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Number of deaths for leading 
causes of death in US (CDC) (2011 data)

1. Heart disease: 596,339
2. Cancer: 575,313
3. Chronic lower respiratory diseases: 143,382
4. Stroke (cerebrovascular diseases): 128,931
5. Accidents (unintentional injuries): 122,777
6. Alzheimer's disease: 84,691
7. Diabetes: 73,282
8. Influenza and Pneumonia: 53,667
9. Nephritis, nephrotic syndrome, and nephrosis: 45,731
10. Intentional self-harm (suicide): 38,285



Cancer: Number One Disease-
Related Killer of Americans

(From: AACR Cancer Progress Report 2013)



Cancer
• Disease of Genome

– Mutations in DNA (somatic mutations, copy number 
variations, translocations etc)

– Alterations in Epigenetics (methylation patterns, 
epigenetics etc)

– Alterations in RNA (mRNA expression, miRNA
expression, other non-coding RNA expressions etc)

– Alterations in Protein (protein expression, post-
translational modification etc)

• Disease of Microenvironment
– Signaling & Interactions from microenvironment



Multiple Level of Aberrations in Cancer

(Chin & Gray, Nature 2008)

Cancer	is	the	phenotypic	end	point	
of	numerous	genomic	and/or	
epigenomic	alterations	that	have	
accumulated	within	cells,	and	of	the	
interactions	of	such	altered	cells	with	
the	stromal	components	in	a	unique	
host	microenvironment.	



Drivers and Passengers
• Drivers

– Key genes when altered / mutated, can promote or “drive” tumorigenesis, and 
provide survival advantages to the cancer cell

– A typical tumor contains two to eight of these “driver gene” mutations. (Vogelstein 
et al Science 2013)

– Driver genes can be classified into 12 signaling pathways that regulate three core 
cellular processes: cell fate, cell survival, and genome maintenance. (Vogelstein 
et al Science 2013)

• Passengers
– Passenger mutations are “by-stander” alterations that happen to be altered in the 

primary cells but do not provide survival advantage of cancer. 
– These mutations represent random somatic events (that is, changes that 

occurred before a clonal expansion and are simply carried along despite 
conferring no selective advantage).

• CHALLENGE: How to distinguish “drivers” from “passengers”



Oncogenes addiction

• There are numerous examples which suggest that 
some cancers are not only initiated by a particular 
oncogene, but are also dependent upon that 
oncogene for tumor maintenance.

• Targeted cancer therapies have exploited this 
“oncogene addiction” concept; leading to several 
successful genotype-directed clinical applications of 
targeted therapies have been demonstrated
– BCR-ABL in Chronic Myeloid Leukemia 
– EGFR in non small cell lung cancer (NSCLC)
– EML-ALK4 in NSCLC
– BRAFV600E in metastatic melanoma

• The clinical paradigm until now is based on a simple 
binary correlation between a mutated cancer gene 
and response to a given therapy. 



One Example: BRAF mutation in Melanoma

(Nature 2002, 417:949-954)







Vemurafenib

Vemurafenib

Mutation found in 
the patient tumor

BRAF

Vemurafenib



Targeting mutated genes with Targeted Therapy
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>> COSMIC Database



Initial Large-Scale Cancer Genome Sequencing Efforts

(Science 2006)





Initial Large-Scale Cancer Genome Sequencing Efforts

(Science 2007)



Initial Large-Scale Cancer Genome Sequencing Efforts



Pathway-centric analysis of Cancer Genome



The Cancer Genome Atlas Project

• The Cancer Genome Atlas (TCGA) began as 
a three-year pilot in 2006 with an investment 
of $50 million each from the National Cancer 
Institute (NCI) and National Human Genome 
Research Institute (NHGRI). 

• Pilot Project: Comprehensive Characterized 
of three tumor types: Glioblastoma (GBM), 
Ovarian and lung cancers (> 200 samples)

• 2009 expand to 20 common tumor types



The Cancer Genome Atlas Project



The Cancer Genome Atlas (TCGA)

(Hutter & Zenklusen (2018) Cell)



(Blum, Wang, & Zenklusen, Cell 2018)



The Cancer Genome Atlas (TCGA)

(Hutter & Zenklusen (2018) Cell)



The Cancer Genome Atlas (TCGA)

(Hutter & Zenklusen (2018) Cell)



Components of the TCGA Research Network
• Biospecimen Core Resource (BCR) – Tissue samples are carefully cataloged, processed, 

checked for quality and stored, complete with important medical information about the patient.
• Genome Characterization Centers (GCCs) – Several technologies will be used to analyze 

genomic changes involved in cancer. The genomic changes that are identified will be further 
studied by the Genome Sequencing Centers.

• Genome Sequencing Centers (GSCs) – High-throughput Genome Sequencing Centers will 
identify the changes in DNA sequences that are associated with specific types of cancer.

• Proteome Characterization Centers (PCCs) – The centers, a component of NCI’s Clinical 
Proteomic Tumor Analysis Consortium, will ascertain and analyze the total proteomic content 
of a subset of TCGA samples.

• Data Coordinating Center (DCC) – The information that is generated by TCGA will be 
centrally managed at the DCC and entered into the TCGA Data Portal and Cancer Genomics 
Hub as it becomes available. Centralization of data facilitates data transfer between the 
network and the research community, and makes data analysis more efficient. The DCC 
manages the TCGA Data Portal.

• Cancer Genomics Hub (CGHub) – Lower level sequence data will be deposited into a secure 
repository. This database stores cancer genome sequences and alignments.

• Genome Data Analysis Centers (GDACs) – Immense amounts of data from array and 
second-generation sequencing technologies must be integrated across thousands of samples. 
These centers will provide novel informatics tools to the entire research community to facilitate 
broader use of TCGA data.



CGC Centers and Data Types

Center Data Type

BCGAC Illumina miRNA-seq

BROAD SNP 6.0 (copy number)

HMS Harvard Illumina DNA-seq

JHU/USC Methylation

MD Anderson RPPA

UNC Agilent Microarray (gene exp)

Illumina RNA-seq



Comprehensive Molecular Characterization of 
Colorectal Cancer

This file contains the legends for Supplementary Tables 1-12, Supplementary Tables 1-9 and Supplementary Data 
files 1-2, Supplementary Methods, which include 17 Figures and 2 Tables (see Contents for details) and 
Supplementary Figures 1-9.



Mutation Frequency



Integrative Analysis



Novel Insights



Diversity and frequency of genetic changes leading to 
deregulation of signaling pathways in CRC



Integrative Pathway Analysis



Pan-Cancer 
Analysis



Pan-Cancer 
Analysis



Pan-Cancer Analysis of TCGA Data

http://www.nature.com/ng/focus/tcga/index.html



Pan-Cancer Analysis of TCGA Data



Pan-Cancer Analysis of TCGA Data



Pan-Cancer Atlas
https://www.cell.com/pb-assets/consortium/pancanceratlas/pancani3/index.html



Pan-Cancer Atlas
https://www.cell.com/pb-assets/consortium/pancanceratlas/pancani3/index.html



Tumor Heterogeneity
Cancer is not one but many diseases. It is different 
in each patient and continuously evolves into a 
progressively complex interplay of diverse tumour
cells with their changing environment.

The picture that has emerged over the past few 
decades — especially with the advent of more 
sophisticated model systems and technologies —
is of even greater than anticipated genetic, 
phenotypic and functional heterogeneity and 
plasticity within tumours and between primary 
tumours and metastases. Adding to this 
bewildering complexity is the heterogeneity of the 
tumour micro-environment, inflammatory stimuli, 
the immune response, mechanical stresses, 
therapeutic intervention and many other factors, 
such as diet and the microbiota. These 
continuously changing environmental influences 
affect which cancer cell subpopulations are able to 
survive, proliferate, spread and resist therapy.

19 September 2013 / Vol
501 / Issue No 7467

(Barbara Marte, Nature 2013)



Tumor Heterogeneity

(Vogelstein et al Science 2013) 



Tumor Heterogeneity







Innate Genetic Evolution and Spatial Heterogeneity in 
Treatment Naïve Lung Cancer Lesions 



Innate Genetic Evolution and Spatial Heterogeneity in 
Treatment Naïve Lung Cancer Lesions 



Implications in Clinical Trial Design

(Bedard et al Nature 2013)



New Clinical Trial Designs

(Woodcock & LaVange, NEJM 2017)



New Clinical Trial Designs

(Woodcock & LaVange, NEJM 2017)



New Clinical Trial Designs

(Woodcock & LaVange, NEJM 2017)



Bioinformatics Tools for Mining and Visualizing Cancer 
Genomics Data

• “Driver” Mutations
– GISTIC – Copy number variation
– MutSig – DNA somatic mutation
– PARADIGM – pathway inference for individual patients

• Analysis Pipeline
– Firehose
– Nozzle

• Cancer Genome Browser
– UCSC Cancer Genome Browser

• Data Portal
– TCGA Data Portal
– ICGC Data Portal
– cBio Cancer Genome Portal



Genomic Identification of Significant Targets in Cancer (GISTIC)

• Statistical method for identifying regions of aberration that are more likely to drive 
cancer pathogenesis. The method identifies those regions of the genome that are 
aberrant more often than would be expected by chance, with greater weight given to 
high amplitude events (high-level copy-number gains or homozygous deletions) that 
are less likely to represent random aberrations.

http://www.broadinstitute.org/cancer/cga/gistic (Beroukhim et al PNAS 2007)



Genomic Identification of Significant Targets in Cancer (GISTIC)

http://www.broadinstitute.org/cancer/cga/gistic (Beroukhim et al PNAS 2007)



MutSig (and variants) to identify “Mutation 
Significance” from Sequencing Data

• The input data is lists of mutations (and indels) from a set of samples (patients) that 
were subjected to DNA sequencing, as well as information about how much territory 
was covered in the sequencing. 

• MutSig builds a model of the background mutation processes that were at work 
during formation of the tumors, and it analyzes the mutations of each gene to 
identify genes that were mutated more often than expected by chance, given the 
background model.

http://www.broadinstitute.org/cancer/cga/mutsig



PARADIGM



PARADIGM

• Statistical Process that Can Incorporate
• Protein Levels
• Protein Activity levels
• mRNA Transcript Levels
• Copy-number levels for overall DNA
• Actual Protein Pathway Interactions

• Use Factor graph to represent the 
biological pathway

• To Create Integrated Pathway Level 
(IPL) data for provided samples to be 
used in clustering and GSEA analysis

• Converting individual “omics” data for 
individual patient into biological pathway 
level activity.



FIREHOSE

• Firehose is an analysis infrastructure developed at The Broad Institute to coordinate the flow of 
terabyte-scale datasets through dozens of quantitative algorithms.

• Although still evolving, Firehose has become a valuable piece of The Broad Institute 
computing infrastructure; it is used daily by dozens in the Cancer Genome Analysis group, to 
perform all TCGA GDAC and GSC analyses, managing hundreds of thousands of jobs on tens 
of thousands of samples, spread over hundreds of compute nodes and a 400+ TB file system.

http://www.broadinstitute.org/cancer/cga/Firehose



NOZZLE

http://gdac.broadinstitute.org/nozzle



UCSC Cancer Genome Browser

https://genome-cancer.ucsc.edu/



UCSC Cancer Genome Browser

https://genome-cancer.ucsc.edu/



NCI GDC Data Portal

https://portal.gdc.cancer.gov/



ICGC Data Portal

http://dcc.icgc.org/



cBio Portal for Cancer Genomics

http://www.cbioportal.org



cBio Portal for Cancer Genomics



Take Home Message
• Cancer is caused by genetic alterations: Most human cancers are caused by 

two to eight sequential alterations that develop over the course of 20 to 30 years.
• Comprehensive Characterization of Cancer Genomes: can identify “driver” 

mutations that contribute to cancer tumorigenesis.
• Drivers act in regulating core cellular processes: The known driver genes 

function through a dozen signaling pathways that regulate three core cellular 
processes: cell fate determination, cell survival, and genome maintenance.

• Pathway-centric Analysis of Cancer Genomes: Every individual tumor, even of 
the same histopathologic subtype as another tumor, is distinct with respect to its 
genetic alterations, but the pathways affected in different tumors are similar.

• Tumor Heterogeneity: Genetic heterogeneity among the cells of an individual 
tumor always exists and can impact the response to therapeutics.

• Bioinformatics Tools: are needed to organize, analyze, interpret and visualize 
large-scale cancer genomics data.


