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I’m happy for the chance to present on behalf of our analysis working group. 



Introduction 

• Chromophobe renal cell carcinoma (ChRCC) 
represents ~5% of cancers arising from the 
kidney nephron  

• Due in part to its relative rarity, this disease 
has been understudied at the molecular level  

• Comprehensively profiled by TCGA, as the first 
of its Rare Tumor Projects  
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This cancer, kidney chromophobe, has a story to tell.



Data summary 
Data Type Platforms Cases Data access 
Whole exome  DNA sequence Illumina 66 Controlled 
Whole  genome  DNA 
sequence Illumina  50 Controlled 
Mitochondria DNA sequence Illumina (LR-PCR) 61 Controlled 
DNA copy number/genotype Affymetrix SNP 6  66 Controlled 
mRNA expression  Illumina  66 Controlled - BAM files 
      Open - expression files 
miRNA expression  Illumina  66 Controlled - BAM files 
      Open - expression files 
CpG DNA methylation  Illumina 450K  66 Open 

66 tumor cases for comprehensive profiling 
50 cases with whole genome sequencing  
61 cases with mitochondria genome sequencing 
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Shown here is the data summary for the project. In all, 66 tumors were subjected to the standard multi-platform analyses. And while this may not represent as many cases as for some of the other projects, we were able to move in other dimensions, through data integrationFor one thing, we have here 50 cases with whole genome sequencing, which is a lot for a TCGA project. And we focused a great deal of effort on mining these data.We also had 61 cases with mitochondria genome sequencing. This is not part of the standard TCGA pipeline. We used long-range PCR to amplify the mitochondria DNA component. And these results compared quite well with those from whole genome analysis.
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Somatic alterations 
(copy and whole exome) 
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We can start with somatic alterations by copy and whole exome analysis



DNA copy alterations 

CCRCC ChRCC 

classic eosinophilic 
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On the right here we have a heat map of DNA copy alterations for our 66 chromophobe cases (or ChRCC), which look quite different from the more common clear cell kidney cancers on the left (or CCRCC). In ChRCC, Whole chromosome loss (in blue) is seen as expected for chromosomes 1, 2, 6, 10, 13, and 17 in the majority of cases. Though there no focal regions of copy-alteration in ChRCC by GISTIC analysis. 
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Presenter
Presentation Notes
We carried out whole exome sequencing in ChRCC to identify somatically mutated genes. TP53 was the most frequently mutated (30%), followed by PTEN (9%), and then we have a long list of genes mutated in just one or two cases, but which may be considered relevant in terms of biological knowledge.Now while the whole exome data are certainly an important component, it was also clear to us at this point in the project that there might be more to the story than what would be represented here.



DNA methylation 
and RNA expression 
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And so we will move on to DNA methylation and RNA expression



64,000 differential loci in total 

ChRCC CCRCC normal 

DNA methylation 
high low 

Widespread 
differences 
between ChRCC 
and CCRCC  

Shen H 
Laird P 
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At the DNA methylation level, we observed widespread differences between ChRCC and CCRCC, involving tens of thousands of loci. So, clear cell and chromophobe are both kidney cancer but they look very different at the molecular level, from multiple perspectives using various data platforms. Now we could simply note the differences as a finding and move on, or we might press a bit further and ask why are these two cancers different. In principle, some of these differences could involve cancer-relevant pathways, but some of these differences may also reflect the cell of origin of the cancer, if in fact these cancers do have different cells of origin.



Anatomy of the kidney nephron 

http://en.wikipedia.org/wiki/File:Kidney_nephron_molar_transport_diagram.svg 

proximal distal 
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This question as to cell of origin of kidney cancer is something that has received much debate in the research community, and the current theory held by some is as follows. Shown here is a diagram of the kidney nephron. This is just a part of the kidney it’s the part that processes urine from the blood. For our purposes there are two basic parts to the nephron represented here, the proximal end (on the left) and the distal end (on the right).

http://en.wikipedia.org/wiki/File:Kidney_nephron_molar_transport_diagram.svg


Anatomy of the kidney nephron 

CCRCC? ChRCC? 

proximal distal 
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ChRCC has been postulated to arise from intercalated cells in the distal convoluted tubule of the kidney nephron, while CCRCC could arise from cells in the proximal convoluted tubule. This theory is based on previous work focusing on specific markers, by immunohistochemistry, but we can also look at this question using a global analysis of gene expression. 



Gene expression 
atlas of the 
kidney nephron 

proximal distal 
Cheval et al. 
PLOS One 2012 

Published mRNA 
profiling dataset 
of micro-dissected 
regions (mouse 
and human) 
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So to examine this question, we needed an orthogonal dataset, something outside of TCGA and even outside of cancer. We were very fortunate to have the right dataset available to us. We referred to this Gene expression atlas of the kidney nephron, which is a previously Published mRNA profiling dataset of micro-dissected regions of the nephron as indicated in the graphic (there were from both mouse and human specimens). 
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ChRCC versus CCRCC expression differences 
reflect distal versus proximal nephron 

Presenter
Presentation Notes
What we found with this dataset is that ChRCC versus CCRCC expression differences reflect differences between distal versus proximal nephron, respectively.We performed a supervised analysis, where each TCGA chromophobe or clear cell kidney tumor expression profile was compared via a global correlation analysis to that of each sample in the kidney nephron atlas. So the rows of the heat map represent the kidney nephron sections and columns represent kidney cancers. ChRCC clearly showed high mRNA expression correlations with distal regions of the nephron, while CCRCC was highly correlated with patterns associated with the proximal nephon. This was seen in both mouse and kidney datasets. And these observations would be in line with the expectations of many, as well as putting all these data into some meaningful context. 



Mitochondrial DNA alterations 

Presenter
Presentation Notes
Next we will cover mitochondrial DNA alterations



Events with >50% 
heteroplasmy shown 

Red, affects 
protein coding 

Muzny D, 
Buhay C 
Wang M 
 

mtDNA somatic mutations in ChRCC 
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While we did not find many nuclear genes being frequently mutated (other than TP53), mitochondrial DNA (or mtDNA) is typically more vulnerable to mutation in cancer and it encodes for some important genes. So we sequenced the mitochondrial genome for most of our ChRCC cases. Represented here is a lollipop plot of somatic events with >50% heteroplasmy, so most mtDNA copies in the tumor cell would have the mutation. mtDNA is circular. About half of the mutations detected were in the D-loop region (which is noncoding). mtDNA encodes 13 proteins involved in respiration and oxidative phosphorylation, many of which were found mutated in our data. 



Red, high 
in ChRCC 
Blue, low 
in ChRCC 
Yellow, mtDNA 
mutation 

mtDNA 
mutations 
involve the 
electron 
transport 
chain 
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Here are the mtDNA-encoded genes in the context of their associated pathways. These genes (now highlighted) all involve the electron transport chain. Most of the mutations (in yellow) occur in complex I, in particular in the ND5 gene. And due to the type of mutations represented here, these are likely result in loss of complex I activity.  Also represented on this slide are the expression patterns of the nuclear-encoded genes, with Red meaning high expression in ChRCC versus normal and BLUE meaning low expression. And what we should take note of here is that there is a lot of red in this picture, with some blue at key entry points into Krebs. And so While Many cancers (such as CCRCC) seek to downregulate krebs cycle and oxidative phosphorylation, showing a type of Warberg effect. ChRCC, if anything, shows an anti-Warburg effect. This is a cancer that relies upon oxidative phosphorylation. And other pieces of data would support this as well.Now, this is interesting, in that Some have hypothesized that the mtDNA mutations should lead to a Warburg effect, but this would not be reflected in our data. All of this would seem to suggest alternative roles for mtDNA mutations in cancers such as ChRCC that rely on oxidative phosphorylation.
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Here are the mtDNA-encoded genes in the context of their associated pathways. These genes (now highlighted) all involve the electron transport chain. Most of the mutations (in yellow) occur in complex I, in particular in the ND5 gene. And due to the type of mutations represented here, these are likely result in loss of complex I activity.  Also represented on this slide are the expression patterns of the nuclear-encoded genes, with Red meaning high expression in ChRCC versus normal and BLUE meaning low expression. And what we should take note of here is that there is a lot of red in this picture, with some blue at key entry points into Krebs. And so While Many cancers (such as CCRCC) seek to downregulate krebs cycle and oxidative phosphorylation, showing a type of Warberg effect. ChRCC, if anything, shows an anti-Warburg effect. This is a cancer that relies upon oxidative phosphorylation. And other pieces of data would support this as well.Now, this is interesting, in that Some have hypothesized that the mtDNA mutations should lead to a Warburg effect, but this would not be reflected in our data. All of this would seem to suggest alternative roles for mtDNA mutations in cancers such as ChRCC that rely on oxidative phosphorylation.



Whole Genome Analysis 
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Finally we will cover key findings from Whole Genome Analysis



Kataegis observed in ChRCC 

Davis C, Wheeler D 
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From our whole genome sequencing data, kataegis could be observed in some of our ChRCC cases. Kataegis is a phenomenon involving highly localized substitution mutations (C>T or C>G or both), which has recently been observed in other cancer types. Consistent with previous observations, we found that regions of kataegis in ChRCC were often found in the vicinity of genomic rearrangements. This is interesting in that this patterns shows up in only a fraction of our cases. And this would invite a comparison to be made, using our other data platforms



mRNA 
correlates 
of kataegis 

Creighton C,  
Davis C 
 
 

Cases with 
kataegis (n=3) 
 

Includes TERT 

n=50 ChRCC 

mRNA expression 
high low 
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And so we compared gene expression profiles between ChRCC cases with and without a strong kataegis pattern, we identified 29 differentially expressed genes (with FDR of 5%). Interestingly, this list of genes included TERT, which had the highest level of expression in kataegis cases. TERT gene itself showed a wide range of expression levels across ChRCC, from undetectable to hundreds of units by RNA-seq. And this caused us to ask just what might be driving the expression of this gene in some of our cases.
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Caleb Davis examined DNA copy number within the genomic region surrounding TERT, Red is copy gain, Blue is copy loss. There was some copy variation from normal for some cases, but not at levels that would account for the extent of deregulated expression. However, what Caleb noticed was multiple cases showed these abrupt changes in copy number, at points that fell within the region 10 kb upstream of the TERT transcription start site. What this suggested was the existence of structural breakpoints resulting from genomic rearrangements. 



Structural variants associated with 
TERT promoter region by WGS analysis 

breakpoint A breakpoint B 
case chr:pos ori gene chr:pos ori gene event type 
KL-8341 5:1116986 -1   5:1296148 1 TERT PM tandem dup. 
KN-8435 5:272199 1 PDCD6 5:1296716 1 TERT PM inversion 
KM-8438 5:1348783 -1   5:1295372 1 TERT PM deletion 
KL-8346 5:1125430 -1   5:1295604 1 TERT PM tandem dup. 
KL-8323 5:49560803 1   5:1299528 -1 TERT PM tandem dup. 
KL-8323 5:49563017 -1   5:1297603 1 TERT PM del-insertion 
KM-8443 13:52688659 1 NEK5 5:1305300 1 TERT PM Inter-chr transl. 

Davis C, Wang L, Park P 
 

Meerkat algorithm 
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Working with Peter Park’s group, we were able to map out the coordinates of seven Structural variants associated with TERT promoter region by WGS analysis, involving six cases. Each of these involves two fragments of DNA from different regions of the genome, becoming fused together. 



TERT promoter-associated SVs 
correlate with high TERT expression 
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What’s notable is that these TERT promoter-associated Structural variants (or SVs) correlate with high TERT expression. The six cases having the highest levels of TERT were the same six cases for which we found a TERT promoter SV. In most of the other ChRCC cases, TERT levels were undectable. Three cases did have the C228T activating promoter mutation, but showed only moderate levels of expression. So, this would appear to represent a novel mechanism for deregulation of TERT, whereby the promoter region is disrupted by genomic rearrangement, possibily by interferring with the activity of a key repressor.
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What’s notable is that these TERT promoter-associated Structural variants (or SVs) correlate with high TERT expression. The six cases having the highest levels of TERT were the same six cases for which we found a TERT promoter SV. In most of the other ChRCC cases, TERT levels were undectable. Three cases did have the C228T activating promoter mutation, but showed only moderate levels of expression. So, this would appear to represent a novel mechanism for deregulation of TERT, whereby the promoter region is disrupted by genomic rearrangement, possibily by interferring with the activity of a key repressor.



Validation of TERT PM-associated SVs 
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We carried out validation of these TERT promoter-associated structural variants. Here is an example case of a structural rearrangement, involving case KN-8435. For each breakpoint, we designed PCR primers to span each of the two genomic regions involved, as highlighted here. By combining these two sets of primers we could amplify the breakpoint region in the tumor but not the normal sample , which PCR product was then subjected to subsequent sequencing. Of the seven rearrangements identified by WGS, we could independently confirm six (involving six cases) by PCR.This represents a major finding for our project, and it leads us to ask whether TERT may be similarly deregulated in other cancers.
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We carried out validation of these TERT promoter-associated structural variants. Here is an example case of a structural rearrangement, involving case KN-8435. For each breakpoint, we designed PCR primers to span each of the two genomic regions involved, as highlighted here. By combining these two sets of primers we could amplify the breakpoint region in the tumor but not the normal sample , which PCR product was then subjected to subsequent sequencing. Of the seven rearrangements identified by WGS, we could independently confirm six (involving six cases) by PCR.This represents a major finding for our project, and it leads us to ask whether TERT may be similarly deregulated in other cancers.



Conclusions 

• Comprehensive molecular analysis of a rare 
cancer type as a platform for discovery 

• Global molecular patterns may provide clues 
as to a cancer’s cell of origin 

• mtDNA sequencing incorporated into multi-
platform molecular characterization of cancer 

• Discovery of recurrent genomic 
rearrangements involving TERT promoter 
region 
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And with that I will close and thank you for your time.
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