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Cancer genomics: success and challenges

n Comprehensive catalogs of the key genomic alterations

n Actionable genomic abnormalities
q BCR-ABL translocation in CML

q HER2 amplification in breast cancer

q BRAF mutation in melanoma

q EGFR mutations or ALK rearrangements in lung cancer

n Genome-driven oncology
q FoundationOne CDx™

n Challenges
q Only covers a subset of patients

q Lower than expected response rates

q Drug resistance

BCM QCB, April 2018
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Missing biology
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Missing biology
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Missing biology
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Missing biology
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Proteome and proteomics

n Proteome
q The entire set of proteins expressed in a given

type of cell, tissue, or organism, at a given time,
under defined conditions.

n Proteomics
q The study of the proteome.

BCM QCB, April 2018
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Mass spectrometers used in proteomics research
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Three principle components of the mass spectrometers
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Mass spectrometry-based proteomic strategies

> 10,000 proteins

Integrity Throughput

BCM QCB, April 2018

Bottom-upTop-down

Intact proteins Peptide fragmentsProteolytic
digestion



Bottom-up proteomics (shotgun proteomics)

Full scanMS/MS

Tandem Mass Spectrometry
(MS/MS)
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MS/MS analysis using Q Exactive
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MS/MS data and peptide identification
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Fragment generation
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Roepstorff and Fohlman, Biological Mass Spectrometry, 1984
Steen and Mann. Nat Rev Mol Cell Biol, 2004



Peptide identification methods

n De novo analysis
q Missing ions

q Noise

n Spectrum library search
q Incomplete

n Database search

BCM QCB, April 2018
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Database search for peptide identification

n Each proteome only includes a 
subset of the sequences in the 
database.

n Identify sequences that match the 
ions present in the MS/MS spectrum.
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Database search for peptide identification

Fragment m/z values

Sequence db
Theoretical fragment m/z

values from suitable peptides
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Quality control
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Elias and Gygi, Nat Methods, 2007
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Protein assembly
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Zhang et al. JPR, 2006Protein parsimony through bipartite graph analysis



Protein identification summary

Protein digestion

LC-MS/MS

Database search

Protein assembly
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Kim et al., Nature, 2014

Case study 1: draft map of the human proteome (Kim et al., 2014)

n 2,000 LC-MS/MS runs

n 25 million MS/MS spectra

n MASCOT and SEQUEST

n 293,000 peptides (FDR<1%)

n Proteins encoded by 17,294 genes

n 2535 protein products from the “missing
proteins” (66% of all missing proteins)

BCM QCB, April 2018
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Kim et al., Nature, 2014

Case study 1: draft map of the human proteome (Kim et al., 2014)
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Tissue-specific proteins
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Case study 2: draft map of the human proteome (Wilhelm et al., 2014)
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Wilhelm et al., Nature, 2014

n 16,857 LC-MS/MS runs

n MASCOT and Maxquant

n Proteins encoded by 18,097 genes (FDR<1%)



Case study 3: human colorectal cancer proteome (Zhang et al., 2014)
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Zhang et al., Nature, 2014

n 95 colorectal tumor samples

n 1,425 LC-MS/MS runs

n 124,823 peptides (FDR<1%)

n 7,526 proteins



Case study 3: human colorectal cancer proteome (Zhang et al., 2014)
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Case study 3: human colorectal cancer proteome (Zhang et al., 2014)

n 1,065 variant peptides

n 796 unique Single Amino Acid Variants (SAAVs)
q 64 in TCGA reported somatic variations

q 101 in the COSMIC database

q 526 in the dbSNP database

n 647 variant proteins
q Known cancer genes: KRAS, CTNNB1, SF3B1, ALDH2, FH, etc.

q Targets of FDA approved drugs: ALDH2, HSD17B4, PARP1, P4HB, TST, GAK, 
SLC25A24, SUPT16H, etc

Zhang et al., Nature, 2014

BCM QCB, April 2018
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Protein quantification methods

n Label-free
q Ion intensity (MS1)

q Spectral counting (MS2)

n Labeling
q Metabolic labeling

n SILAC (stable isotope labeling with amino acids in cell culture)

q Chemical labeling
n ICAT (isotope-coded affinity tag)

n ITRAQ (isobaric tags for relative and absolute quantitation)

n TMT (tandem mass tag)

BCM QCB, April 2018



Ion intensity (MS1)

n Sum of the signal intensity of peptide 
precursor ions belonging to a particular 
protein.

n Extracted ion chromatograms (XICs) for 
the mass to charge ratios determined for 
each peptide.

BCM QCB, April 2018

Wang et al., Brief Funct Genomic Proteomic, 2008



Spectral counting (MS2)

n Counting the number of fragment
spectra identifying peptides of a given
protein.

BCM QCB, April 2018
Liu et al., Anal Chem, 2004Armengaud, Environ Microbiol, 2013



Spectral counting (MS2)
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Bantscheff, et al., Anal Bioanal Chem. 2012 

Spectral counting methods



SILAC (stable isotope labeling with amino acids in cell culture) 

n Reagent
q Stable-isotope-labeled amino acids

n Label and mix
q Cell culture level

n Quantification
q Ratio of heavy to low signals in

peptide mass spectra (MS1)

n Cell culture only

BCM QCB, April 2018
http://www.silantes.com/silac.htm

Ong et al., MCP, 2002



SILAC (stable isotope labeling with amino acids in cell culture) 

SILAC

BCM QCB, April 2018

Bantscheff, et al., Anal Bioanal Chem. 2012 

Super SILAC

n Use a mixture of heavy-SILAC-labeled cell lines as a common 
internal standard. 

n Unlabeled tissues from, e.g., an animal model system, are 
compared with the common internal standard. 

n The ratio of two (or more) such experiments allows comparison of 
protein expression between animals.

Pulsed SILAC

n Cells are grown in normal medium and pulse-labeled for a 
certain time with heavy SILAC. 

n The ratio of heavy to low signals in such experiments is a 
measure of protein synthesis and degradation.



ICAT (isotope-coded affinity tag)
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Gygi, et al., Nat Biotech, 1999

n Reagent

n Label and mix
q Protein level

n Quantification
q Ratio of heavy to light signals in 

peptide mass spectra (MS1)



n Reagent

n Label and mix
q Peptide level

n Quantification
q Relative intensities of the reporter ions (MS2)

ITRAQ (isobaric tags for relative and absolute quantitation)

BCM QCB, April 2018

Ross, et al., MCP, 2004

https://www.creative-proteomics.com/services/itraq-based-proteomics-analysis.htm



TMT (tandem mass tag)

BCM QCB, April 2018

https://www.thermofisher.com/order/catalog/product/90110



Proteomic quantification methods comparison

BCM QCB, April 2018

Cell or tissue

Protein

Peptide

MS data

Data Analysis

Label-free SILAC ICAT ITRAQ / TMT

Label None Metabolic Chemical Chemical
Sample type Cell or tissue Cell Cell or tissue Cell or tissue

Label and mix Data Cell culture Protein Peptide
Quantitative accuracy + ++++ +++ ++

Comparisons Many 2-3 2 2-11
Quantitative level MS1 or MS2 MS1 MS1 MS2

Quantification data Intensity or count ratio ratio ratio
Dynamic range 3-4 1-2 1-2 2

Bantscheff, et al., Anal Bioanal Chem. 2012 Schulze and Usadel, Annu Rev Plant Biol, 2010



Software for MS-based protein quantification

BCM QCB, April 2018

Label-free quantification Labeling-based quantification
Commercial Open Commercial Open
• Mascot
• ProteinPilot
• Scaffold
• SIEVE
• Progenesis LC-MS
• ProteoIQ
• PEAKS Q

• MaxQuant
• IDEAL-Q
• PVIEW
• TPP
• LFQuant
• Skyline
• OpenMS
• APEX
• QSPEC

• Mascot
• ProteinPilot
• Scaffold
• Proteome 

Discoverer
• PEAKS Q

• MaxQuant
• TPP
• Multi-Q
• iQuantitator
• IsobariQ
• Isobar
• Diffprot
• MilQuant
• Iquant
• PyQuant

Slide Courtesy of Bo Wen



Proteomic quantification data

n Data preprocessing
q QC and filtering

q Missing value imputation

q Normalization

q Transformation

q Aggregation to genes 
(optional)

BCM QCB, April 2018
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Applications

n Differential expression (supervised analysis)
q Input: protein expression data, class label of the samples

q Output: differentially expressed proteins

q e.g., disease biomarker discovery; biological mechanisms

n Clustering (unsupervised analysis)
q Input: protein expression data

q Output: groups of similar samples or proteins

q e.g., disease subtype identification; co-expressed protein group identification

n Prediction (machine learning)
q Input: protein expression data, class label of the samples (training data)

q Output: prediction model

q e.g., disease diagnosis and prognosis

BCM QCB, April 2018



Case study 1: protein biomarker discovery

n Question
q To identify novel protein biomarkers in stool for detecting colorectal cancer (CRC) and advanced 

adenomas.

n Data
q Series 1: spectral count data from 12 CRC vs 10 control

q Series 2: spectral count data from 81 CRC, 40 advanced adenomas, 43 low-level adenomas, and 
129 control

n Analysis
q Differential expression analysis: beta-binomial model + multiple test adjustment

q Validation of selected proteins using antibody-based assays in series 3 with 14 CRC, 16 advanced 
adenomas, 18 low-level adenomas, and 24 control

BCM QCB, April 2018

Bosch et al., Ann Intern Med, 2017



Case study 1: protein biomarker discovery

BCM QCB, April 2018

Antibody-based assays



Case study 2: tumor subtyping

BCM QCB, April 2018

n Question
q Can we stratify CRC tumors based on proteomics data?

q Is the stratification biologically and clinically meaningful?

n Data
q Spectral count data from 90 CRC tumors

n Analysis
q Clustering analysis: consensus clustering of the samples

q Biological interpretation: enrichment analysis

q Clinical interpretation: survival analysis

Zhang et al., Nature, 2014
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Case study 2: tumor subtyping
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Case study 3: co-expression network and co-expression modules

n Question
q Are mRNA and protein co-expression networks wired similarly?

n Data
q 77 breast tumors: RNA-Seq and ITRAQ

q 87 colorectal tumors: RNA-Seq and Label-free

q 174 ovarian tumors: microarray and ITRAQ

n Analysis
q Co-expression network construction: k-nearest neighbor

q Co-expression module identification: NetSAM

q Biological interpretation: enrichment analysis

Translational 
elongation

Developmental 
process

Cell 
cycle

?

Immune system 
process

Tripathi et al. Cancer Res, 2014Wang et al. MCP, 2017

BCM QCB, April 2018



Case study 3: co-expression network and co-expression modules

Edges in mRNA co-expression network
Edges in protein co-expression network

Edge overlap between mRNA and protein co-expression networks

21,398
1,542

18,383 10,094
619

12,491 6,790
1,025

5,066

Breast Cancer
5,988 genes

Colorectal Cancer
3,764 genes

Ovarian Cancer
2,988 genes

Protein and mRNA networks are wired differently

Wang et al. MCP, 2017BCM QCB, April 2018



Case study 3: co-expression network and co-expression modules

n More protein modules showed significant
functional enrichment

n Functionally coherent mRNA modules are
more likely to be preserved in protein
networks
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Case study 3: co-expression network and co-expression modules

n More protein modules showed significant functional
enrichment

n Functionally coherent mRNA modules are more
likely to be preserved in protein networks

n More mRNA modules showed significant cytogenetic
band enrichment
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Case study 4: drug sensitivity prediction

BCM QCB, April 2018

n Question
q Can omics data predict drug sensitivity of colorectal cancer (CRC) cell lines?

n Data
q 44 CRC cell lines: mutation, copy number, RNA-Seq, label-free proteomics, drug sensitivity

n Analysis
q Random forests + five-fold cross validation

Wang et al., Gastroenterology, 2017
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Overview

n Why proteomics

n Proteomics technology

n Protein identification

n Protein quantification

n Protein-protein interaction

BCM QCB, April 2018



Protein-protein interaction (PPI)

n Definition
q Physical association of two or more protein molecules

n Examples
q Receptor-ligand interactions

q Kinase-substrate interactions

q Transcription factor-co-activator interactions

q Multiprotein complex, e.g., multimeric enzymes

BCM QCB, April 2018



Significance of protein interaction

n Most proteins mediate their function 
through interacting with other proteins
q To form molecular machines

q To participate in various regulatory processes

n Distortions of protein interactions can 
cause diseases

BCM QCB, April 2018

Cramer et al. Science 292:1863, 2001

RNA polymerase II, 12 subunits



Protein-protein interaction identification

n Computational
q Gene fusion

q Conservation of gene neighborhood

q Phylogenetic profiling

q Co-evolution

q Co-expression

q Ortholog interaction

q Domain interaction

n Experimental
q Yeast two-hybrid

q Tandem affinity purification

BCM QCB, April 2018

Valencia et al. Curr. Opin. Struct. Biol, 12:368, 2002 
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n Method
q Bait strain: a protein of interest, bait (B), fused to a DNA-binding 

domain (DBD)
q Prey strains: ORFs fused to a transcriptional activation domain 

(AD)
q Mate the bait strain to prey strains and plate diploid cells on 

selective media (e.g. without Histidine)
q If bait and prey interact in the diploid cell, they reconstitute a 

transcription factor, which activates a reporter gene whose 
expression allows the diploid cell to grow on selective media

q Pick colonies, isolate DNA, and sequence to identify the ORF 
interacting with the bait

n Pros
q High-throughput
q Can detect transient interactions

n Cons
q False positives
q Non-physiological (done in the yeast nucleus)
q Can’t detect multiprotein complexes

Uetz P. Curr Opin Chem Biol. 6:57, 2002

Yeast two-hybrid
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Tandem affinity purification

n Method
q TAP tag: IgG binding domain, TEV protease cleavage site, 

calmodulin binding domain, 
q Bait protein gene is fused with the DNA sequences encoding 

TAP tag
q Tagged bait is expressed in cells and forms native complexes
q Complexes purified by TAP method
q Components of each complex are identified through gel 

separation followed by MS/MS
n Pros

q High-throughput 
q Physiological setting
q Can detect large stable protein complexes

n Cons
q High false positives
q Can’t detect transient interactions
q Can’t detect interactions not present under the given condition
q Tagging may disturb complex formation
q Binary interaction relationship is not clear

Chepelev et al. Biotechnol & Biotechnol 22:1, 2008



PPI data in the public domain

n Database of Interacting Proteins (DIP)
http://dip.doe-mbi.ucla.edu/

n The Molecular INTeraction database (MINT)
http://mint.bio.uniroma2.it/mint/

n The Biomolecular Object Network Databank (BOND)
http://bond.unleashedinformatics.com/

n The General Repository for Interaction Datasets (BioGRID)
http://www.thebiogrid.org/

n Human Protein Reference Database (HPRD)
http://www.hprd.org

n Online Predicted Human Interaction Database (OPHID)
http://ophid.utoronto.ca

n iRef
http://wodaklab.org/iRefWeb

n The International Molecular Exchange Consortium (IMEX)
http://www.imexconsortium.org

BCM QCB, April 2018



Case study 1: network-based gene expression signature 

BCM QCB, April 2018
“high-risk” group “low-risk” groupShi et al., PLoS One, 2012



Case study 2: network-based stratification of tumor mutations

BCM QCB, April 2018Hofree et al, Nat Methods, 2013



Summary

n Why proteomics

n Proteomics technology

n Protein identification

n Protein quantification

n Protein-protein interaction

BCM QCB, April 2018


