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Abstract
Deciphering gene–disease association is a crucial step in designing therapeutic
strategies against diseases. There are experimental methods for identifying
gene–disease associations, such as genome-wide association studies and
linkage analysis, but these can be expensive and time consuming. As a result,
various  methods for predicting associations from these and other datain silico 
have been developed using different approaches. In this article, we review
some of the recent approaches to the computational prediction of
gene–disease association. We look at recent advancements in algorithms,
categorising them into those based on genome variation, networks, text mining,
and crowdsourcing. We also look at some of the challenges faced in the
computational prediction of gene–disease associations.
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Introduction
Aberrations in certain genes have been observed to either predis-
pose individuals to disease or be directly responsible for the devel-
opment of a disease phenotype, as in the case of Huntington’s  
disease1 and sickle cell disease2. Deciphering the link between 
genes and diseases is an open problem in biomedical sciences, 
but it presents an opportunity to better understand disease aetiol-
ogy, thereby allowing for the design and development of better  
mitigation strategies. Note, here we are describing only the links 
or associations between genes and disease rather than suggesting 
causality, as the issue of causality is still under debate.

Experimental methods for gene–disease association, such as  
linkage studies3, genome-wide association studies (GWAS)4, and 
RNA interference screens5, are expensive and time consuming to 
run. As a result, a number of computational methods6–8 have been 
developed to identify or predict gene–disease associations. These 
methods have different strengths and weakness and are suited for 
different classes of disease. For instance, methods that are suited 
for monogenic diseases, such as those that look at candidate dis-
ease gene expression patterns, may perform poorly when applied 
to a complex disease whose aetiology is attributed to many genes 
that work in concert to elicit the disease phenotype. In complex 
diseases, the genes that are responsible for disease phenotype 
when individually investigated are often found to give signals too 
weak to assign gene–disease association. One such example, as 
suggested by GeneRank9, is the case where genes that are strong 
drivers of disease are transcription factors that may not be differ-
entially expressed between disease and non-disease conditions but 
are responsible for regulating the expression of other genes that are 
differentially expressed.

The diversity of data that is used to derive gene–disease relation-
ships as outlined in the review of tools in 6–8 is a clear testament 
to the complexity of biological systems. Consequently, methods  
that incorporate diverse data sets, such as that described in 10, tend 
to achieve better results for the reason that when a gene–disease 
association is backed by many heterogeneous methods and data, 
it is more likely to be a true association. In deriving gene–disease 
associations, different tasks can be performed in parallel or as part 
of a sequential pipeline. Some of the activities required include 
combinations of the following:

•    Identifying variants that are associated with the disease and 
identifying genes that are associated with the variants.

•    Establishing gene–disease association via other methods. 
In some cases, gene–disease association is derived from 
differential expression of genes in disease and non-disease 
conditions. Text mining biomedical literature is also a very 
popular source of gene–disease association data for most 
computational tools owing to the fact that the data are rela-
tively easy to access. However, the success of text mining 
methods is heavily dependent on the quality of the text data 
and the efficiency of the algorithms.

•    Assigning some confidence to the established gene–disease 
association, e.g. assigning weights based on where the asso-
ciation was derived from (experimentally derived, expertly 
curated, or predicted from text).

•    Identifying publications that support the association. Some 
tools use publication support as a preliminary step in retriev-
ing candidate disease genes. Often tools that use text mining 
as a basis for assigning gene–disease associations retrieve 
co-mentions of genes and diseases from biomedical lit-
erature when drawing a pool of candidate genes, which are  
further examined for association with a given disease. 
In other cases, the number of publications that support a  
particular gene–disease association is used as a basis for 
ranking the validity of the association.

•    Presenting and distributing the results, which addresses the 
format in which the data are presented and distributed. Cur-
rently, data representation in scientific research is geared 
towards satisfying two key needs: a) that the data can be  
easily accessed and interpreted by non-technical users for the 
purposes of knowledge acquisition and b) that the data are 
accessible to technical users for the purposes of extending 
the tool, e.g. application programming interfaces (APIs), or 
for large-scale data analysis.

Accordingly, tools are being developed to address each of the  
components above. Some tools amalgamate two or more compo-
nents into one contiguous process that is packaged into a single 
tool. In some cases, the whole gene–disease association discov-
ery engine is infused into a single platform, such as in the case of  
DisGeNET11.

This article seeks to review recent advances in elucidating  
gene–disease associations by investigating strengths of current 
computational methods and some of the challenges. The list of 
the tools that we review is by no means exhaustive, but we focus 
on some tools that have used innovative ways to advance gene– 
disease association algorithms. We have categorised the tools 
based on the approach used—1) genome variation, 2) text mining,  
3) crowdsourcing, and 4) networks—and provide some examples 
of each. Summary information for the examples is provided in  
Table 1.

Genome variation
GWAS and genetic linkage studies3 are the main methods used 
for identifying variations across the genomes of individuals and  
associating these with diseases or phenotypes. The idea behind 
GWAS is to establish whether there is a significant genetic vari-
ation between case and control populations for a given phenotype 
under investigation.

The most common type of variation studied for diseases is the  
variation at a single nucleotide position, otherwise known as the 
single nucleotide polymorphism (SNP), although other types of 
variation such as copy number or chromosomal rearrangements 
have also been linked to many diseases. GWAS identify marker 
SNPs that are associated with the phenotype/trait under inves-
tigation. Once the marker SNPs have been identified, the next  
challenge is to determine how the variants are responsible for 
the phenotypes. This entails finding the location of the SNPs in  
relation to genes and, if associated with a gene, then identifying 
the pathways the gene is involved in. Genetic linkage studies, on 
the other hand, identify linked regions on the genomes of related 
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Table 1. A brief summary of some of the tools that have been reviewed in this article. Each tool is classified 
according to the categories that are described in the introduction section, the algorithm used, the technology used in 
implementation, the data sources used, and how the tool can be accessed.

Tool Algorithm Technology Data Sources Accessibility

Variation 
DisGeNET

 
GWAS

 
Python, R, Bash, 
SPARQL

 
CTD 
Uniprot 
ClinVar 
OrphaNet 
GWAS catalogue 
RGD 
MGD 
GAD 
BeFree

 
Cytoscape app 
RDF SPARQL endpoint 
Scripts (Python, R, 
Perl, Bash) 
R Package 
Linked open Data 
cloud

Text Mining 
MOPED-Digger 
 
 
Inductive Matrix 
Completion 
 
Implicitome

 
NLP (co-occurrence of 
gene–disease in abstracts) 
 
Matrix completion 
 
 
NLP (Peregrine) 

 
Java, Apache 
Lucerne  
 
C/C++, Python, 
MATLAB 
 
Java

 
PubMed 
 
 
OMIM 
 
 
UMLS 
Entrez Gene 
OMIM 
Uniprot 
HGNC 
JoChem

 
Desktop application 
 
 
Desktop application 
 
 
Desktop application

Reference Variant 
Store (RVS)

Variant annotation, data 
integration

Apache Hadoop 
Python, Java, 
JavaScript, Scala, 
MySQL

1000 Genomes 
EXAC 
Scripps Wellderly

RESTful APIs 
Web

Crowdsourcing 
Dizeez

 
Text mining tools, the 
crowd (MTurkers)

 
Java, Perl, C++, web 
technologies

 
OMIM 
PubMed 
PubChem

 
Web

Networks 
HeteSim Multipath 
(HSMP)

 
Support vector machine, 
multipath analysis

 
MATLAB

 
OMIM, 
HumanNet, 
HPRD

 
Desktop application

API, application programming interface; CTD, Comparative Toxicogenomics Database; EXAC, Exome Aggregation Consortium; 
GAD, Genetic Association Database; GWAS, genome-wide association studies; HGNC, Human Genome Organisation (HUGO) Gene 
Nomenclature Committee; HPRD, Human Protein Reference Database; MGD, Mouse Genome Database; NLP, natural language 
processing; OMIM, Online Mendelian Inheritance in Man; RDF, resource description framework; RGD, Rat Genome Database; SPARQL, 
SPARQL protocol and resource description framework query language; UMLS, unified medical language system.

individuals by observing the transmission of the loci from parents 
to offspring that is expected by independent inheritance. Genetic 
linkage is used to find regions in the genome that predispose an 
individual to a particular phenotype.

For in silico studies, the association data are usually obtained from 
some of the many databases that maintain genotype–phenotype 
information. The review of Brookes and Robinson12 lists some of 
the databases that contain genotype–phenotype data in relation to 
human health. The databases contain more or less similar genome 
variation data; however, they differ in aspects such as the data 
access policies, the standards that they employ when curating the 
data, and the expertise of the database curators. Some databases 

such as Orphanet (www.orpha.net)13 and OMIM (www.omim.org)14 
cater for domain-specific phenotypes, i.e. rare and Mendelian dis-
eases, respectively, which encourages use by domain experts. How-
ever, the preference of one particular database over another largely 
depends on the individual requirements of the user, although some 
databases, such as the GWAS catalogue (www.ebi.ac.uk/gwas/)15, 
are widely used owing to their comprehensive coverage of variation 
data and ease of access. The GWAS catalogue presents the varia-
tion data in an interactive karyogram that can be easily queried by 
different parameters in addition to offering programmatic access 
to the data. These facilities encourage adoption of the resource. 
While dbSNP (https://www.ncbi.nlm.nih.gov/projects/SNP/) is 
a commonly used source of variants, it does not attempt to cover 
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variant-disease associations. ClinVar (https://www.ncbi.nlm.nih.
gov/clinvar/), on the other hand, provides a clinical or phenotypic 
association for variants, with supporting evidence from multi-
ple sources. The Reference Variant Store (RVS) (http://rvs.u.hpc.
mssm.edu/)16 is perhaps the single most comprehensive repository 
for genome variation data both in size (over 400 million variants 
and 80,000 samples) and in the variety of annotation data that are 
stored. The RVS also has, as one of its main features, a RESTful 
API for the flexible retrieval of data by different features such as 
frequency, prediction method, disease, and literature.

There are a number of tools that use a combination of outputs  
from GWAS or linkage studies, next-generation sequencing (NGS), 
and data from the abovementioned resources to prioritise gene– 
disease association. One example is Exomiser17, which incorpo-
rates variant annotation, protein interaction networks, and pheno-
type, clinical, and other information for disease gene identifica-
tion for Mendelian diseases from a variant call format (VCF) file.  
Algorithms have been developed to predict the effects of  
changes in the DNA or protein sequence based on certain prop-
erties of sequences. SIFT (http://sift.jcvi.org/)18, PolyPhen-2 
(http://genetics.bwh.harvard.edu/pph2/)19, and PROVEAN 
(http://provean.jcvi.org/)20 are some of the tools that are used in  
predicting the phenotypic effects of genome variation. CADD 
(http://cadd.gs.washington.edu/)21 is also used in many cases for 
gene–disease association studies to prioritise functional, del-
eterious, and pathogenic variants. It works by integrating diverse  
annotation sources into a single C score. 

Text mining
The bulk of scientific knowledge is still kept in textual format, 
although the availability of these data in scientific databases is 
also growing exponentially. For instance, Burger et al.22 estimate 
that articles about gene–disease associations that are deposited in 
public databases grow at the rate of about 10,000 papers per year  
(approximately one paper every hour of every day). As a result, 
there is an increasing need to find better and faster ways of  
retrieving and processing knowledge from scientific databases. 
Databases that are manually curated by experts provide high- 
quality data, albeit at a very slow pace, so text mining algorithms 
are now being used to automate some manual processes.

Gene–disease association may be derived from direct association  
of a gene with a disease in biomedical text23–25. In some cases, 
implicit association between genes and diseases is used, as  
demonstrated in 26, wherein a gene X is implicitly associated with 
a disease Z if it is directly associated with a biological concept  
(gene, drug, phenotype, or biological process) Y, which is also 
directly associated with the disease Z.

The National Centre for Biotechnology Information (NCBI)  
maintains a set of high-quality text mining software in its tool set. 
Some examples of tools that are relevant for processing genome 
variation information include tmVar27, for extracting sequence  
variants at the levels of both genes and proteins from biomedical  
literature; DNorm28, which is a resource that is used to automati-
cally identify disease names in biomedical text; and GNormPlus24, 
which identifies gene mentions and normalization in biological  

text. Gene normalization, as described in 29, is the process of  
identifying and assigning biomedical database identifiers to genes 
retrieved from biomedical text. In order to improve efficiency, 
GNormPlus integrates other resources such as SimConcept30  
for identifying and simplifying composite names and SR4GN31  
for species named entity identification in biomedical text.  
PubTator28 is another resource for biocuration that incorporates 
biomedical text search. A user may search for PubMed articles  
by the following terms: gene, disease, PubMed, or chemical.  
PubTator incorporates precomputed searches from tools such as 
GNorm, DNorm, and SR4GN.

From the tools discussed above, a simple text mining-based  
gene–disease association can be implemented by performing a 
PubMed-like keyword search using PubTator, using normalisa-
tion and annotation tools to retrieve relationships between con-
cepts (tmVar for mutation, GNormPlus for genes, and DNorm for  
diseases), and then presenting the results for visual inspection or 
integration into other analysis pipelines.

Crowdsourcing
Crowdsourcing refers to the act of delegating a job traditionally 
assigned to a dedicated agent (usually an employee) to a large  
group of people in the form of an open call32. The immense quan-
tity of data that biomedical scientists need to deal with today has 
prompted the search for innovative ways of solving scientific 
problems. The following qualities identify suitable candidates for 
crowdsourcing solutions:

1)    Few individuals with rare abilities could solve the problem. 
It is sometimes difficult to harness all the necessary skills 
for a particular task in one organization or through tradi-
tional ways of collaboration.

2)    The problems are simple tasks that require human intel-
ligence, e.g. annotating images.

3)    The problems can be broken into tasks with definite end-
points. The possibility of breaking jobs into smaller tasks 
translates to the possibility of sharing the incentives with 
a larger group of people and, in essence, simplifying the 
problem.

Many problems in bioinformatics possess the qualities listed  
above, and some scientists have explored the use of crowdsourc-
ing methods to solve these problems33. Researchers design tasks 
for which they wish to recruit a crowd and then invite workers to 
participate in the tasks by using crowdsourcing platforms such as 
Crowdflower (http://www.crowdflower.com), Amazon Mechani-
cal Turk (AMT) service (https://www.mturk.com), and Kaggle  
(www.kaggle.com).

Several crowdsourcing approaches have been used to identify 
gene–disease associations. Dizeez34 works as a multiple quiz 
game in which a player is presented with a disease drawn from the  
Human Disease Ontology35 as the “clue” and a list of five genes. 
Only one of the five genes has been linked to the clue disease  
before. The player is challenged to accumulate points by guessing 
the correct gene–disease links. All guesses are taken as “assertions” 
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and examining the frequencies of the “assertions” for unknown  
links identifies new gene–disease associations. Running simula-
tions in which a player randomly assigned gene–disease associa-
tions validated the results of Dizeez by showing that there was a  
significant difference with the real results from playing the game. 
In another approach, Burger et al.22 adopted a hybrid method in 
which they used gene and mutation tagging tools GenNorm29 and  
Extraction of Mutation (EMU)36, respectively, to extract gene-
mutation pairs from PubMed abstracts. Each gene-mutation  
pair is then presented to the recruited workers in the AMT  
service as a human intelligence task (HIT). Basically, a HIT accord-
ing to 22 is a minimal task that cannot be automated. The qual-
ity of the crowdsourced service is evaluated by redundancy and 
aggregation in such a way that the same task is presented to five  
different workers and the congruency of their results is evalu-
ated, the idea being that a result that is supported by many work-
ers is most likely to be correct. Like in Burger et al.22, Li et al.37 
also incorporated text mining tools tmChem38 and DNorm28 in  
addition to the wisdom of the crowd to identify associations between 
chemical substances and diseases from text.

The review articles 26 and 32 together with 39 provide more infor-
mation on crowdsourcing in biomedicine, particularly touching 
on how to choose the right crowdsourcing platform for a particu-
lar task and some of the challenges that one may face when using  
crowdsourcing to solve problems in bioinformatics.

Networks and semantic similarity-based algorithms
Network algorithms rely on the premise that phenotypically simi-
lar diseases are caused by genes that are functionally related40.  
The idea is to find a set of genes that are already linked to the dis-
ease or phenotype in question and then find genes that are func-
tionally related to that set. Many examples of network-based  
methods have been reviewed in Piro & Cunto6 and two are men-
tioned below. HeteSim41 integrates heterogeneous networks of  
protein–protein interaction (PPI), gene–phenotype association, 
and phenotype–phenotype similarity to prioritise novel gene– 
phenotype associations. Natarajan & Dhillon42 formulate the  
gene–disease association problem in a similar way to a rec-
ommendation problem in which the players are genes as the  
“recommenders”, and diseases are the “items” that they recom-
mend or “prefer”. The goal is to identify which diseases a given  
set of genes would prefer given a set of observed preferences  
provided as biological entities.

Discussion
Gene–disease association is a crucial step in understanding dis-
ease aetiology. The process has been directed by manually  
curated biomedical databases owing to the faith that is placed on 
expert knowledge and individual attention. The exponential rate 
at which biomedical databases grow is quickly rendering manual 
curation of biomedical databases unattainable. The big challenge 
now is that of obtaining gene–disease associations on a large  
scale while at the same time not compromising on the quality  
of the associations. Scientists have developed innovative solutions 
in trying to solve this problem, ranging from adapting popular  
algorithms from other fields, like in the case of GeneRank adapting 
Google’s PageRank9, to using crowdsourcing platforms22,34.

From the tools discussed above, a common trend is that most 
gene–disease association tools are built in a modular manner such 
that different standalone components are aggregated together to 
form the complete tool. For example, a tool that identifies muta-
tions in biological text like EMU36 can be combined with a tool 
that performs gene normalisation like GenNorm29 to build a muta-
tion-finding tool like that of Burger et al.22. One of the challenges 
is standardisation of the data across the tools while still maintain-
ing quality, especially when the different data sources are con-
stantly updated. One would need to determine whether the different  
components are using the same database version. A solution would 
be to use third-party data providers such as CellBase43, which  
provides web services for retrieving biological information from 
heterogeneous sources to handle data harmonisation across  
different tools.

Unconventional approaches such as crowdsourcing gene–disease 
association have also helped to partially deal with the inherent 
problem of volume and quality control of data that are saved into 
the databases. Redundancy and aggregation is one of the chief 
quality control methods that is employed by many crowdsourcing 
projects in bioinformatics33 owing to the availability of a large pool 
of experts willing to work for relatively affordable compensation, 
even for free in some cases.

Another observation about the methods described is that  
although the algorithms are hardly altered—for example, net-
work algorithms still look for functional links among genes and  
text mining algorithms still parse biological text in order to unearth 
relationships between genes and diseases—the innovation is in 
the implementation of the algorithms and in handling some of 
the inherent weaknesses of the algorithms such as limited data.  
As an illustration, the crowdsourcing algorithm in Burger et al.22 
substitutes human labour for tasks that would otherwise be per-
formed by software. Another example is the transferring of anno-
tation between different but related biological components to  
complement limited data, like in the case of a literature-wide  
association study (LWAS) that is applied in Implicitome26. In 
Implicitome, a connection between a gene and a disease is  
obtained by independently mining literature for a connection 
between a gene and a biological component, which, in turn, has 
literature that links it to a disease.

Another recurrent theme in this review is the integration of  
different modules and data sources, whether as a distinct part 
of an algorithm or integration of similar data to ensure compre-
hensive coverage. This requires the addressing of the issues of  
compatibility and standardisation so that different components  
can link harmoniously. Many tools make use of ontologies  
such as the disease35,44 and phenotype ontologies45 for data  
standardisation.

Challenges
The two biggest challenges in gene–disease associations are how 
to store and display the relevant data for retrieving gene–disease 
associations in a readily accessible manner for researchers with 
varying levels of technical expertise and scalability of algorithms. 
As mentioned previously, standardisation of data across different 
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platforms is important, but so are considerations of how to deal  
with controlled access. The development of software that scales 
with the rate of increase in data size and complexity is also a major 
challenge. How do you build efficient software that will incorporate 
the changes in knowledge both in a timely manner and on a large 
scale? A third challenge is the integrity of the resulting associations 
and attributing evidence to assertions made by algorithms. While 
gene–disease associations can improve our knowledge on disease 
aetiology, it is still an area of active research and these associa-
tions should not be used in a clinical setting without further valida-
tion. Environment and context can have an important effect on the 
impact and relevance of a gene– (or variant)–disease association, so 
the data cannot be used in isolation.

There are many groups working globally on gene–disease asso-
ciations in terms of method development, data consolidation, or  
experimental versification, and only a few are mentioned in this 
review. The Global Alliance for Genomics and Health (http://
genomicsandhealth.org/), for example, has genotype to pheno-
type and variant interpretation projects, and many of the cancer 
initiatives focus on the clinical interpretation of variants. Here we 
have focussed only on some of the recent methods for predicting  
gene–disease associations to provide a taste of the different 
approaches.

Data sources
Listed below are some of the data sets that are used by tools that 
we reviewed.

OMIM (www.omim.org): Online Mendelian Inheritance in Man46

CTD (http://ctdbase.org/): The Comparative Toxicogenomics Data-
base—provides data about interactions between chemicals and gene 
products and how the interactions are related to diseases47

ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/): an archive for 
interpretations of the clinical significance of genetic variants48

OrphaNet (www.orpha.net): an online rare disease and orphan 
drug database13

The GWAS Catalog (www.ebi.ac.uk/gwas/): manually curated, 
quality-controlled, literature-derived database of GWAS15

MGD (http://www.informatics.jax.org/): the Mouse Genome  
Database49

RGD (http://rgd.mcw.edu/): the Rat Genome Database50

LHGDN (http://www.dbs.ifi.lmu.de/~bundschu/LHGDN.html): 
the literature-derived human gene-disease network—text mining-
derived database for classifying gene–disease associations

BeFree (http://ibi.imim.es/befree/): gene–disease associations 
extracted from MEDLINE abstracts using BeFree system51 for text 
mining

GAD (https://geneticassociationdb.nih.gov/): the Genetic Asso-
ciation Database, which is an archive of complex diseases in 
humans52

ExAC (http://exac.broadinstitute.org/): the Exome Aggregation 
Consortium, which collects and harmonises exome sequencing data 
from large exome sequencing projects53

HGNC (http://www.genenames.org/): the HUGO Gene Nomencla-
ture Committee, which is a database for human gene names and 
symbols54

JoChem (http://biosemantics.org/index.php/resources/jochem): a 
dictionary to identify small molecules and drugs in text55

Abbreviations
AMT, Amazon Mechanical Turk; API, application programming 
interface; EMU, Extraction of Mutation; GWAS, genome-wide 
association studies; HIT, human intelligence task; RVS, Reference 
Variant Store; SNP, single nucleotide polymorphism.

Competing interests
The authors declare that they have no competing interests.

Grant information
Funding was received from the National Institutes of Health (grant 
number U41 HG006941).  

The funders had no role in study design, data collection and analysis, 
decision to publish, or preparation of the manuscript.

1. Gilliam TC, Tanzi RE, Haines JL, et al.: Localization of the Huntington’s disease 
gene to a small segment of chromosome 4 flanked by D4S10 and the telomere. 
Cell. 1987; 50(4): 565–71.  
PubMed Abstract | Publisher Full Text 

2. Colah RB, Mukherjee MB, Martin S, et al.: Sickle cell disease in tribal 
populations in India. Indian J Med Res. 2015; 141(5): 509–15.  
PubMed Abstract | Free Full Text 

3. Dawn Teare M, Barrett JH: Genetic linkage studies. Lancet. 2005; 366(9490): 1036–44.  
PubMed Abstract | Publisher Full Text 

4. Frayling TM: Genome-wide association studies provide new insights into type 
2 diabetes aetiology. Nat Rev Genet. 2007; 8(9): 657–62.  
PubMed Abstract | Publisher Full Text 

5. Boutros M, Ahringer J: The art and design of genetic screens: RNA interference. 
Nat Rev Genet. 2008; 9(7): 554–66.  
PubMed Abstract | Publisher Full Text 

6. Piro RM, Di Cunto F: Computational approaches to disease-gene prediction: 
rationale, classification and successes. FEBS J. 2012; 279(5): 678–96.  
PubMed Abstract | Publisher Full Text 

7. Tranchevent LC, Capdevila FB, Nitsch D, et al.: A guide to web tools to prioritize 
candidate genes. Brief Bioinform. 2011; 12(1): 22–32.  
PubMed Abstract | Publisher Full Text 

8. Oti M, Ballouz S, Wouters MA: Web tools for the prioritization of candidate 
disease genes. Methods Mol Biol. 2011; 760: 189–206.  
PubMed Abstract | Publisher Full Text 

Page 7 of 9

F1000Research 2017, 6(F1000 Faculty Rev):578 Last updated: 26 APR 2017

http://genomicsandhealth.org/
http://genomicsandhealth.org/
http://www.omim.org
http://ctdbase.org/
https://www.ncbi.nlm.nih.gov/clinvar/
http://www.orpha.net
http://www.ebi.ac.uk/gwas/
http://www.informatics.jax.org/
http://rgd.mcw.edu/
http://www.dbs.ifi.lmu.de/~bundschu/LHGDN.html
http://ibi.imim.es/befree/
https://geneticassociationdb.nih.gov/
http://exac.broadinstitute.org/
http://www.genenames.org/
http://biosemantics.org/index.php/resources/jochem
http://www.ncbi.nlm.nih.gov/pubmed/2886227
http://dx.doi.org/10.1016/0092-8674(87)90029-8
http://www.ncbi.nlm.nih.gov/pubmed/26139766
http://www.ncbi.nlm.nih.gov/pmc/articles/4510747
http://www.ncbi.nlm.nih.gov/pubmed/16168786
http://dx.doi.org/10.1016/S0140-6736(05)67382-5
http://www.ncbi.nlm.nih.gov/pubmed/17703236
http://dx.doi.org/10.1038/nrg2178
http://www.ncbi.nlm.nih.gov/pubmed/18521077
http://dx.doi.org/10.1038/nrg2364
http://www.ncbi.nlm.nih.gov/pubmed/22221742
http://dx.doi.org/10.1111/j.1742-4658.2012.08471.x
http://www.ncbi.nlm.nih.gov/pubmed/21278374
http://dx.doi.org/10.1093/bib/bbq007
http://www.ncbi.nlm.nih.gov/pubmed/21779998
http://dx.doi.org/10.1007/978-1-61779-176-5_12


9. Morrison JL, Breitling R, Higham DJ, et al.: GeneRank: using search engine 
technology for the analysis of microarray experiments. BMC Bioinformatics. 
2005; 6: 233.  
PubMed Abstract | Publisher Full Text | Free Full Text 

10. Pers TH, Hansen NT, Lage K, et al.: Meta-analysis of heterogeneous data 
sources for genome-scale identification of risk genes in complex phenotypes. 
Genet Epidemiol. 2011; 35(5): 318–32.  
PubMed Abstract | Publisher Full Text 

11.  Piñero J, Queralt-Rosinach N, Bravo À, et al.: DisGeNET: a discovery 
platform for the dynamical exploration of human diseases and their genes. 
Database (Oxford). 2015; 2015: bav028.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

12.  Brookes AJ, Robinson PN: Human genotype-phenotype databases: aims, 
challenges and opportunities. Nat Rev Genet. 2015; 16(12): 702–15.  
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

13. Weinreich SS, Mangon R, Sikkens JJ, et al.: Orphanet: een Europese database 
over zeldzame ziekten. Ned Tijdschr Geneeskd. 2008; 152(9): 518–9.  
Reference Source

14. Hamosh A, Scott AF, Amberger J, et al.: Online Mendelian Inheritance in Man 
(OMIM). Hum Mutat. 2000; 15(1): 57–61.  
PubMed Abstract | Publisher Full Text 

15.  Welter D, MacArthur J, Morales J, et al.: The NHGRI GWAS Catalog, 
a curated resource of SNP-trait associations. Nucleic Acids Res. 2014; 
42(Database issue): D1001–6.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

16.  Hakenberg J, Cheng WY, Thomas P, et al.: Integrating 400 million variants 
from 80,000 human samples with extensive annotations: towards a knowledge 
base to analyze disease cohorts. BMC Bioinformatics. 2016; 17: 24.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

17.  Smedley D, Jacobsen JO, Jäger M, et al.: Next-generation diagnostics and 
disease-gene discovery with the Exomiser. Nat Protoc. 2015; 10(12): 2004–15. 
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

18. Kumar P, Henikoff S, Ng PC: Predicting the effects of coding non-synonymous 
variants on protein function using the SIFT algorithm. Nat Protoc. 2009; 4(7): 
1073–81.  
PubMed Abstract | Publisher Full Text 

19. Adzhubei I, Jordan DM, Sunyaev SR: Predicting functional effect of human 
missense mutations using PolyPhen-2. Curr Protoc Hum Genet. 2013;  
Chapter 7: Unit7.20.  
PubMed Abstract | Publisher Full Text | Free Full Text 

20.  Choi Y, Chan AP: PROVEAN web server: a tool to predict the functional 
effect of amino acid substitutions and indels. Bioinformatics. 2015; 31(16): 2745–7. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

21.  Kircher M, Witten DM, Jain P, et al.: A general framework for estimating the 
relative pathogenicity of human genetic variants. Nat Genet. 2014; 46(3): 310–5. 
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

22.  Burger JD, Doughty E, Khare R, et al.: Hybrid curation of gene-mutation 
relations combining automated extraction and crowdsourcing. Database 
(Oxford). 2014; 2014: pii: bau094.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

23.  Singhal A, Simmons M, Lu Z: Text Mining Genotype-Phenotype 
Relationships from Biomedical Literature for Database Curation and Precision 
Medicine. PLoS Comput Biol. 2016; 12(11): e1005017.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

24.  Wei CH, Kao HY, Lu Z: GNormPlus: An Integrative Approach for Tagging 
Genes, Gene Families, and Protein Domains. Biomed Res Int. 2015; 2015: 918710.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

25.  Hoehndorf R, Schofield PN, Gkoutos GV: Analysis of the human diseasome 
using phenotype similarity between common, genetic, and infectious 
diseases. Sci Rep. 2015; 5: 10888.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

26.  Hettne KM, Thompson M, van Haagen HH, et al.: The Implicitome: A Resource 
for Rationalizing Gene-Disease Associations. PLoS One. 2016; 11(2): e0149621.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

27. Wei CH, Harris BR, Kao HY, et al.: tmVar: a text mining approach for extracting 
sequence variants in biomedical literature. Bioinformatics. 2013; 29(11): 1433–9. 
PubMed Abstract | Publisher Full Text | Free Full Text 

28. Leaman R, Islamaj Dogan R, Lu Z: DNorm: disease name normalization with 
pairwise learning to rank. Bioinformatics. 2013; 29(22): 2909–17.  
PubMed Abstract | Publisher Full Text | Free Full Text 

29. Wei CH, Kao HY: Cross-species gene normalization by species inference. BMC 
Bioinformatics. 2011; 12(Suppl 8): S5.  
PubMed Abstract | Publisher Full Text | Free Full Text 

30. Wei CH, Leaman R, Lu Z: SimConcept: A Hybrid Approach for Simplifying 
Composite Named Entities in Biomedicine. ACM BCB. 2014; 2014: 138–46. 
PubMed Abstract | Publisher Full Text | Free Full Text 

31. Wei CH, Kao HY, Lu Z: SR4GN: a species recognition software tool for gene 
normalization. PLoS One. 2012; 7(6): e38460.  
PubMed Abstract | Publisher Full Text | Free Full Text 

32. Howe J: The Rise of Crowdsourcing | WIRED. [Online]. 2006; [Accessed: 10-Jan-
2017].  
Reference Source

33.  Good BM, Su AI: Crowdsourcing for bioinformatics. Bioinformatics. 2013; 
29(16): 1925–33.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

34. Loguercio S, Good BM, Su AI: Dizeez: an online game for human gene-disease 
annotation. PLoS One. 2013; 8(8): e71171.  
PubMed Abstract | Publisher Full Text | Free Full Text 

35. Schriml LM, Arze C, Nadendla S, et al.: Disease Ontology: a backbone for disease 
semantic integration. Nucleic Acids Res. 2012; 40(Database issue): D940–6.  
PubMed Abstract | Publisher Full Text | Free Full Text 

36. Doughty E, Kertesz-Farkas A, Bodenreider O, et al.: Toward an automatic method 
for extracting cancer- and other disease-related point mutations from the 
biomedical literature. Bioinformatics. 2011; 27(3): 408–15.  
PubMed Abstract | Publisher Full Text | Free Full Text 

37.  Li TS, Bravo À, Furlong LI, et al.: A crowdsourcing workflow for extracting 
chemical-induced disease relations from free text. Database (Oxford). 2016; 
2016: pii: baw051.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

38. Leaman R, Wei CH, Lu Z: tmChem: a high performance approach for chemical 
named entity recognition and normalization. J Cheminform. 2015; 7(Suppl 1 Text 
mining for chemistry and the CHEMDNER track): S3.  
PubMed Abstract | Publisher Full Text | Free Full Text 

39.  Khare R, Good BM, Leaman R, et al.: Crowdsourcing in biomedicine: 
challenges and opportunities. Brief Bioinform. 2016; 17(1): 23–32.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

40. Lage K, Karlberg EO, Storling ZM, et al.: A human phenome-interactome network 
of protein complexes implicated in genetic disorders. Nat Biotechnol. 2007; 
25(3): 309–16.  
PubMed Abstract | Publisher Full Text 

41.  Zeng X, Liao Y, Liu Y, et al.: Prediction and validation of disease genes 
using HeteSim Scores. IEEE/ACM Trans Comput Biol Bioinform. 2016.  
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

42.  Natarajan N, Dhillon IS: Inductive matrix completion for predicting gene-
disease associations. Bioinformatics. 2014; 30(12): i60–68.  
PubMed Abstract | Publisher Full Text | F1000 Recommendation 

43. Bleda M, Tarraga J, de Maria A, et al.: CellBase, a comprehensive collection 
of RESTful web services for retrieving relevant biological information from 
heterogeneous sources. Nucleic Acids Res. 2012; 40(Web Server issue): W609–14. 
PubMed Abstract | Publisher Full Text | Free Full Text 

44. Kibbe WA, Arze C, Felix V, et al.: Disease Ontology 2015 update: an expanded 
and updated database of human diseases for linking biomedical knowledge 
through disease data. Nucleic Acids Res. 2015; 43(Database issue): D1071–8. 
PubMed Abstract | Publisher Full Text | Free Full Text 

45. Kohler S, Vasilevsky NA, Engelstad M, et al.: The Human Phenotype Ontology in 
2017. Nucleic Acids Res. 2017; 45(D1): D865–D876.  
PubMed Abstract | Publisher Full Text | Free Full Text 

46. Amberger J, Bocchini CA, Scott AF, et al.: McKusick’s Online Mendelian 
Inheritance in Man (OMIM). Nucleic Acids Res. 2009; 37(Database issue): D793–6. 
PubMed Abstract | Publisher Full Text | Free Full Text 

47. Davis AP, Murphy CG, Johnson R, et al.: The Comparative Toxicogenomics 
Database: update 2013. Nucleic Acids Res. 2013; 41(Database issue): D1104–14. 
PubMed Abstract | Publisher Full Text | Free Full Text 

48.  Landrum MJ, Lee JM, Benson M, et al.: ClinVar: public archive of 
interpretations of clinically relevant variants. Nucleic Acids Res. 2016;  
44(D1): D862–8.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

49. Blake JA, Bult CJ, Kadin JA, et al.: The Mouse Genome Database (MGD): premier 
model organism resource for mammalian genomics and genetics. Nucleic 
Acids Res. 2011; 39(Database issue): D842–8.  
PubMed Abstract | Publisher Full Text | Free Full Text 

50. Twigger S, Lu J, Shimoyama M, et al.: Rat Genome Database (RGD): mapping 
disease onto the genome. Nucleic Acids Res. 2002; 30(1): 125–8.  
PubMed Abstract | Publisher Full Text | Free Full Text 

51. Bravo A, Cases M, Queralt-Rosinach N, et al.: A knowledge-driven approach to 
extract disease-related biomarkers from the literature. Biomed Res Int. 2014; 
2014: 253128.  
PubMed Abstract | Publisher Full Text | Free Full Text 

52. Becker KG, Barnes KC, Bright TJ, et al.: The genetic association database. Nat 
Genet. 2004; 36(5): 431–2.  
PubMed Abstract | Publisher Full Text 

53.  Lek M, Karczewski KJ, Minikel EV, et al.: Analysis of protein-coding genetic 
variation in 60,706 humans. Nature. 2016; 536(7616): 285–91.  
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation 

54. Gray KA, Yates B, Seal RL, et al.: Genenames.org: the HGNC resources in 2015. 
Nucleic Acids Res. 2015; 43(Database issue): D1079–85.  
PubMed Abstract | Publisher Full Text | Free Full Text 

55. Hettne KM, Stierum RH, Schuemie MJ, et al.: A dictionary to identify small 
molecules and drugs in free text. Bioinformatics. 2009; 25(22): 2983–91.  
PubMed Abstract | Publisher Full Text 

Page 8 of 9

F1000Research 2017, 6(F1000 Faculty Rev):578 Last updated: 26 APR 2017

http://www.ncbi.nlm.nih.gov/pubmed/16176585
http://dx.doi.org/10.1186/1471-2105-6-233
http://www.ncbi.nlm.nih.gov/pmc/articles/1261158
http://www.ncbi.nlm.nih.gov/pubmed/21484861
http://dx.doi.org/10.1002/gepi.20580
https://f1000.com/prime/725441797
http://www.ncbi.nlm.nih.gov/pubmed/25877637
http://dx.doi.org/10.1093/database/bav028
http://www.ncbi.nlm.nih.gov/pmc/articles/4397996
https://f1000.com/prime/725441797
https://f1000.com/prime/725926965
http://www.ncbi.nlm.nih.gov/pubmed/26553330
http://dx.doi.org/10.1038/nrg3932
https://f1000.com/prime/725926965
https://research.vu.nl/en/publications/orphanet-een-europese-database-over-zeldzame-ziekten
http://www.ncbi.nlm.nih.gov/pubmed/10612823
http://dx.doi.org/10.1002/(SICI)1098-1004(200001)15:1<57::AID-HUMU12>3.0.CO;2-G
https://f1000.com/prime/718201572
http://www.ncbi.nlm.nih.gov/pubmed/24316577
http://dx.doi.org/10.1093/nar/gkt1229
http://www.ncbi.nlm.nih.gov/pmc/articles/3965119
https://f1000.com/prime/718201572
https://f1000.com/prime/726065538
http://www.ncbi.nlm.nih.gov/pubmed/26746786
http://dx.doi.org/10.1186/s12859-015-0865-9
http://www.ncbi.nlm.nih.gov/pmc/articles/4706706
https://f1000.com/prime/726065538
https://f1000.com/prime/725932203
http://www.ncbi.nlm.nih.gov/pubmed/26562621
http://dx.doi.org/10.1038/nprot.2015.124
https://f1000.com/prime/725932203
http://www.ncbi.nlm.nih.gov/pubmed/19561590
http://dx.doi.org/10.1038/nprot.2009.86
http://www.ncbi.nlm.nih.gov/pubmed/23315928
http://dx.doi.org/10.1002/0471142905.hg0720s76
http://www.ncbi.nlm.nih.gov/pmc/articles/4480630
https://f1000.com/prime/725427066
http://www.ncbi.nlm.nih.gov/pubmed/25851949
http://dx.doi.org/10.1093/bioinformatics/btv195
http://www.ncbi.nlm.nih.gov/pmc/articles/4528627
https://f1000.com/prime/725427066
https://f1000.com/prime/718262124
http://www.ncbi.nlm.nih.gov/pubmed/24487276
http://dx.doi.org/10.1038/ng.2892
http://www.ncbi.nlm.nih.gov/pmc/articles/3992975
https://f1000.com/prime/718262124
https://f1000.com/prime/718886798
http://www.ncbi.nlm.nih.gov/pubmed/25246425
http://dx.doi.org/10.1093/database/bau094
http://www.ncbi.nlm.nih.gov/pmc/articles/4170591
https://f1000.com/prime/718886798
https://f1000.com/prime/727067089
http://www.ncbi.nlm.nih.gov/pubmed/27902695
http://dx.doi.org/10.1371/journal.pcbi.1005017
http://www.ncbi.nlm.nih.gov/pmc/articles/5130168
https://f1000.com/prime/727067089
https://f1000.com/prime/725795314
http://www.ncbi.nlm.nih.gov/pubmed/26380306
http://dx.doi.org/10.1155/2015/918710
http://www.ncbi.nlm.nih.gov/pmc/articles/4561873
https://f1000.com/prime/725795314
https://f1000.com/prime/725540654
http://www.ncbi.nlm.nih.gov/pubmed/26051359
http://dx.doi.org/10.1038/srep10888
http://www.ncbi.nlm.nih.gov/pmc/articles/4458913
https://f1000.com/prime/725540654
https://f1000.com/prime/726175950
http://www.ncbi.nlm.nih.gov/pubmed/26919047
http://dx.doi.org/10.1371/journal.pone.0149621
http://www.ncbi.nlm.nih.gov/pmc/articles/4769089
https://f1000.com/prime/726175950
http://www.ncbi.nlm.nih.gov/pubmed/23564842
http://dx.doi.org/10.1093/bioinformatics/btt156
http://www.ncbi.nlm.nih.gov/pmc/articles/3661051
http://www.ncbi.nlm.nih.gov/pubmed/23969135
http://dx.doi.org/10.1093/bioinformatics/btt474
http://www.ncbi.nlm.nih.gov/pmc/articles/3810844
http://www.ncbi.nlm.nih.gov/pubmed/22151999
http://dx.doi.org/10.1186/1471-2105-12-S8-S5
http://www.ncbi.nlm.nih.gov/pmc/articles/3269940
http://www.ncbi.nlm.nih.gov/pubmed/25844401
http://dx.doi.org/10.1145/2649387.2649420
http://www.ncbi.nlm.nih.gov/pmc/articles/4384177
http://www.ncbi.nlm.nih.gov/pubmed/22679507
http://dx.doi.org/10.1371/journal.pone.0038460
http://www.ncbi.nlm.nih.gov/pmc/articles/3367953
https://www.wired.com/2006/06/crowds/
https://f1000.com/prime/718076746
http://www.ncbi.nlm.nih.gov/pubmed/23782614
http://dx.doi.org/10.1093/bioinformatics/btt333
http://www.ncbi.nlm.nih.gov/pmc/articles/3722523
https://f1000.com/prime/718076746
http://www.ncbi.nlm.nih.gov/pubmed/23951102
http://dx.doi.org/10.1371/journal.pone.0071171
http://www.ncbi.nlm.nih.gov/pmc/articles/3737187
http://www.ncbi.nlm.nih.gov/pubmed/22080554
http://dx.doi.org/10.1093/nar/gkr972
http://www.ncbi.nlm.nih.gov/pmc/articles/3245088
http://www.ncbi.nlm.nih.gov/pubmed/21138947
http://dx.doi.org/10.1093/bioinformatics/btq667
http://www.ncbi.nlm.nih.gov/pmc/articles/3031038
https://f1000.com/prime/726294494
http://www.ncbi.nlm.nih.gov/pubmed/27087308
http://dx.doi.org/10.1093/database/baw051
http://www.ncbi.nlm.nih.gov/pmc/articles/4834205
https://f1000.com/prime/726294494
http://www.ncbi.nlm.nih.gov/pubmed/25810774
http://dx.doi.org/10.1186/1758-2946-7-S1-S3
http://www.ncbi.nlm.nih.gov/pmc/articles/4331693
https://f1000.com/prime/725441254
http://www.ncbi.nlm.nih.gov/pubmed/25888696
http://dx.doi.org/10.1093/bib/bbv021
http://www.ncbi.nlm.nih.gov/pmc/articles/4719068
https://f1000.com/prime/725441254
http://www.ncbi.nlm.nih.gov/pubmed/17344885
http://dx.doi.org/10.1038/nbt1295
https://f1000.com/prime/726156796
http://www.ncbi.nlm.nih.gov/pubmed/26890920
http://dx.doi.org/10.1109/TCBB.2016.2520947
https://f1000.com/prime/726156796
https://f1000.com/prime/727533476
http://www.ncbi.nlm.nih.gov/pubmed/24932006
http://dx.doi.org/10.1093/bioinformatics/btu269
https://f1000.com/prime/727533476
http://www.ncbi.nlm.nih.gov/pubmed/22693220
http://dx.doi.org/10.1093/nar/gks575
http://www.ncbi.nlm.nih.gov/pmc/articles/3394301
http://www.ncbi.nlm.nih.gov/pubmed/25348409
http://dx.doi.org/10.1093/nar/gku1011
http://www.ncbi.nlm.nih.gov/pmc/articles/4383880
http://www.ncbi.nlm.nih.gov/pubmed/27899602
http://dx.doi.org/10.1093/nar/gkw1039
http://www.ncbi.nlm.nih.gov/pmc/articles/5210535
http://www.ncbi.nlm.nih.gov/pubmed/18842627
http://dx.doi.org/10.1093/nar/gkn665
http://www.ncbi.nlm.nih.gov/pmc/articles/2686440
http://www.ncbi.nlm.nih.gov/pubmed/23093600
http://dx.doi.org/10.1093/nar/gks994
http://www.ncbi.nlm.nih.gov/pmc/articles/3531134
https://f1000.com/prime/725948565
http://www.ncbi.nlm.nih.gov/pubmed/26582918
http://dx.doi.org/10.1093/nar/gkv1222
http://www.ncbi.nlm.nih.gov/pmc/articles/4702865
https://f1000.com/prime/725948565
http://www.ncbi.nlm.nih.gov/pubmed/21051359
http://dx.doi.org/10.1093/nar/gkq1008
http://www.ncbi.nlm.nih.gov/pmc/articles/3013640
http://www.ncbi.nlm.nih.gov/pubmed/11752273
http://www.ncbi.nlm.nih.gov/pmc/articles/99132
http://www.ncbi.nlm.nih.gov/pubmed/24839601
http://dx.doi.org/10.1155/2014/253128
http://www.ncbi.nlm.nih.gov/pmc/articles/4009255
http://www.ncbi.nlm.nih.gov/pubmed/15118671
http://dx.doi.org/10.1038/ng0504-431
https://f1000.com/prime/726646180
http://www.ncbi.nlm.nih.gov/pubmed/27535533
http://dx.doi.org/10.1038/nature19057
http://www.ncbi.nlm.nih.gov/pmc/articles/5018207
https://f1000.com/prime/726646180
http://www.ncbi.nlm.nih.gov/pubmed/25361968
http://dx.doi.org/10.1093/nar/gku1071
http://www.ncbi.nlm.nih.gov/pmc/articles/4383909
http://www.ncbi.nlm.nih.gov/pubmed/19759196
http://dx.doi.org/10.1093/bioinformatics/btp535


 

Open Peer Review

  Current Referee Status:

Editorial Note on the Review Process
 are commissioned from members of the prestigious   and are edited as aF1000 Faculty Reviews F1000 Faculty

service to readers. In order to make these reviews as comprehensive and accessible as possible, the referees
provide input before publication and only the final, revised version is published. The referees who approved the
final version are listed with their names and affiliations but without their reports on earlier versions (any comments
will already have been addressed in the published version).

The referees who approved this article are:
Version 1

, Olivia Newton-John Cancer Research Institute, Heidelberg, VIC, AustraliaMeridee Wouters
 No competing interests were disclosed.Competing Interests:

1

, Menzies Institute for Medical Research, University of Tasmania, Hobart, TAS, 7000,Kathryn Burdon
Australia

 No competing interests were disclosed.Competing Interests:

1

Page 9 of 9

F1000Research 2017, 6(F1000 Faculty Rev):578 Last updated: 26 APR 2017

http://f1000research.com/channels/f1000-faculty-reviews/about-this-channel
http://f1000.com/prime/thefaculty

