

	



Gerlinger, M.; Horswell, S.; Larkin, J.; Rowan, A.J.; Salm, M.P.; Varela, I.; Fisher, R.; McGranahan, N.; Matthews, N.; Santos, C.R.; et al. Genomic architecture and evolution of clear cell renal cell carcinomas defined by multiregion sequencing. Nat. Genet. 2014, 46, 225–233. [Google Scholar] [CrossRef]

	



Serie, D.J.; Joseph, R.W.; Cheville, J.C.; Ho, T.H.; Parasramka, M.; Hilton, T.; Thompson, R.H.; Leibovich, B.C.; Parker, A.S.; Eckel-Passow, J.E. Clear Cell Type A and B Molecular Subtypes in Metastatic Clear Cell Renal Cell Carcinoma: Tumor Heterogeneity and Aggressiveness. Eur. Urol. 2017, 71, 979–985. [Google Scholar] [CrossRef]

	



Chaffer, C.L.; Weinberg, R.A. A perspective on cancer cell metastasis. Science 2011, 331, 1559–1564. [Google Scholar] [CrossRef]

	



Turajlic, S.; Xu, H.; Litchfield, K.; Rowan, A.; Chambers, T.; Lopez, J.I.; Nicol, D.; O’Brien, T.; Larkin, J.; Horswell, S.; et al. Tracking Cancer Evolution Reveals Constrained Routes to Metastases: TRACERx Renal. Cell 2018, 173, 581–594.e12. [Google Scholar] [CrossRef]

	



Gonzalez-Perez, A.; Perez-Llamas, C.; Deu-Pons, J.; Tamborero, D.; Schroeder, M.P.; Jene-Sanz, A.; Santos, A.; Lopez-Bigas, N. IntOGen-mutations identifies cancer drivers across tumor types. Nat. Methods 2013, 10, 1081–1082. [Google Scholar] [CrossRef]

	



Huang da, W.; Sherman, B.T.; Lempicki, R.A. Systematic and integrative analysis of large gene lists using DAVID bioinformatics resources. Nat. Protoc. 2009, 4, 44–57. [Google Scholar] [CrossRef] [PubMed]

	



Vazquez-Villa, F.; Garcia-Ocana, M.; Galvan, J.A.; Garcia-Martinez, J.; Garcia-Pravia, C.; Menendez-Rodriguez, P.; Gonzalez-del Rey, C.; Barneo-Serra, L.; de Los Toyos, J.R. COL11A1/(pro)collagen 11A1 expression is a remarkable biomarker of human invasive carcinoma-associated stromal cells and carcinoma progression. Tumour Biol. 2015, 36, 2213–2222. [Google Scholar] [CrossRef] [PubMed]

	



Bi, X.; Pohl, N.M.; Qian, Z.; Yang, G.R.; Gou, Y.; Guzman, G.; Kajdacsy-Balla, A.; Iozzo, R.V.; Yang, W. Decorin-mediated inhibition of colorectal cancer growth and migration is associated with E-cadherin in vitro and in mice. Carcinogenesis 2012, 33, 326–330. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.; Meyer, C.A.; Fei, T.; Wang, G.; Zhang, F.; Liu, X.S. A systematic approach identifies FOXA1 as a key factor in the loss of epithelial traits during the epithelial-to-mesenchymal transition in lung cancer. BMC Genom. 2013, 14, 680. [Google Scholar] [CrossRef] [PubMed]

	



Pakala, S.B.; Singh, K.; Reddy, S.D.; Ohshiro, K.; Li, D.Q.; Mishra, L.; Kumar, R. TGF-beta1 signaling targets metastasis-associated protein 1, a new effector in epithelial cells. Oncogene 2011, 30, 2230–2241. [Google Scholar] [CrossRef] [PubMed]

	



Chen, D.; Zhou, H.; Liu, G.; Zhao, Y.; Cao, G.; Liu, Q. SPOCK1 promotes the invasion and metastasis of gastric cancer through Slug-induced epithelial-mesenchymal transition. J. Cell. Mol. Med. 2018, 22, 797–807. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, W.G.; Li, C.F.; Liu, M.; Chen, X.F.; Shuai, K.; Kong, X.; Lv, L.; Mei, Z.C. Aquaporin 9 is down-regulated in hepatocellular carcinoma and its over-expression suppresses hepatoma cell invasion through inhibiting epithelial-to-mesenchymal transition. Cancer Lett. 2016, 378, 111–119. [Google Scholar] [CrossRef]

	



Omori, K.; Morikawa, T.; Kunita, A.; Nakamura, T.; Aritake, K.; Urade, Y.; Fukayama, M.; Murata, T. Lipocalin-type prostaglandin D synthase-derived PGD2 attenuates malignant properties of tumor endothelial cells. J. Pathol. 2018, 244, 84–96. [Google Scholar] [CrossRef]

	



Ferronika, P.; van den Bos, H.; Taudt, A.; Spierings, D.C.J.; Saber, A.; Hiltermann, T.J.N.; Kok, K.; Porubsky, D.; van der Wekken, A.J.; Timens, W.; et al. Copy number alterations assessed at the single-cell level revealed mono- and polyclonal seeding patterns of distant metastasis in a small-cell lung cancer patient. Ann. Oncol. 2017, 28, 1668–1670. [Google Scholar] [CrossRef]

	



Becerra, M.F.; Reznik, E.; Redzematovic, A.; Tennenbaum, D.M.; Kashan, M.; Ghanaat, M.; Casuscelli, J.; Manley, B.; Jonsson, P.; DiNatale, R.G.; et al. Comparative Genomic Profiling of Matched Primary and Metastatic Tumors in Renal Cell Carcinoma. Eur. Urol. Focus 2017. [Google Scholar] [CrossRef]

	



Gerlinger, M.; Rowan, A.J.; Horswell, S.; Larkin, J.; Endesfelder, D.; Gronroos, E.; Martinez, P.; Matthews, N.; Stewart, A.; Tarpey, P.; et al. Intratumor heterogeneity and branched evolution revealed by multiregion sequencing. N. Engl. J. Med. 2012, 366, 883–892. [Google Scholar] [CrossRef] [PubMed]

	



Gundem, G.; Van Loo, P.; Kremeyer, B.; Alexandrov, L.B.; Tubio, J.M.; Papaemmanuil, E.; Brewer, D.S.; Kallio, H.M.; Hognas, G.; Annala, M.; et al. The evolutionary history of lethal metastatic prostate cancer. Nature 2015, 520, 353–357. [Google Scholar] [CrossRef] [PubMed]

	



Matsuda, M.; Kobayashi, Y.; Masuda, S.; Adachi, M.; Watanabe, T.; Yamashita, J.K.; Nishi, E.; Tsukita, S.; Furuse, M. Identification of adherens junction-associated GTPase activating proteins by the fluorescence localization-based expression cloning. Exp. Cell Res. 2008, 314, 939–949. [Google Scholar] [CrossRef] [PubMed]

	



Gentile, A.; D’Alessandro, L.; Lazzari, L.; Martinoglio, B.; Bertotti, A.; Mira, A.; Lanzetti, L.; Comoglio, P.M.; Medico, E. Met-driven invasive growth involves transcriptional regulation of Arhgap12. Oncogene 2008, 27, 5590–5598. [Google Scholar] [CrossRef] [PubMed]

	



Comoglio, P.M.; Trusolino, L. Invasive growth: From development to metastasis. J. Clin. Investig. 2002, 109, 857–862. [Google Scholar] [CrossRef] [PubMed]

	



Fang, J.; Liu, Y.; Wei, Y.; Deng, W.; Yu, Z.; Huang, L.; Teng, Y.; Yao, T.; You, Q.; Ruan, H.; et al. Structural transitions of centromeric chromatin regulate the cell cycle-dependent recruitment of CENP-N. Genes Dev. 2015, 29, 1058–1073. [Google Scholar] [CrossRef] [PubMed]

	



Christensen, E.I.; Birn, H. Megalin and cubilin: Multifunctional endocytic receptors. Nat. Rev. Mol. Cell Biol. 2002, 3, 256–266. [Google Scholar] [CrossRef]

	



Gremel, G.; Djureinovic, D.; Niinivirta, M.; Laird, A.; Ljungqvist, O.; Johannesson, H.; Bergman, J.; Edqvist, P.H.; Navani, S.; Khan, N.; et al. A systematic search strategy identifies cubilin as independent prognostic marker for renal cell carcinoma. BMC Cancer 2017, 17, 9. [Google Scholar] [CrossRef] [PubMed]

	



Gilkes, D.M.; Semenza, G.L.; Wirtz, D. Hypoxia and the extracellular matrix: Drivers of tumour metastasis. Nat. Rev. Cancer 2014, 14, 430–439. [Google Scholar] [CrossRef]

	



Jung, H.Y.; Fattet, L.; Yang, J. Molecular pathways: Linking tumor microenvironment to epithelial-mesenchymal transition in metastasis. Clin. Cancer Res. 2015, 21, 962–968. [Google Scholar] [CrossRef]

	



Ho, T.H.; Serie, D.J.; Parasramka, M.; Cheville, J.C.; Bot, B.M.; Tan, W.; Wang, L.; Joseph, R.W.; Hilton, T.; Leibovich, B.C.; et al. Differential gene expression profiling of matched primary renal cell carcinoma and metastases reveals upregulation of extracellular matrix genes. Ann. Oncol. 2017, 28, 604–610. [Google Scholar] [CrossRef] [PubMed]

	



Dagher, J.; Delahunt, B.; Rioux-Leclercq, N.; Egevad, L.; Srigley, J.R.; Coughlin, G.; Dunglinson, N.; Gianduzzo, T.; Kua, B.; Malone, G.; et al. Clear cell renal cell carcinoma: Validation of World Health Organization/International Society of Urological Pathology grading. Histopathology 2017, 71, 918–925. [Google Scholar] [CrossRef] [PubMed]

	



Delahunt, B.; Srigley, J.R.; Egevad, L.; Montironi, R. International Society for Urological Pathology. International Society of Urological Pathology grading and other prognostic factors for renal neoplasia. Eur. Urol. 2014, 66, 795–798. [Google Scholar] [CrossRef] [PubMed]

	



McKenna, A.; Hanna, M.; Banks, E.; Sivachenko, A.; Cibulskis, K.; Kernytsky, A.; Garimella, K.; Altshuler, D.; Gabriel, S.; Daly, M.; et al. The Genome Analysis Toolkit: A MapReduce framework for analyzing next-generation DNA sequencing data. Genome Res. 2010, 20, 1297–1303. [Google Scholar] [CrossRef] [PubMed]








[image: Cancers 11 00812 g001 550]





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. 
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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. 
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Figure 3. 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; Pr2, primary tumour 2; 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; G2, tumour grade 2; G3, tumour grade 3; G4, tumour grade 4. 
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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 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; Pr2, primary tumour 2; 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; G2, tumour grade 2; G3, tumour grade 3; G4, tumour grade 4. 
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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. 
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Table 1. Tumour sample characteristics.
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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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