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Abstract

Identification and annotation of the mutations involved in oncogenesis and tumor progression are 

crucial for both cancer biology and clinical applications. Previously, we developed a public 

resource CanProVar, a human cancer proteome variation database for storing and querying single 

amino acid alterations in the human cancers. Since the publication of CanProVar, extensive cancer 

genomics efforts have revealed the enormous genomic complexity of various types of human 

cancers. Thus, there is an overwhelming need for comprehensive annotation of the genomic 

alterations at the protein level and making such knowledge easily accessible. Here, we describe 

CanProVar 2.0, a significantly expanded version of CanProVar, in which the amount of cancer-

related variations and non-cancer specific variations was increased by about ten folds as compared 

to the previous version. To facilitate the interpretation of the variations, we added to the database 

functional data on potential impact of the crVARs on 3D protein interaction and on the differential 

expression of the variant-bearing proteins between cancer and normal samples. The web interface 

allows for flexible queries based on gene or protein IDs, cancer types, chromosome locations, or 

pathways. An integrated protein sequence databases containing variations that can be directly used 

for proteomics database searching can be downloaded.
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Introduction

With the advent of the powerful DNA-sequencing technologies, the sequencing and 

subsequent public release of cancer genomes has occurred on an unprecedented scale during 

the past few years 1. To date, thousands of genomes from dozens of cancer types have been 

sequenced by individual research groups or research networks, such as the Cancer Genome 

Project (CGP) at the Sanger Institute and The Cancer Genome Atlas project (TCGA) at the 

National Cancer Institute (NCI)2. Furthermore, TCGA launched the Pan-Cancer analysis 

project in 2012 to assemble coherent, consistent data sets across tumor types or platforms to 

gain analytical breadth 3. At the same time, in an effort to characterize the geographic and 

functional spectrum of genetic variation among humans, projects such as the HapMap and 

the 1000 Genomes Project have provided maps of millions of single nucleotide 

polymorphisms from thousands of individuals, which are critical for better understanding the 

role of genetics in human diseases 4,5.

A new, emerging challenge in cancer research is to characterize the proteomes translated 

from cancer genomes in order to link genotype to proteotype and ultimately to phenotype6. 

The Clinical Proteomic Tumor Analysis Consortium (CPTAC) of the NCI has performed 

proteomic analysis of the tumors that have been genomically characterized by TCGA for 

three cancer types 7,8. In order to provide a bridge between genomic data and proteomic 

studies in different types of cancer, we reported in 2009 an integrated and well-annotated 

resource, CanProVar (Human Cancer Proteome Variation Database), with a focus on the 

protein sequence altering variations in human cancers. CanProVar assembles and 

comprehensively annotates missense and nonsense cancer-related variations (crVARs) as 

well as deletion and insertion of a single amino acid 9. It provides access to known crVARs 

in protein sequences along with information on related tumor samples, relevant publications, 

data sources, as well as potential functional effect of amino acid substitutions, protein 

domains in which the variations occur, and protein interaction partners of the crVAR-

containing proteins 9. Based on the CanProVar database, we subsequently developed a 

bioinformatics workflow to detect the variant proteins/peptides expressed in cancer samples 

through the shotgun proteomics technology10.

Here we report CanProVar2.0, in which both unique crVARs and non-cancer-related 

variations (ncsVARs) have been increased by several folds by incorporating recently 

released data from the genome sequencing projects on cancer and non-cancer samples. The 

new version also contains new functional data on the impact of crVARs on 3D protein 

interaction and the differential expression of crVAR-bearing proteins between cancer and 

normal samples. In addition to queries based on a single protein name/ID or cancer sample, 

the revamped web interface further enables protein list-, chromosome location-, and 

pathway-based queries. CanProVar 2.0 is freely available to the public at two sites: http://

lilab.life.sjtu.edu.cn:8080/canprovar2(China) and http://canprovar2.zhang-lab.org/.(USA).
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Methods

System Configuration

In CanProVar 2.0, all data were stored and managed by the MySQL database. A web 

interface for data browsing, searching and displaying was implemented in PHP. Sequence 

alterations and related functional annotations of crVARs and ncsVAR were downloaded 

from public sources (see below). Through the web interface, users may query the 

variation(s) by a protein/gene name, a protein list, cancer type, chromosome location, or 

pathway, and corresponding search results will be summarized and displayed in a user-

friendly format. A schematic overview of CanProVar 2.0 is shown in Figure 1.

Data Collection and Processing

crVAR data—crVAR data in CanProVar 2.0 were collected and complied from the 

following resources, the public databases of COSMIC2, TCGA11, HPI12, OMIM 13 and 

BIOMART14 and three previously published studies 15-17 (Table 1).

The COSMIC (ftp://ftp.sanger.ac.uk/pub/CGP/cosmic/) (v58) database contains somatic 

mutation information in human cancers 2, and we only included the data on gene point 

mutations, including missense substitution, nonstop extension, frame-shift insertion, frame-

shift deletion and in-frame selection. We downloaded the TCGA variation data from https://

tcga-data.nci.nih.gov/tcgafiles/ftp_auth/distro_ftpusers/anonymous/tumor. OMIM mutation 

data were acquired from http://bioinf.org.uk/omim/ (04/2012)13. Additionally, we 

downloaded single amino acid alterations from HPI (http://www.uniprot.org/docs/

humsavar.txt) (03/2012) and variations from BioMart (ftp://data.dcc.icgc.org/version_8/) 

(version 8)12,14. Data from three previous published papers were retained from CanProVar 

version 1.0 9.

Some of the mutations in TCGA and BioMart are annotated at the DNA sequence level only. 

We downloaded genomic sequences for individual human chromosomes from UCSC (http://

hgdownload.soe.ucsc.edu/goldenPath/hg19/bigZips/) 18 and mapped these mutations to 

corresponding protein sequences. Accordingly, 5793 crVARs from TCGA and 2287 crVARs 

from BioMart were added to CanProVar 2.0.

Similar to CanProVar 1.0, CanProVar 2.0 uses Ensembl protein ID as the major identifier 

because it allows comprehensive mapping to IDs in other major databases 19. Each crVAR 

ID is prefixed with “cs” and represents a unique sequence change. Since cancer samples 

from different or even from the same data source often have different names, we 

standardized cancer names in CanProVar2.0 using the nomenclature in the NCBI Mesh 

database (http://www.ncbi.nlm.nih.gov/mesh).

ncrVAR data—Validated human common variations in BioMart were downloaded from 

the Ensembl database (http://www.ensembl.org/biomart/) (03/2012) 14. We selected 

“Ensembl Variation 69” and “Homo sapiens Variation (GRCh37.p8)”, and then limited the 

data to “non_synonymous_coding”,”stop_gained”, and “splice_site”. Only variations with a 

validation status (e.g. cluster, freq, hapmap, 1000Genome) were kept in our database. 
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Variations that were found in both crVARs and ncrVARs were excluded from the final 

crVAR data set.

Other data—Gene and protein attributes including product description, gene name, 

chromosome location, Gene Ontology (GO) annotations, Pfam domains, and identifiers in 

external databases, were downloaded from the Ensembl database (release 53) through 

BioMart 14. A total of 65,531 binary interactions of the human structural interaction network 

(hSIN) with three-dimensional interaction interface were collected from Wang et al. 

(2012) 20.

The protein differential expression profiles in human cancers were collected from our 

previously published dbDEPC 2.0 (http://lifecenter.sgst.cn/dbdepc/index.do) 21. In dbDEPC 

2.0, data collection underwent the following processes: first, an automated text mining of 

PubMed abstracts was applied using the names of cancer types in MeSH, MS-related words 

(MS, quantitative proteomic) and keywords describing expression changes (upregulated, 

downregulated and fold change); second, to control data quality, each deposited data set 

went through a rigorous manual review process. Data from Mus musculus and Rattus 
norvegicus were excluded.

A literature-supported human protein-protein interaction network was downloaded and 

integrated from five resources including DIP22, MINT23, HPRD 24, IntAct 25 and 

BioGRID26. The integrated network contains 99,701 protein interaction relationships. 

Pathway information was downloaded from the KEGG database27 (08/2012).

Results

Description of CanProVar 2.0

CanProVar 2.0 is designed for the storage and retrieval of single amino acid alterations in 

protein sequences in both cancer and normal samples. It aims to provide a bridge between 

genomic data and proteomic studies, allowing users to explore molecular functional 

characteristics of crVARs and proteins bearing these variations, i.e., cancer-related proteins 

(crPROs).

Variation Content

CanProVar 2.0 contains 958,974 ncsVARs in 78,438 proteins and 131,226 crVARs in 22,592 

proteins. On average, there are 5.81 crVARs per protein. Table 1 summarizes the frequency 

distribution of crVARs among different data sources. The majority of crVARs came from 

BioMart, TCGA and COSMIC. Only less than one-fourth of the crVARs were reported in 

two or more data sources listed in Table 1, and none of them were common in the all. We 

manually checked the most frequent mutations, including BRAF V600E, KRAS G12D 

found that they were included in most of the resources, except for two previous studies 

respectively 15,16. In CanProVar 2.0, more than half of the unique crVARs were reported in 

ovarian, breast and skin cancers (Figure 2) while the top three cancer types in CanProVar 1.0 

were lung, breast and colorectal cancers 9.
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The protein FASTA sequences with variation information in the description line can be 

downloaded in CanProVar 2.0. FASTA sequences are available for individual cancer types as 

well as the combined data across all cancer types. In order to provide a variation-containing 

protein database named MS-CanProVar for a database search in MS/MS data analysis, each 

peptide bearing a single crVAR or ncsVAR, together with two flanking tryptic peptides, was 

taken as an independent entry in MS-CanProVar, as we previously described 9. A total of 

882,308 variant peptide entries were included in MS-CanProVar 2.0.

Functional Data on crVARs and crPROs

(i) Differential expression of crPROs and their interaction partners—Cancer 

phenotypes result from altered gene expression, but typically, only mutated genes are 

considered as candidate cancer genes28. Many cancer genes such as transcription factors 

MYC, p53, and WT-1 regulate the expression of multiple downstream genes29. Previously, 

we have developed dbDEPC, a database of differentially expressed proteins in human 

cancers. dbDEPC provides information on protein-level differentially expressed changes in 

cancers, curated from published mass spectrometry (MS) experiments21.

In CanProVar 2.0, we introduced a new feature that enables retrieving expression profiles of 

crPROs from the dbDEPC and then visualizing protein differential expression of the crPROs 

and their interaction partners (Figure 3). This feature allows users to gain insights into the 

biological mechanisms in cancers by effectively integrating mutation, differential 

expression, and network information. For example, we found that crPROs and crDEPs are 

significantly enriched among the interaction partners of MYC in the human protein 

interaction network (p-value =8.2e-14 and p-value=0 respectively, Benjamini and Hochberg 

corrected hypergeometric test).

(ii) 3D interaction altered by crVARs—By generating a three-dimensional structurally 

resolved human interaction network, Wang et al. recently reported that in-frame mutations 

are enriched on the interaction interfaces of proteins associated with the corresponding 

disorders, and the disease specificity for different mutations is related to their location within 

an interaction interface20. The atomic-resolution interaction interface(s) in which crVARs 

located are given in CanProVar 2.0, allowing users to identify crVARs that may structurally 

disturb protein interactions. For example, the mutation I1017S in the interface of BRCA2 

protein might result in the loss of interaction between BRCA2 and RAD15.

New Search Features

In CanProVar 1.0, users could query the variations by only protein name/ID or cancer name. 

In CanProVar 2.0, since the NCBI Mesh's standard cancer names were integrated, users can 

select the cancer type they are interested in from a menu. As a result, a list of all known 

crPROs and DEPs in the queried cancer type will be returned together with detailed 

information of the variations and up/down regulation.

CanProVar 2.0 also introduced three additional searching methods based on protein sets 

defined by protein list, chromosome location, or biological pathway (Figure 4).
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(i) Protein List—A list of candidate proteins, such as those produced by GWAS or 

differential protein expression analysis in cancer studies, can be submitted to CanProVar 2.0. 

Protein identifiers in a variety of databases, including Ensembl, IPI, RefSeq, UniProt/

SwissProt, Entrez, as well as protein/gene name, are supported. The total numbers of 

crVARs in these proteins across different cancer types are displayed in a heatmap, in which 

darker colors correspond to more variations (Figure 5A). The detailed information about 

these variations can be displayed when the number of variations in a specific cancer type is 

selected (Figure 5B).

(ii) Chromosome Location—Another new query option in CanProVar 2.0 is based on 

chromosome location, e.g. “chr1 p11.2”, or directly clicking on a chromosome in the 

ideogram graph. In the search results, the total mutation numbers (crVARs) are plotted by 

chromosome position and the data across different cancer types are illustrated in different 

colors. Therefore, the “hot” chromosome bands with a significantly higher number of 

crVARs can be easily and clearly spotlighted. For example, we found a peak of crVARs in 

the chromosome band chr17 p13.1′ as shown in Figure 6. A closer look at this band 

revealed that this band contains tumor suppressor TP53 and other crPROs. This query 

method provides a quick and easy means to study the relationship between mutation 

distribution and chromosomal location. Sometimes, it may even help identify hot 

chromosome bands related to cancer.

(iii) Biological Pathways—A biological pathway is composed of a series of actions 

among molecules in a cell that lead to a certain product or change within a cell, which if 

often involved in metabolism, gene expression regulation, and signal transmission 27. In 

CanProVar2.0, by entering a KEGG pathway ID, e.g. has00010, or selecting a name from 

the menu of pathways, the crPROs and crDEPs can be highlighted in different colors in the 

graph of the given pathway. For instance, in the p53 signaling pathway, most of the members 

have crVARs and half of these crPROs also show differential expression between cancer and 

normal samples (Figure 7).

Data Analysis

(i) Significantly Mutated Proteins in Cancers—CanProVar 2.0 contains 70,262 

crVARs and 825,106 ncrVARs. The average ratio between crVARs and ncrVARs is less than 

1/10. However, we found that some proteins had significantly higher ‘crVARs : ncrVARs’ 

ratio. High prevalence of crVARs in these proteins may indicate their potential involvement 

in cancer development. As shown in Figure 8 and Table S1, 167 proteins had a ‘crVARs : 

ncrVARs’ ratio greater than 3. Many of these proteins are well-known cancer driver genes, 

e.g., PTEN, TP53, PIK3CA and NF2. Twenty-four of these genes are also in the list of the 

127 significantly mutated genes identified in a Pan-Cancer study 30. We also calculated the 

‘crVARs : ncrVARs’ ratios for individual proteins in ovarian, breast and skin cancers, 

respectively. We observed cancer-type specificity for crVAR-enrichment(Figure 8B-D), such 

as PTEN in ovarian cancer and PIK3CA in breast cancer.

(ii) Hot Chromosome Locations—Mutation and loss of heterozygosity from 

chromosomes and chromosome arms occur frequently during tumorigenesis31. We 
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investigated the distribution of mutations across human chromosomal bands. A few “hot” 

chromosome locations containing one or more significant peaks of variations were 

identified. On chromosome 17, a significantly dominant peak was found in q13.1, which 

contains the well-known tumor suppressor gene TP53. The relationship between 

chromosomal region 7p13 with oral carcinoma and head and neck squamous cell carcinoma 

has been reported in a previous study32.

Another dominant peak in chr10 q23.31 covered 757 variations. A closer look of the crPROs 

and crVARs in this band revealed 687 mutations that were located in the protein PTEN. We 

also observed variation peaks in bands 13q13.1, 17p13.1, 18q21.2, and 22q12.2. Similar to 

our observation in band 10q23.31, more than half of the variations contained in each peak 

could be explained by very few well-known cancer genes (Figure S1). For instance, BRCA2 

in chr13 q13.1 had 469 mutations and SMAD4 in chr18 q21.2 had 321 mutations. The close 

relationships between these super-mutated genes/proteins and human cancer have been well 

studied33-36.

(iii) Association Network of Cancers—Thousands of crVARs have been reported and 

many of them are shared by multiple cancer types. Previous studies have reported mutation 

similarities among cancer types. For example, ERBB2/HER2 is a driver in subsets of 

glioblastoma, gastric, serous endometrial, bladder and lung cancers37.Figure 9 shows an 

association network of cancers, in which two cancer types were linked if they share a 

common crVAR. There are 217 edges and 35 nodes in the network. The crVAR V600E in 

BRAF protein (ENSP00000288602), which is a therapeutic target of metastatic melanoma, 

is shared by 17 cancer types. Similarly, mutation G12* in KRAS, S37* in CTNNB1 and 

R248* in TP53 were found in multiple cancer types. The average node degree of the 

network is six, and about two-thirds of the cancer types have 18 or more links. With an 

degree of 25, lung cancer has the most connections with other cancer types. In contrast, 

leukemia has very few connections. These results can be partially explained by mutation 

frequency difference in different tumor types. Lung cancers from smokers may have four 

folds more mutations than the average, whereas leukemia has far fewer mutations38.

Discussion

We updated and expanded CanProVar as a public resource to store and characterize cancer-

related alterations of single amino acid in the human proteome as well as variations detected 

in normal samples. CanProVar 2.0 allows users to retrieve protein-level annotations about a 

variation, such as the corresponding cancer samples, publications, and potential functional 

impact as suggested by analyses based on evolution conservation, protein expression, protein 

domains, and protein 3D interaction. CanProVar 2.0 not only includes increased numbers of 

crVARs and ncsVARs but also provides more flexible query methods, such as queries based 

on chromosome locations or KEGG pathways.

We analyzed the ratios of ‘crVARs: ncsVARs’ in proteins collected in CanProVar 2.0 and 

found several significantly over-mutated proteins. Interestingly, 35 of the 167 significantly 

mutated genes in CanProVar 2.0 are in common with genes in the driver gene list described 

by Vogelstein et al.38. Although the ‘crVARs: ncsVARs’ ratio provides a simple means to 
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identify some of the driver genes, the data should be interpreted carefully. More 

sophisticated statistical analyses are required for the accurate identification of driver genes.

In the human structural interaction network (hSIN), Wang et al. reported that disease-

associated mutations are significantly enriched on interaction interfaces with respect to the 

relative length of interfaces of the whole proteins (odds ratio = 2.1, P < 10-20 with a Z-

test)20. We investigated the position of the crVARs in regard to the interaction interfaces on 

corresponding proteins. Among the 15,039 crVARs, we found that 8,039 are located on 

interaction interfaces, and are significantly enriched (odds ratio = 2.3).

Tremendous amount of variations have been detected and publically released, and much 

remains to be done 39,40. A challenge we are facing in the next step is to develop powerful 

methods or tools to identify patterns or key characteristics of driver mutations for the 

identification of new driver mutations. The Pan-Cancer project launched by TCGA in 2012 

has begun to provide novel insights into this37. One major challenge in future studies is to 

integrate proteomics into cancer studies. We believe the development of the CanProVar 

database can help accelerate the integration between genomic and proteomic studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The system architecture of CanProVar 2.0
Five query methods are provided, and the output information is shown through different 

background colors.
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Figure 2. Variation content
(A) Comparison of crVARs among different data sources between CanProVar version 1.0 

and 2.0. (B) The frequency statistics for cancer types in CanProVar 2.0 show that much more 

crVARs have been identified in ovarian, breast, skin, and head and neck cancers than other 

cancer types.
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Figure 3. Example of differential expression of a crPRO and its partners
Protein with differential expression, cancer-related variation, and its interaction partners are 

displayed in graph.
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Figure 4. New searching methods
CanProVar 2.0 introduced three additional searching methods based on protein sets defined 

by protein lists (A), chromosome locations (B) and biological pathways (C).
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Figure 5. Example results of a protein list-based query
(A) The amounts of crVARs in the query proteins in different cancer types are displayed in a 

heatmap, in which darker colors correspond to more variations. (B) The detailed information 

about these variations can be found when the user selects the number of variations in a 

specific cancer type.
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Figure 6. Example of a chromosome location-based query
In the searching results, the accumulated mutation numbers (crVARs) are plotted by the 

chromosome position and the data cross cancer types are illustrated in different colors. 

Therefore, a hot chromosome band with a significantly higher number of crVARs can be 

spotted easily and clearly. For example, we found a peak of crVARs in chromosome band 

‘chr17 p13.1’.
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Figure 7. Example of results of a biological pathway-based query
By entering a KEGG pathway ID, e.g. has00010, or selecting a name from the menu of 

pathways implemented in CanProVar 2.0, the user can see the crPROs and crDEPs as 

highlighted in different colors on the graph of the given pathway. For instance, in the p53 

signaling pathway, most of members have crVARs and half of these crPROs also showed 

differential expression between cancer and normal samples.
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Figure 8. Significantly mutated proteins in cancers
(A) The crVARs: ncrVARs ratio analysis revealed 167 significantly mutated proteins across 

all cancer types, of which the ratios are higher than 3.0. (B) The crVARs: ncrVARs ratios in 

ovarian cancer. (C) The crVARs: ncrVARs ratios in breast cancer. (D) The crVARs: ncrVARs 

ratios in skin cancer.
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Figure 9. Association network of cancers
This network was constructed based on shared crVARs. Two cancer types were linked if they 

had common crVARs. The network has 217 edges, and the edge width represents the number 

of shared crVARs between the two connected cancer types. The node size corresponds to the 

degree in the network.
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Table 1

Data sources of CanProVar 2.0 database.

Data sources Web link crVARs (V1) crVARs (V2) Type

COSMIC http://www.sanger.ac.uk/genetics/CGP/cosmic/ 4,989 42,467 Somatic

HPI http://www.uniprot.org/docs/humsavar.txt 3,852 3,968 Somatic and germline

TCGA http://cancergenome.nih.gov/ 329 5,793 Somatic

OMIM http://bioinf.org.uk/omim/ 264 408 Mainly germline

BIOMART http://www.biomart.org/ none 16,838 Somatic

Sjoblom et al. [2006] http://www.ncbi.nlm.nih.gov/pubmed/16959974 1,562 1,364 Somatic

Greenman et al. [2007] http://www.ncbi.nlm.nih.gov/pubmed/17344846 606 535 Somatic

Ding et al. [2008] http://www.ncbi.nlm.nih.gov/pubmed/18948947 912 912 Somatic
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