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Abstract

Identification and annotation of mutated genes or proteins involved in oncogenesis and tumor
progression are crucial for both cancer biology and clinical applications. We have developed a
human Cancer Proteome Variation Database (CanProVar) by integrating information on protein
sequence variations from various public resources, with a focus on cancer-related variations. We
have also built a user-friendly interface for querying the database. The current version of
CanProVar comprises 8,570 cancer-related variations in 2,921 proteins derived from existing
genome variation databases and recently published large-scale cancer genome re-sequencing
studies. It also includes 41,541 non-cancer specific variations in 30,322 proteins derived from the
dbSNP database. CanProVar provides quick access to known cancer-related variations in protein
sequences along with related cancer samples, relevant publications, data sources, and functional
information such as Gene Ontology annotations for the proteins, protein domains in which the
variation occurs, and protein interaction partners with cancer-related variations. CanProVar also
helps reveal functional characteristics of cancer-related variations and proteins bearing these
variations. Our analysis showed that cancer-related variations were enriched in certain protein
domains. We also showed that proteins bearing cancer-related variations were more likely to
interact with each other in the protein interaction network. CanProVar can be accessed from
http://bioinfo.vanderbilt.edu/canprovar.
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Introduction

Cancer is a complex process that involves genetic alterations [Hoeijmakers, 2001]. Genomic
sequence can be altered in small and large scales, and the alterations can fall in protein
coding or non-coding regions. Variations in the coding regions that alter protein sequences
can directly or indirectly affect protein stability, functionality, and its interactions with other
proteins [Chasman and Adams, 2001; Wang and Moult, 2001]. These variations have the
highest impact on phenotype and are more likely to cause disease [Cargill, et al., 1999;
Fredman, et al., 2006; Ramensky, et al., 2002]. Therefore, identification and characterization
of protein sequence-altering variations in human cancer are key steps to improving our
understanding of tumorigenesis and progression, as well as cancer prevention, early
diagnosis, and therapeutics [Engle, et al., 2006; Hoeijmakers, 2001].
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Mutations causing inherited cancer syndromes increase the risk of cancers by orders of
magnitude, such as a mutation in the neurofibromin gene that causes the type |
neurofibromatosis [Trovo-Marqui and Tajara, 2006]. However, these mutations are
relatively rare. In contrast, less dramatic inherited variations, i.e. polymorphisms, in a large
number of genes influence cancer risk only slightly to moderately, but are highly prevalent.
NCBI's dbSNP database provides the most comprehensive collection for both single
nucleotide polymorphisms (SNPs) and short deletion and insertion polymorphisms, which
facilitates large-scale exploration of associations between diseases and variations. A wide
variety of diseases, including both monogenic and complex diseases, have been linked to
SNPs that affect protein functions through altering transcription factor binding sites,
reducing protein solubility, and destabilizing protein structures etc. [Botstein and Risch,
2003; Chanock, 2001; Chasman and Adams, 2001; Karchin, et al., 2005]. These associations
are documented in databases such as the Online Mendelian Inheritance in Man (OMIM)
[Hamosh, et al., 2005], the HGVbase [Fredman, et al., 2002], the Human Gene Mutation
Database [Stenson, et al., 2003], and the Human Proteome Initiative (HPI) database.
Noticeably, HPI has comprehensively archived 21,945 variations related to human diseases
including many complex diseases from more than 100,000 literature references (release
57.1) [Boeckmann, et al., 2003; Boeckmann, et al., 2005; O'Donovan, et al., 2001].
Applications such as SNPs3D [Wang and Moult, 2001], PolyDoms [Jegga, et al., 2007], and
MedRefSNP [Rhee and Lee, 2009] have been created for searching disease candidate gene
or SNPs by integrating data from dbSNP, OMIM and PubMed. Because many disease-
causing SNPs remain unknown, databases and applications have also been developed to
annotate or predict nonsynonymous SNPs (nsSNPs) that may alter protein structure and
functionality and therefore change disease susceptibility [Dantzer, et al., 2005; Han, et al.,
2006; Jegga, et al., 2007; Karchin, et al., 2005; Reumers, et al., 2005; Sunyaev, et al., 2001,
Uzun, et al., 2007; Wang and Moult, 2001; Yip, et al., 2004].

Above described resources focus primarily on inheritable germline variations. Nevertheless,
the majority of genetic alterations found in cancer cells are acquired by mutations in somatic
cells. Large-scale studies have been carried out to identify somatic mutations related to
epidemiological and clinical outcomes. Sjoblom et al. analyzed 13,023 well-annotated
protein-coding genes in breast and colorectal cancers and identified 189 genes that
accumulated mutations at significant frequencies [Sjoblom, et al., 2006]. Greenman et al.
detected more than 1,000 somatic mutations in the coding exons of 518 protein kinase genes
in 210 diverse human cancers [Greenman, et al., 2007]. Recently, the National Cancer
Institute (NCI) and the National Human Genome Research Institute (NHGRI) have launched
the Cancer Genome Atlas (TCGA) project to systematically explore the entire spectrum of
genomic changes involved in human cancer using genome analysis technologies, including
large-scale genome sequencing [TCGA, 2008]. Despite the increasing pace of data
generation, efforts on compiling and organizing these data for useful exploitation are still
limited [Olivier, et al., 2009]. One public resource that extensively compiles data on somatic
gene alterations in cancers is the Catalogue of Somatic Mutations in Cancer (COSMIC,
www.sanger.ac.uk/genetics/CGP/cosmic) [Bamford, et al., 2004]), which includes 722,718
somatic mutations in 4,773 genes in the latest version. Other cancer mutation databases
focus on alterations in one or a few selected genes, such as the TP53 database
(http://p53.free.fr).

Existing proteome variation databases differ in variation type (germline vs somatic), disease
type (cancer vs non-cancer), and scale (genome scale vs selected genes). Obviously an
integrated and well-annotated resource with a focus on the protein sequence-altering
variations in human cancer is imperatively needed for the cancer research community. In
this paper, we describe CanProVar, an integrated Human Cancer Proteome Variation
Database that integrates both germline and somatic cancer-related variations (crVARS).
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CanProVar focuses on missense and nonsense variations as well as the deletion and insertion
of single amino acid. Owing to its protein-centric nature, CanProVar can serve as a bridge
between genomic data and proteomic studies. We demonstrate that this database can help
reveal functional characteristics of crVARs and proteins bearing these variations, i.e. cancer-
related proteins (crPROS).

Data sources and processing

We compiled crVAR data from six sources, including public databases HP1 [O'Donovan, et
al., 2001], COSMIC [Bamford, et al., 2004], OMIM [Hamosh, et al., 2005], and TCGA
[TCGA, 2008], and data from two recently published large-scale cancer genome re-
sequencing studies [Greenman, et al., 2007; Sjoblom, et al., 2006] (Table 1). Single amino
acid variations in the HPI database (HPI-savar release 56.9) were downloaded from
http://ca.expasy.org/cgi-bin/lists?humsavar.txt. Corresponding annotations were retrieved by
parsing the web pages using a PERL script. crVARs were further selected from the
downloaded data using keywords “cancer”, “tumor”, “carcinoma”, “malignant neoplasm”,
“sarcoma”, “blastoma”, “lymphoma”, or “leukemia”. Cancer somatic mutation data in CGP-
COSMIC (release version 41) and corresponding protein sequences were downloaded from
ftp://ftp.sanger.ac.uk/pub/CGP/cosmic/. Protein sequence alteration data generated by the
TCGA project were downloaded from
http://tcga-data.nci.nih.gov/docs/somatic_mutations/tcga_mutations.html. Mutations in the
OMIM database were downloaded from http://www.bioinf.org.uk/omim/. Data from the
large-scale studies on crVARs in coding sequences were manually extracted from the
original publications [Greenman, et al., 2007; Sjoblom, et al., 2006].

One challenge in integrating data from different sources lies in the different identifiers used
in individual data sources. We decided to use Ensembl protein ID as the protein identifier in
CanProVar because the Ensembl database provides comprehensive mappings from Ensembl
ID to IDs in other major databases. Moreover, Ensembl protein ID has been recommended
as one of the standard gene identifiers by NCI's caBIG [Cimino, et al., 2009; von
Eschenbach and Buetow, 2007]. To map crVARs from different sources onto Ensembl
protein entries accurately, original protein sequences used in each data source were
downloaded, including those from the SwissProt protein database (release 14.9)
(http://www.uniprot.org/downloads), the Human CCDS protein database
(ftp://ftp.ncbi.nlm.nih.gov/pub/CCDS/archive/Hs35.1/), and the RefSeq database
(ftp://ftp.ncbi.nih.gov/refseq/H_sapiens/). To ensure data accuracy, we conservatively
mapped all protein-coding variations onto Ensembl protein sequences in two steps. First, we
mapped the protein IDs in external databases to Ensembl protein IDs based on the mapping
tables provided by the Ensembl database. Next, we aligned mapped protein sequence pairs
and eliminated those with different sequence length or those in which the variation
annotation did not match the Ensembl protein sequence.

Validated human common SNPs in dbSNP version 129 were retrieved from BioMart
[Smedley, et al., 2009]. We included only stop-gained, splice-site, and non-synonymous-
coding SNPs for the construction of our database. Protein sequence variations derived from
these SNPs are designated as non-cancer specific variations (ncsVARS) in the paper.

To facilitate the functional interpretation of the variations, information on genes, proteins,
and protein interactions was also included in our database. Gene and protein attributes,
including product description, gene name, chromosome location, Gene Ontology (GO)
annotations, and identifier in external databases such as SwissProt, IPl, RefSeq, CDDS, and
Entrez gene were downloaded from the Ensembl database (release 53) through the BioMart.
GO slim annotations were downloaded from
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ftp://ftp.ebi.ac.uk/pub/databases/GO/goa/goslim/. Sequences and Pfam domains of Ensembl
proteins were downloaded from the Ensembl FTP site:
ftp://ftp.Ensembl.org/pub/current_mysqgl/homo_sapiens_core_53 360/. Human protein
interaction data were downloaded from seven databases including HPRD (v7; including
HPRD_COMPLEX) [Keshava Prasad, et al., 2009], DIP [Xenarios, et al., 2002], MINT
[Chatr-aryamontri, et al., 2007], MIPS [Mewes, et al., 2008], REACTOME [Matthews, et
al., 2009] and INTACT [Kerrien, et al., 2007]. Downloaded data were further integrated to
create a protein interaction network. Only literature-supported interactions were included in
the network. The network was updated in June, 2008.

Database and web interface

Fig. 1 shows the schematic overview of CanProVar, which includes two major components:
a MySQL database for data storage and a web interface
(http://bioinfo.vanderbilt.edu/canprovar) for querying and displaying the results.

The current version of the CanProVar database contains 41,541 ncsVARs from 30,322
proteins and 8,570 crVARs from 2,921 proteins. On average, there are 2.5 crVARs /Mb in
the human genome. Only 96 variations are in common between ncsVARs and crVARS.
Following the name convention in dbSNP, each genomic sequence variation corresponding
to a crVAR in CanProVar was given an identifier prefixed with “cs”. The proportion and
frequencies of crVARs among different data sources are illustrated in Table 1 and Fig. 2. As
shown in Fig. 2, less than one-fourth of the crVARS were reported in two or more sources,
and none of them was shared by all six sources. Frequency statistics for tissue types in the
current CanProVar database revealed that many more crVARS were identified in breast,
colorectal, and lung cancers than other types of cancer (Fig. 3).

The web interface was implemented in PHP. It allows protein- or sample-based queries (Fig.
1). In a protein-based query, the input to CanProVar can be protein identifiers in different
databases including Ensembl, IPI, RefSeq, and Uniprot/SwissProt. Entrez gene ID and gene
name/aliases can also be used for the query. As proteins in CanProVar are indexed by
Ensembl protein ID, other 1Ds are first converted to Ensembl protein ID through a cross-
reference table in the MySQL database. If a querying ID, like gene name, can be mapped to
multiple Ensembl proteins, mapped proteins will be ranked by the number of crVARs and
ncsVARs. The protein with the most variations will be selected for the primary output view,
though links to alternative proteins are provided. To get comprehensive variation
information for a given query ID, users are recommended to check all mapped Ensembl
proteins individually.

The output for a protein-based query includes three sections (Fig. 4). The first section
provides basic information for the ID used for the query, including corresponding Ensembl
protein ID(s), product name and description, chromosome location, variation-highlighted
sequence, GO annotations, and the interaction partners with crVARs (Fig. 4A). The second
section provides information on crVARs including individual cancer-related amino acid
variations, related tumor or cell line samples, relevant publications, data sources, variation-
containing domains, as well as cross-references to dbSNP if the variation is also reported in
dbSNP (Fig. 4B). To provide preliminary information on the potential functional effect of an
amino acid substitution, a BLOSUMG62 score is given for each alteration. Amino acid
substitutions with scores >=0 are classified as conservative and tolerated [Cargill, et al.,
1999]. Substitutions with negative scores are classified as nonconservative ones. These
substitutions are observed less frequently than expected by chance and are predicted as
deleterious [Cargill, et al., 1999]. A hypertext link to the original database record is also
provided if the information for an individual crVAR is available. The last section lists
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validated nsSNPs in the dbSNP database, with the doSNP ID, amino acid alternation, and
the validation method(s) (Fig. 4C). Cross-links to other resources such as GO, PubMed,
Pfam, dbSNP are also available on the output page. Protein sequences with variation
information can be downloaded from http://bioinfo.vanderbilt.edu/canprovar.

In a sample-based query, users can search the descriptions of cancer samples for specific
terms such as “lung cancer” or “liver cancer”. CanProVar will identify all samples related to
the search term and then report all proteins with crVARs detected in the samples. For
instance, if a user wants to retrieve mutated proteins in breast cancer, a query in CanProVar
using the term “breast cancer” will generate a report with 926 crPROs and their breast
cancer-related variations.

Functional characteristics of known crVARs and crPROs

Biological processes and functions

crPROs in the database were classified based on their biological process and molecular
function annotations according to the third annotation level of the slim GO. These crPROs
take roles in various biological processes (Supp. Figure S1A), mainly including regulation
of biological process, metabolism, response to stimulus, cell differentiation, and cellular
physiological process. The most prominent function of the crPROs is protein binding (Supp.
Figure S1B). Other major activities of crPROs include transferase activity, hydrolase
activity, transcription factor activity, and receptor activity. Alterations in proteins with these
functions have been widely reported in cancer studies [Baldwin, 2001; Baxter, et al., 2002;
Clevenger, 2004; Feng, et al., 2009; Hengstler, et al., 1998; Mcllwain, et al., 2006; Muller,
et al., 2001]. As an example, mutations in the B-catenin (CTNNB1)-binding region of
protein APC impair its tumor suppressor function by activating the downstream j3-catenin-
Tcf signaling in colorectal cancer [Morin, et al., 1997]. As another example, in prostate
cancer cell lines, missense mutations in human protein PLXNB1 (Plexin-B1) hinder Rac and
R-Ras binding and result in an increase in cell motility, invasion, adhesion, and lamellipodia
extension [Wong, et al., 2007].

Chromosomal distribution

It has been reported that nsSNPs distribute non-randomly over human genes or the whole
genome [Cargill, et al., 1999; Halushka, et al., 1999; Koboldt, et al., 2006; Ramensky, et al.,
2002]. Therefore, we investigated the chromosome distribution of the crVARs in
CanProVar. As shown in Supp. Figure S2, crVARs are present on all human chromosomes
except for chromosome Y. crVARs distribute unequally over the genome, and cytogenetic
bands with high-density of crVARSs are highlighted in Supp. Figure S2.

The density of crVARs in crPROs is also highly varied, ranging from 1 to 331. Most
crPROs also have ncsVARs, but correlation between the number of crVARs and that of
ncsVARSs is very weak, with a Pearson's correlation coefficient of 0.08. Interestingly, in the
crPROs, crVARs outnumber ncsVARs (p = 2.2e-16, Wilcoxon signed-rank test) even
though the number of crVARSs is far less than that of the ncsVARs in the whole human
proteome. An extreme example is the TP53 sequence in which 331 out of the 393 residues
have crVARs while there are only 4 ncsVARs. Clustering of crVARs in crPROs might
imply that instability of the cancer genomes affects whole coding regions of cancer genes
rather than few specific positions.

Protein domains

Domains are basic evolutionary and functional units of proteins and most proteins have
more than one domain [Fong, et al., 2007]. We showed that crVARS were not evenly
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distributed across human proteins and the whole genome. Here we further tested whether
crVARs were enriched in certain protein domains. Specifically, we used the hypergeometric
test to analyze whether a selected domain was enriched with crVARs (relative to non-
crVARs), with respect to the expected fraction of crVARSs in all protein domains. The p
values generated by the hypergeometric test were further adjusted using the Benjamini and
Hochberg correction [Benjamini and Hochberg, 1995] to account for multiple comparisons.

As listed in Table 2, twelve protein domains showed significant enrichment of crVARS
(adjusted p value<0.01). These domains might represent functional units that are critical in
tumorigenesis and tumor development. Therefore, we further tested whether these domains
were over-represented in crPROs compared with the whole human proteome using the
hypergeometric test followed by the Benjamini and Hochberg correction. As shown in Table
2, three of the crVAR-enriched domains were significantly over-represented in crPROs
(adjusted p value < 0.01), including the Menin domain, the tyrosine kinase domain, and the
SH2 domain. Menin is a well-known tumor suppressor whose loss of function causes cancer
[Yokoyama and Cleary, 2008]. The protein kinase domain has been reported as the most
common domain encoded by cancer genes [Futreal, et al., 2004]. Moreover, tyrosine kinase
and SH2 domains function respectively as “writers” and “readers” of phospho-tyrosine
modifications in phospho-tyrosine signaling, which is essential for cell-cell communication,
mediating hormone, growth factor, immune, and adhesion-based signaling [Pincus, et al.,
2008]. The activity and mutation of kinases in phospho-tyrosine signaling has been widely
linked to diagnose and therapy of cancers [Blume-Jensen and Hunter, 2001;Dowell and
Minna, 2005;Rikova, et al., 2007;Weinstein, 2002]. As an example, the cancer drug
Gefitinib selectively inhibits the epidermal growth factor receptor's (EGFR) tyrosine kinase
domain, while mutations in the tyrosine kinase domain have been found in multiple studies
to significantly change the clinical response of cancer patients to the drug [Chou, et al.,
2005;Paez, et al., 2004;Pao, et al., 2004].

Protein interactions

Most biological functions arise from interactions among proteins [Hartwell, et al., 1999].
Adding and breaking of connections is increasingly recognized as a regulatory motif for
orchestrating signaling pathways in time and space [Kolch, 2000]. This regulatory motif has
also been found in cancer networks. For example, mutations in either MSH6 or its
interaction partners MSH2 and MLH1 increase the risk of double primary cancers of the
colorectum and the endometrium [Cederquist, et al., 2004; Charames, et al., 2000].
Misssense mutations of either PIK3CA or its interaction partner EGFR have been associated
with tumorigenesis [Di Nicolantonio, et al., 2008]. Moreover, human cancer cells carrying
both EGFR and PIK3CA mutations strikingly abrogated the sensitization to cancer drugs
such as gefitinib and erlotinib compared to those with EGFR mutation alone [Di
Nicolantonio, et al., 2008]. These observations imply that specific interaction patterns or
network characteristics of crPRO interactions might play important roles in the regulation of
oncogenesis and the drug response of the tumors. Using an integrated protein interaction
network with 10,349 proteins and 56,679 interactions, we analyzed the neighborhood of the
crPROs to gain a global understanding of the characteristics of crPRO interactions.
Specifically, for each crPRO, we used the hypergeometric test to evaluate the enrichment of
crPROs among the direct neighbors of the crPRO, compared to the expected fraction of
crPROs in all proteins in the network. Many proteins showed significant p values. As shown
in Fig. 5, 12 out of the 16 neighbors of MDC1 (p = 1.25e-7 in the hypergeometric test) and
14 out of the 20 neighbors of MSH6 have cancer-related mutations (p=4.34e-8 in the
hypergeometric test). To evaluate the overall enrichment of crPROs among the neighbors of
all crPROs, we compared the enrichment p values for all crPROs to those for equal numbers
of randomly sampled proteins using the Wilcoxon rank sum test. A p value of 9.72e-11 in
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the Wilcoxon rank sum test suggested that crPROs prefer to interact with other crPROs.
Information on the crPRO neighbors of each crPRO is provided in CanProVar.

Discussion

Potential usage of CanProVar

CanProVar integrates information from existing genome variation databases and recent
publications from large-scale cancer genome re-sequencing projects. It also provides a user-
friendly interface for querying the database. Using CanProVar, researchers can get quick
access to known cancer-related variations in protein sequences along with the cancer
samples, relevant publications, data sources and other information such as variation-bearing
domains, GO annotation, and interacting partners with crvVARSs.

Proteomics has become a promising avenue for better understanding of disease biology as
well as the identification of disease biomarkers and therapeutic targets [Hondermarck,
2003]. CanProVar can serve as a useful tool for the identification of cancer-causative
mutation or cancer-biomarker in human proteome, the exploration of mutant peptide-based
vaccine for cancers [Toubaji, et al., 2008; Tsuruma, et al., 2005], the interpretation of
differential peptide expression in shotgun proteomics that are possibly caused by sequence
variations, and the explanation of unexpected observations in pull-down experiments for
defining protein complexes. As an example, pull-down experiments in human tumor
samples demonstrated that interactions between the oncoprotein MDM2 and the ribosomal
protein L11 can be disrupted by missense mutations in MDMZ2, which help retain MDM2's
full p53-suppressive function while escaping inhibition by L11 [Lindstrom, et al., 2007]. As
another example, shotgun proteomics data analysis usually relies on database search and
adding protein mutation information into the database can help identify mutated proteins
[Schandorff, et al., 2007; Xi, et al., 2009].

Data quality and coverage

The dbSNP database defines any single nucleotide polymorphism as a SNP regardless of its
allelic frequency. Although only validated nsSNPs of dbSNP were considered in
CanProVar, allelic frequencies for most of the single amino acid alterations are not
available. CanProVar includes both germline and somatic crVARs from all six data sources
(Table 1). As shown in Figure 3, crVARs were found in most types of cancer cancers. The
frequencies in breast, colorectal and lung cancer were much higher than in other types of
cancers. Because the current knowledge on crVARS is far from being complete, it is unclear
whether these frequency differences are related to the different mechanisms among the
cancers or simply due to the unbalance of studies on different types of cancers.

Only approximately 25% of crVARs were supported by two or more data sources. The small
overlap among the data sources suggests the incompleteness of individual sources. On the
other hand, because each data source might give considerable false positives, caution needs
to be taken with variations supported by only one data source. Ongoing large-scale cancer
genome projects, such as the Cancer Genome Project (CGP) of the Sanger Institute and The
TCGA project of the NCI and NHGRI could rapidly increase the variation coverage[ TCGA,
2008]. We will continuously update the CanProVar database to ensure that we have the most
accurate, complete, and up-to-date information available.

Annotation and nomenclature standard

Correct interpretation of the cancer-specific variation patterns requires accurate information
on the variations, the method of detection, and the tumor sample. Moreover, for seamless
integration of data from various data sources, standard nomenclature is critical. Currently,
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data standardization is not enforced in individual databases. For instance, some databases
use “brain cancer” while others use “glioblastoma”. As CanProVar is based on the original
data sources with limited manual curation, certain redundancies and ambiguities are
inevitable. Recently, the Minimum Information about Somatic Mutation (MIASM) criteria
was proposed to standardize the annotations and nomenclature for data related to somatic
mutations in human cancers [Olivier, et al., 2009]. NCI's caBIG also proposed data
standards for cancer biomedical informatics [Cimino, et al., 2009]. In the future, we will
follow this data standard in data source selection and data reporting.

Interpretation of the characteristics of crVARs and crPROs

Based on the current data in CanProVar, we found that crVARs distributed unevenly on
chromosomes and across different cancer types. Moreover, crVARs were likely to cluster in
the crPROs and were statistically enriched in certain protein domains. However, special
caution needs to be taken in interpreting these results because of the potential bias associated
with the current data. For example, known cancer genes and hotspot regions were sequenced
more often than unknown ones in some of our data sources. In addition, some cancer types
were studied more often than others. Better understanding of these observations will be
possible with the availability of more unbiased data from large-scale cancer genome
projects.

We also found that crPROs tended to interact with each other in a protein interaction
network. It is unclear whether these patterns exist in specific cancer genomes or appear
individually in different cancer samples. It is also unclear whether the observed pattern is
partially due to the incompleteness of the current protein interaction network because known
cancer genes are more likely to be chosen for protein interaction studies. We believe that
data collected on individuals from large populations and the improvement on the
completeness of human protein interaction network will provide insight into these
interesting and important questions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The system architecture of CanProVar
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Figure 2.

Proportion of the CanProVar data from different data sources. The sources for cancer-related
variations in the CanProVar database include databases COSMIC (C), OMIM (O), HPI (H),
TCGA (T) and the publications from Greenman et al. (G) and Sjéblom et al. (S).
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Figure 3.

Top 20 cancer types ranked by the amount of crVARs in CanProVar
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Figure 4.

Output view for a protein/gene-based query in CanProVar. The output view for a protein/
gene-based query in CanProVar includes three sections: (A) basic information for the
protein corresponded to the queried ID, (B) information on the cancer related variations, and
(C) validated nsSNPs in the dbSNP database.
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Figure 5.

Protein interaction partners of the cancer-related proteins MSH6 and MDC1. MSH6 and
MDC1 are colored in dark grey. Their interaction partners are colored in light grey if they
have cancer-related variations or white otherwise. Solid lines represent interactions between
MSH6/MDC1 and their neighbors while dash lines represent interactions between two
MSH6- or MDC1-neighbors that have cancer-related variations.
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Table 1
Data sources of CanProVar database

Data sources Web link crVARs® remark

COsSMIC http://www.sanger.ac.uk/genetics/ CGP/cosmic/ 4,989 Somatic

HPI http://ca.expasy.org/sprot/hpi/ 3,852 Somatic and germline
TCGA http://cancergenome.nih.gov/ 329 Somatic

OMIM http://www.ncbi.nlm.nih.gov/omim/ 264 Mainly germline

Sjoblom et al.(2006) http://www.ncbi.nlm.nih.gov/pubmed/16959974 1,246
Greenman et al. (2007)  http://www.ncbi.nIm.nih.gov/pubmed/17344846 465

Somatic

Somatic

*
The number of cancer-related variations (crVARs) that were successfully mapped into Ensembl protein sequences.
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