
Proteogenomics:
Finding Fusion Genes from Human Cancer 

Mass Spectrometry Data

XIE Lu (谢鹭), 2013-06-18

The 11th  Japan-Korea-China Bioinformatics 

Training Course & Symposium

June 17-18 2013, Soochow University, Suzhou, China



Proteogenomics tutorial

Based on references:

• Santosh Renuse, Raghothama Chaerkady and Akhilesh
Pandey. Proteogenomics. Proteomics. 2011, 11, 620–630.

• Natalie Castellana, Vineet Bafna. Proteogenomics to discover 
the full coding content of genomes: A computational 
perspective. Journal of Proteomics. 2010, 73, 2124-2135.

• ZHANG Kun, WANG Le-Heng, CHI Hao, BU De-Chao, YUAN 
Zuo-Fei, LIU Chao, FAN Sheng-Bo, CHEN Hai-Feng, ZENG 
Wen-Feng, LUO Hai-Tao, SUN Rui-Xiang, HE Si-Min, XIE Lu, 
ZHAO Yi. Proteogenomics: Improving Genomes Annotation 
by Proteomics. Progress in Biochemistry and Biophysics. 
2013, 40(4): 297~308 



DNA Sequences

RNA Transcript

Encoded Proteins

Signaling and Functional 
Networks

Genetic Information Flow



Introduction

• High-throughput and cost-effective 

genome sequencing approaches have led 

to completion of more than a thousand 

genome sequences with the sequencing of 

thousands of additional species underway.

• Genome annotations of a majority of 

sequenced genomes are mostly based on 

predictions, do not guarantee that the 

corresponding proteins do exist.



• ‘Proteogenomics’ refers to the correlation 

of the proteomic data with the genomic 

and transcriptomic data with the goal of 

enhancing the understanding of the 

genome.



Why proteogenomics?

• Although many gene prediction programs are 
available, accurate gene identification in a 
given organism decreases drastically from the 
nucleotide level to exons to whole gene 
structures. 

• Gene finding in prokaryotes is relatively easier 
owing to their compact genomes with simple 
gene structure.

• Gene finding in eukaryotes is difficult because 
of introns and complex regulatory regions.

• Most often short genes are missed, alternative 
splice isoforms are also difficult to predict.





High resolution and
high accuracy 
mass spectrometry data

Work pipeline I



High resolution and  
high accuracy
mass spectrometry data

Mass spectrometry data are also searched against 
custom alternative splice isoform database to 
identify novel splice isoforms

Work pipeline II



Within One Gene---Intragenic



Between Genes---Intergenic



High resolution and
high accuracy 
mass spectrometry data

Unsequenced genomes can be 
analyzed using homology-based or de 
novo sequencing based approaches to 
identify protein coding regions

Work pipeline III



Platforms for proteogenomics

• The advancements in mass spectrometry 

instrumentation allow acquisition of tandem 

mass spectral data with fast scanning 

capabilities, high resolution and high 

mass accuracy, as the basis for carrying out 

comprehensive proteogenomic analysis. 

• Deeper sequence coverage can be 

obtained using multiple sample fractionation 

methods and mass spectrometry analysis 

techniques.



MS/MS based Proteomics

Proteogenomics: Improving Genomes Annotation by Proteomics, 

Kun Zhang, et al., Prog. Biochem. Biophys, 2012
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Applications of proteogenomics

• Genome annotation 

Mass spectrometry-derived peptide 

data can be used to annotate genomes 

for the confirmation and/or correction 

of existing gene annotations.









Annotation of unsequenced

genomes
• Gene conservation between closely 

related species permits one to study 

unsequenced organisms to some extent 

using mass spectrometry derived data. 

MS/MS data of an unsequenced organism 

are searched against proteins as well as 

six-frame translated genome database of 

a closely related species.



Studying individual genome 

variation
• Organisms of the same species can have 

almost 99.9% similarity at the level of genome 
sequence. Single-nucleotide polymorphisms 
(SNPs), insertions and deletions and copy 
number variations (CNVs) contribute to 
variations in the genomes.

• Proteogenomics can be used to identify these 
variations in the form of coding SNPs (cSNPs), 
can result in the identification of certain 
genome variations leading to the identification 
of individual-specific protein variants.



Studying disease mechanisms

• Altered protein function can result from the 
specific genomic alterations in a person’s 
genome. In some of these situations, the 
altered protein function can result in a 
disease. 

• For instance, some cancers are known to 
be caused by fusion proteins. For example, 
BCR-ABL gene fusion results in chronic 
myelogenous leukemia, and TMPRSS2-
ETS gene fusion results in prostate cancer.



• Although mostly genomic approaches are 
used for the identification of fusion genes, 
proteomic approaches like mass 
spectrometry can also be used for the 
identification and characterization of fusion 
proteins, which may be useful in studying 
the altered or diseased states. 

• Identification of fusion peptides using 
proteogenomics can be useful to unravel 
disease mechanisms.



Biomarker discovery

• Biomarkers can be used for disease 
diagnosis, making therapeutic decisions, or 
monitoring of disease. A proteogenomic
approach is especially suitable for the 
identification of non-predicted or wrongly 
annotated protein-coding genes which would 
otherwise be missed. 

• Many different aberrant splice isoforms are 
known to be associated with cancers. For 
instance, Her2/neu alternative splice isoforms
have been shown to be associated with 
pancreatic and breast cancer.





Challenges

• Although proteogenomics can be a vital 

tool for genome annotation, it has not 

been effectively combined with genome 

sequencing efforts. 

• It is necessary to overcome some 

challenges.



• Sampling: In multicellular organisms, one 
has to analyze multiple organs and tissues to 
obtain good proteome coverage, which 
requires significantly more work than genome 
sequencing

• Genome sequence unavailability: However, 
because of the ease of sequencing genomes, 
this should not be a major problem in the 
future because the genomes of all species 
are likely to be available or can be obtained 
prior to proteomic analysis.



• Data analysis bottleneck: Peptide 
identification of known or predicted proteins is 
straightforward. Proteogenomic identification 
of novel peptides includes six-frame 
translated database searching and such large 
genome database sizes results in increased 
search space. This can increase the error 
rate significantly contributing to higher false 
positives. That is why it is important to carry 
out such searches with the highest quality of 
data.



Software

• It is necessary to have a software 

application specifically designed for 

proteogenomic analysis – a software 

which can be used for protein database 

search as well as six-frame translation of 

genome sequence search of MS/MS data. 

As of now, there is no single software 

application in use where one can perform 

an entire proteogenomic analysis.



Future prospects

• Though the human genome sequence 

became available 10 years ago, there is 

still ambiguity in the exact number of 

protein-coding genes. Multi-pronged 

approaches such as transcriptomics and 

proteomics in addition to genomics are 

being carried out only in limited instances.



• It may be suggested that every genome 
sequencing project should include 
proteogenomic analysis from the initiation 
of the project to provide a more accurate 
catalog of protein-coding genes. 

• Apart from this genome annotation, 
proteogenomics data will be increasingly 
used for unraveling disease mechanisms, 
biomarker discovery and studying 
genome-wide variation.
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Alternative Splicing

The discovery of 
novel protein-coding 
features in mouse 
genome based on 
mass spectrometry 
data.

Xiaobin Xing, et al., 
Genomics, 2011.

Open Reading Frame



• Cancer Variant Discovery

– SNV/INDEL

– Alternative Splicing

– Gene Fusion

Proteogenomics: Our related works



Cancer Variant Discovery

A bioinformatics workflow for variant peptide detection in shotgun proteomics,

Jing Li, et al., Mol Cell Proteomics, 2011



SNV



Cancer Variant Discovery



Cancer Variant Discovery



Gene Fusion Example

• 95% of people with CML have philadelphia chromosome

• ABL and BCR are normal genes on chromosomes 9 and 22.

• ABL gene encodes a tyrosine kinase whose activity is tightly regulated

• BCR-ABL also encodes a tyrosine kinase, adding a phosphate group 
to tyrosine, whose activity is deregulated

• Understanding this process led to the development of the drug 

imatinib mesylate (Gleevec)





Han Sun, et al. 
Identification of Gene 
Fusions from Human 
Lung Cancer Mass 
Spectrometry Data. 
BMC Genomics, 2013,
accepted.



A: 6259 potential gene pairs 

• Cancer Gene Census 

• ChimerDB 2.0

• Literature-based Annotation
– Integrated literature knowledgebase

– PubMed annotation

– OMIM annotation

– Sanger CGP

– Mitelman Database

• Transcriptome Analysis
– mRNA seq

– EST seq

– RNA-seq



B: CanProFu – the fusion peptide database



C: Lung Cancer MS/MS Data

• adenocarcinomas(ADC)

– 1,199,542 spectrums

• squamous cell carcinomas(SCC)

– 1,272,006 spectrums

• normal tissues from human lung (Normal)

– 2,531,416 spectrums

• Each sample pools from 19 or 20 original tissues

• Each sample was analyzed in 4 IEF/RPLC technical replicates

• All the fractions were analyzed by LC-MS/MS on a Thermo-Fisher 
LTQ-Orbitrap

In-depth proteomic analysis of non-small cell lung cancer to discover molecular 
targets and candidate biomarkers, 

Takefumi Kikuchi et al., Mol Cell Proteomics, 2012



D: Search Database using X!Tandem and Omssa



Determination of Fusion, Splicing peptides

• At least 3 aa each beside the 
fusion/splicing point

• At least 2 spectrums matched to the 
peptide

• The fusion and splicing peptides are not in 
known human proteins when blasted 
against NCBI non-redundant database



Classification of Fusion, Splicing or Annotated peptides

Gene Fusions Splicing

Annotated



Save peptides through conservation

If  a  fusion  or  splicing  peptide  could  be  found  in  other  species,  even  if  they  were  only 

identified  by  one  of  the  search  engines,  they  were  included  as  candidate  identified  peptides



27 Fusion Peptides and 7 Splicing Peptides

• 27 Fusion Peptides
– 7 peptides were  identified by both search engines, but the 

original spectra were completely different

– 20 peptides
• 12 peptides were fully digested by trypsin and with no mis-cleavage

• 6 peptides were fully digested but  with  one  mis-cleavage

• 2 peptides were semi-digested

• 7 Splicing Peptides
– 3 peptides were  identified by both search engines, but the 

original spectra were completely different

– 4 peptides
• 3 peptides were fully digested by trypsin and with no mis-cleavage

• 1 peptide was fully digested but  with  one  mis-cleavage





GO process enrichment

• 41 unique genes (20 fusion peptides + 4 

splicing peptides)



MYH9:ALK

• Only found in ADC and SCC, not in 
Normal

• Non-muscle myosin heavy chain (MYH9): a new partner 
fused to ALK in anaplastic large cell lymphoma, Lamant
L et al, Genes Chromosomes Cancer, 2003

• Identification of the transforming EML4:ALK fusion gene 
in non-small-cell lung cancer, Soda et al, Nature, 2007

– The EML4-ALK fusion gene is responsible for 
approximately 3-5% of non-small-cell lung 
cancer(NSCLC)



MYH9:ALK

• MYH9 normally locates on the complement strand of chr22, 

and encodes a conventional non-muscle myosin which was 

reported to be involved in several important functions, such as 

cytokinesis, cell motility and maintenance  of  cell  shape

• Defects  in  this  gene  have  been  associated  with  non-

syndromic sensorineural deafness autosomal dominant type 

17, Epstein syndrome and so on

• ALK normally locates on the complement strand of chr2, and 

encodes a receptor tyrosine kinase

• Many translocations have been found with this ALK gene, 

including EML4:ALK, RANBP2 :ALK, PM1:ALK, TFG:ALK and 

so on





HNRNPM and HNRNPK

• Alternative splicing of HNRNPM was found 

all the three types of samples

• but the splicing of HNRNPK was only 

found in ADC

• Multiple and Specific mRNA Processing Targets for the Major 

Human hnRNP, Julian et al, Mol Cell Biol, 2008







Conclusion

• For  the  purpose  of  identifying  cancer  fusion  events,  
we  constructed  a  cancer  fusion  peptide sequence  
database---CanProFu

• Applying  mass  spectrometry  data  from  40  non-small  
cell  lung cancer(NSCLC)  samples  and  39  normal  lung  
tissue  controls  to  search  in  CanProFu,  20  fusion 
peptides and 4 splicing peptides were identified

• MYH9:ALK fusion peptide was newly found and only  
existed  in  NSCLC

• The  CanProFu database  and  workflow  in  this  work  
can  be  flexibly applied  to  other  MS/MS  based  human  
cancer  experiments  to  detect  gene  fusions  as  potential 
disease biomarkers and help improve understanding of the 
related cancer mechanism
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