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Outlines

• Overview of Cancer Genome Alterations

• Overview of Genomic Analysis
– Somatic alteration detection
– Cancer gene discovery
– Clinical genomic sequencing



The hallmarks of cancer

Hannahan & Weinberg Cell (2011)

 All cancers are driven 
by somatic mutations 
that lead to tumor 
growth and hallmarks 
of cancer



Mutational processes

Stratton, Campbell & Futreal Nature (2009) 



Driver vs passenger

Black & McGranahan Nat. Reviews Cancer (2021)



Across patient tumor heterogeneity

• Somatic differences reflect 
tissue-of-origin

• Somatic alterations define 
molecular subtypes

• Somatic differences from 
different stages

• Gender and genetic 
ancestry

Grzywa et al. Transl Oncol. (2017) 



• Inter-tumor: between tumors within a patient 
• Intra-tumor heterogeneity: between cells within a tumor lesion (e.g. 

tumor clones)

Grzywa et al. Transl Oncol. (2017) 

Within patient tumor heterogeneity



Types of somatic alterations

https://missionbio.com/resources/learning-center/clonal-
evolution-in-cancer/

• Single nucleotide variants
• Insertions and deletions (indel)
• Copy number alterations
• Chromosomal rearrangements



Next-generation sequencing

https://www.illumina.com/content/dam/illumina-
marketing/documents/products/illumina_sequencing_introduction.pdf



Next-generation sequencing - pair-end reads alignment



BWA and Samtools for read alignment and BAM file manipulation

BAM file or CRAM file

Mapping quality
Base quality



Re-alignment for improved indel calling
• Genome aligners can only consider each read independently
• Favor alignments with mismatches or soft-clips instead of opening a gap 
• May use arbitrary tie-breaking, leading to different, non-parsimonious 

representations of the event in different reads.



• Local realignment considers all reads spanning a given position. This makes it 
possible to achieve a high-scoring consensus that supports the presence of an 
indel event.

Re-alignment for improved indel calling



Overview of somatic alteration detection methods

• SNV and indel detection

• Copy number 

• Structural variation

Main problem:

Predict somatic alterations from germline 
variations accounting for biological and 
technical uncertainties 



Germline genotyping from NGS

• Depth (total reads) 
• Count of reference reads
• Count of variant reads

Total reads

Count of 
variant 
reads from 
a true 
mutation

Data from sequencing:

At a given site
Genotypes:             AA,              AB,                   BB

Hom Ref Het  SNP Hom SNP
Expected allelic fractions:             ~0  ~0.5   ~1



• Model the prior genotype probability 
(mutation rate etc)

• Estimate the genotype of a cohort jointly 
(success probability depends on the 
genotype and sequencing error rate)

More advanced algorithms

Probability of A being true, 
given B is true PriorLikelihood

Normalization

Posterior

The probability of B 
being true, given A is 
true

The probability B 
being true

The probability A 
being true

https://towardsdatascience.com/gaussian-
mixture-models-explained-6986aaf5a95



Somatic mutation detection is more complicated

• Tumor purity
• Subclonal mutations
• Local copy numbers

Cortés-Ciriano et al Nature Reviews Genetics (2022)



Somatic mutation detection is more complicated

A good call A bad call

https://best-practices-for-processing-hts-data.readthedocs.io/en/latest/mutect2_pitfalls.html



Xu. Comput Struct Biotechnol (2018) 

Other things to consider when 
choosing a tool:

 Type of DNA sample – FFPE

 Type of sequencing data

 WGS
 WES
 Targeted panel

Summary of somatic mutation detection



MuTect: a sensitive approach to detect low allelic fraction mutations

M0 assumes all non-reference reads come from 
technical artifacts
Mf assumes that variant allele is present at an 
unknown frequency f.



Example output from MuTect2 VCF format

https://yulijia.net/slides/bioinfomatcis_for_medical_students/2019-
08-16-A_beginners_guide_to_Call_SNPs_and_indels_Part_III.html#1

Tumor BAM Normal BAM Panel of normals



http://www.genomesop.com/somatic-mutations/



Meyerson, Gabriel & Getz. Nature Review Genetics (2010) 

Somatic copy number alterations



Somatic CNA detection overview

Ratio of 
tumor/normal 

coverage

Segmentation of 
coverage changes

Predicting the 
number of copies 

per segment

https://gavinhalab.org/teaching/GS541_sp23/



Somatic CNA detection overview

Gabrielaite et al Cancers (2021)



CNVKit – detection from targeted DNA sequencing 

 Normalization and 
bias correction can 
be performed using 
a panel of normal 
samples



CNVKit – combine on-target and off-target reads



Copy Number Analysis adding the Allelic Features

• Infer fraction of genome 
altered

• Infer genome-wide LOH

Cortés-Ciriano et al Nature Reviews Genetics (2022)



FACETS: allele-specific copy number 

Shen & Seshan Nucleic Acids Res (2016)

• Joint segmentation of read 
coverage and allelic fraction 
using HMM



You can also use somatic copy number data to:

• Estimating tumor purity and ploidy (whole-genome doubling) from copy 
number analysis 

• Estimating tumor heterogeneity from copy number analysis 

https://gavinhalab.org/teaching/GS541_sp23/



Structural variant detection from short read sequencing



Structural variants - genomic alterations >50bp

Alkan, Coe & Eichler 
Nature Reviews Genetics (2011)



Sequence features in SVs

https://gavinhalab.org/teaching/GS541_sp23/



Method for detecting SVs

• Using read-pair information – use the span and orientation of 
paired reads information

• Using split read information – define breakpoint with high 
resolution

• Using local sequence assembly – find de novo insertions



SvABA: using all three methods for SV detection

Wala et al Genome Research (2018)



Complex rearrangements

Clustered copy 
number loss and 
LOH

Chains of 
balanced 
translocations

Other complex 
events

Breakage fusion 
bridge cycle

Extrachromosomal 
DNA

Usually involve high-
level amplification of 
oncogenes



Methods to improve SV detection accuracy
• Graph-based classification methods to reconstruct complex SVs 

https://github.com/mskilab-org/JaBbA



Discover cancer genes from tumor 
sequencing



Passenger mutation

Neutral somatic changes caused by 
exposure or genetic instability 

that are unrelated to cancer development

Driver mutation

Somatic changes caused by 
exposure or genetic instability 

that are essential for cancer development



Identify cancer drivers

• Input data: lists of mutations (and indels) from multiple samples

• Output data: a list of genes significantly mutated in the cohort

• Approach
– Build a model of the background mutation processes
– Using statistical methods to find genes mutated more often than 

expected by chance given background mutation processes



MutSig: identify significantly mutated genes



Identify cancer drivers

• Incorporating variables into the background model to reduce false-
positive findings

– DNA replication time
– Chromatin state 
– Expression level

Additional information to reduce false positives:

fishHook:
 Generalized linear modeling 
(GLM) of somatic mutation densities 
and their heterogeneity along the 
genome



Identify cancer drivers

• Clustered vs sparse

EGFR
Hotspot mutation

Additional information to reduce false positives:

Functional characterization (experimental or computational) is important



ANNOVAR for the interpretation and prioritization of single nucleotide variants



Variant effect prediction (VEP)





GISTIC: Identify significantly recurrent SCNAs

• Identify driver SCNAs by evaluating the 
frequency and amplitude of observed 
events



• Non-negative matrix factorization (NMF) is commonly used to 
detect signatures

Patient 
count
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Identify patterns of somatic alterations

To infer the source of mutational processes



Mutational signature

• Input: Counts of 96 base substitutions in tri-nucleotide sequence contexts per 
patient

• Output:

https://software.broadinstitute.org/cancer/cga/msp



Smoking mutational signature

Single-base substitution

Doublet-base substitutions

Small indels

Alexandrov et al Nature (2020)



Copy number and SV signatures

Drews et al Nature (2022)



Copy number signatures associated mutations

• BRCA1-deficient       tandem duplicator 
phenotype

• BRCA2-deficient       small deletions

• Genome-wide LOH   biomarker for 
       PARP inhibitors 
       in ovarian cancer

Menghi et al Cancer Cell (2018)



Running significant analysis in practice

• Significant and signature analyses can also be noise detectors

• Filtering false positive mutation or SCNA calls is essential
– Using consensus calls from multiple callers
– Using a panel of normal

• Multiple algorithms can be used to improve sensitivity/specificity



Create a panel of normal best matching the study cohort

• Examples:

– Use normal samples from the same sequencing technology 
(exome, panel, long reads etc.) to model technical artifacts

– Use normal samples from the same sequencing batch to 
model batch effects

– Use normal samples from the same population to filter 
population-specific germline variations



What else can we detect from tumor sequencing

Cortés-Ciriano et al Nature Reviews Genetics (2022)



Challenges and future directions:

• In the era of whole-genome analysis, we need better methods to 
identify significantly mutated non-coding functional elements

• Methods incorporating genetic and epigenetic data to detect non-
coding mutations 

• Methods incorporating mutation, copy number and structural variants to 
detect more cancer genes



Long-read human genome sequencing and application 

Logsdon, Wollger & Eichler Nature Reviews Genetics (2020) 



Variant calling from long reads sequencing 
• NANOPORE



Polysolver: HLA typing and mutation calling from 
sequencing 

Shukla et al Nat Biotech (2015)



Clinical cancer gene panel sequencing to 
identify actionable somatic alterations 



MSK-IMPACT: Comprehensive Cancer Gene Panel

Deep coverage, (>700x high-sensitivity detection) targeted sequencing of 505 genes to guide treatment

3. Sample Preparation

4. Sequencing 5. Bioinformatics Analysis

Mutations

Copy number alterations

Rearrangements

6. Case Review and Sign Out

Clinical Report

Data mining & 
interpretation
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Capture probes

1. Patient Consent 2. Sample Accessioning

Clinical trial 
matching

Genomic Variants
Database

Precision Oncology 
Knowledge Base

• Matched tumor/normal sequencing
– Somatic Alterations

• Mutations, copy number alterations, gene fusions, mutational signatures, TMB, germline variants (with additional consent), 
clonal hematopoiesis Zehir, Benayed, et al., Nature Medicine, 2017



Detect clinically relevant alterations

• Run mutation, indel, SCNA and SV callers

• Calculate TMB, infer fraction of genome altered

• Using OncoKB for functional annotation



AKT1 E17K in breast cancer
Clinical activity of AZD5363 

in the AKT Basket Study

BRAF V600E in colorectal cancerClinical activity of vemurafenib

AKT1 E17K in bladder cancerClinical activity of AZD5363 in 
the AKT Basket Study

ERBB2 amp in breast/gastric
BRAF V600 in melanoma/ECD

FDA-approved Herceptin
FDA-approved vemurafenib

OncoKB Ranks Cancer Alterations by their Clinical Actionability

KRAS mut in colorectal cancerPatients don’t respond to FDA-
approved anti-EGFR abs

KRAS (non G12C) mutations 
in lung cancer

MEK/ERKi  in mouse 
models and cell lines

NCCN-listed PARP inhibitors BRCA2 oncogenic mutations 
in uterine sarcoma

Chakravarty and Solit Nature Review Genetics (2021)













<- sequencing a lot of high-risk individuals

<- sequencing rare families

<- SNP genotyping and imputation



Leveraging matched normal sequencing to study rare germline variants

Srinivasan et al Nature Genetics (2021)



New methods for analyzing clinical sequencing data are needed

• Lower sensitivity in detecting mutational signatures

• Lower sensitivity in detecting rearrangements

• Limited in detecting genome-wide LOH



Imputation workflow from GLIMPSE



Leverage off-target reads to infer germline haplotypes
  Benchmarking imputation accuracy – comparing 
genotyping dosage of 50 paired WGS and MSK-
IMPACT samples   Imputation of common variants 

using on/off-target reads



“driver” GWAS using MSK-IMPACT panel sequencing

 Genome-wide association study (GWAS) of IDH1-mutant vs IDH1-wildtype 
GBM tumors replicated known associations



 Use imputed and phased variants for haplotype-based CNA on panel 
data

Rotation project



Analyzing RNA-seq data



RNA-seq data normalization

https://hbctraining.github.io/DGE_workshop/lessons/02_DGE_count_normalization.html



Examination of gene expression is important to understand SVs

Carrot-Zhang*, Yao*, Devarakonda* et al. Cell Reports (2021)



Why RNA-seq is still needed

Detect gene fusion
Assist histological 

classification
Infer tumor

microenvironment



Neoantigen prediction

Borden et al Front Oncol (2021)



Why RNA-seq is needed for neoantigen prediction

• Infer T cell/B cell repertoire clonality

• Infer T cell/B cell receptor diversity

• Infer HLA expression



Other genomic and epigenetic profiling tools

• Single cell DNA/RNA-sequencing

• ATAC-seq

• Hi-C and Hi-Chip

– Enhancer amplification
– Enhancer hijacking

https://arimagenomics.com/



Resources
• 1000 Genomes Project (https://www.internationalgenome.org/) 
• UK10K (https://www.uk10k.org/) 
• Exome Aggregation Consortium (ExAC) (http://exac.broadinstitute.org/)
• Genome Aggregation Database (gnomAD) 

(https://gnomad.broadinstitute.org/) 
• ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/)
• The Cancer Genome Atlas (TCGA) (https://portal.gdc.cancer.gov/)
• International Cancer Genome Consortium (ICGC) (https://icgc.org/)
• cBioPortal (cbioportal.mskcc.org)

http://exac.broadinstitute.org/
https://portal.gdc.cancer.gov/
https://icgc.org/


Popular tools
• BWA - alignment
• Samtools
• MuTect2 – mutation and indel
• Strelka – mutation and indel
• ichorCNA
• Absolute – allelic-specific CNA
• Facets – allelic-specific CNA
• Svaba – SVs
• Jabba – SVs
• ANNOVAR – annotation
• OncoKB – annotation

• MutSig2CV – significantly 
mutated genes

• GISTIC2 – recurrent CNVs
• Deseq2 – gene expression
• FusionCatcher – gene fusion 

from RNA-seq
• polySolver – HLA typing
• HLALOH
• MixCR – TCR/BCR
• PyClone – tumor evolution


	Cancer Genomics Analysis����Jian Carrot-Zhang, Ph.D.��Assistant Attending,�Computational Oncology��GSK Core Course Spring 2025
	Outlines
	The hallmarks of cancer
	Mutational processes
	Driver vs passenger
	Across patient tumor heterogeneity
	Within patient tumor heterogeneity
	Types of somatic alterations
	Slide Number 9
	Slide Number 10
	Slide Number 11
	Re-alignment for improved indel calling
	Re-alignment for improved indel calling
	Slide Number 14
	Slide Number 15
	Slide Number 16
	Slide Number 17
	Slide Number 18
	Slide Number 19
	Slide Number 20
	Slide Number 21
	Slide Number 22
	Slide Number 23
	Slide Number 24
	Slide Number 25
	Slide Number 26
	Slide Number 27
	Copy Number Analysis adding the Allelic Features
	FACETS: allele-specific copy number 
	Slide Number 30
	Structural variant detection from short read sequencing
	Structural variants - genomic alterations >50bp
	Sequence features in SVs
	Method for detecting SVs
	SvABA: using all three methods for SV detection
	Complex rearrangements
	Methods to improve SV detection accuracy
	Discover cancer genes from tumor sequencing
	Slide Number 39
	Identify cancer drivers
	MutSig: identify significantly mutated genes
	Identify cancer drivers
	Identify cancer drivers
	ANNOVAR for the interpretation and prioritization of single nucleotide variants
	Variant effect prediction (VEP)
	Slide Number 46
	GISTIC: Identify significantly recurrent SCNAs
	Slide Number 48
	Mutational signature
	Smoking mutational signature
	Copy number and SV signatures
	Copy number signatures associated mutations
	Running significant analysis in practice
	Create a panel of normal best matching the study cohort
	What else can we detect from tumor sequencing
	Challenges and future directions:
	Long-read human genome sequencing and application 
	Variant calling from long reads sequencing 
	Polysolver: HLA typing and mutation calling from sequencing 
	Clinical cancer gene panel sequencing to identify actionable somatic alterations 
	MSK-IMPACT: Comprehensive Cancer Gene Panel
	Detect clinically relevant alterations
	OncoKB Ranks Cancer Alterations by their Clinical Actionability
	Slide Number 64
	Slide Number 65
	Slide Number 66
	Slide Number 67
	Slide Number 68
	Slide Number 69
	Leveraging matched normal sequencing to study rare germline variants
	New methods for analyzing clinical sequencing data are needed
	Slide Number 72
	Leverage off-target reads to infer germline haplotypes
	“driver” GWAS using MSK-IMPACT panel sequencing
	Use imputed and phased variants for haplotype-based CNA on panel data
	Analyzing RNA-seq data
	RNA-seq data normalization
	Slide Number 78
	Why RNA-seq is still needed
	Neoantigen prediction
	Why RNA-seq is needed for neoantigen prediction
	Other genomic and epigenetic profiling tools
	Resources
	Popular tools

