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g:Profiler—a web-based toolset for functional
profiling of gene lists from large-scale experiments
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ABSTRACT

g:Profiler (http://biit.cs.ut.ee/gprofiler/) is a public
web server for characterising and manipulating
gene lists resulting from mining high-throughput
genomic data. g:Profiler has a simple, user-friendly
web interface with powerful visualisation for captur-
ing Gene Ontology (GO), pathway, or transcription
factor binding site enrichments down to individual
gene levels. Besides standard multiple testing
corrections, a new improved method for estimating
the true effect of multiple testing over complex
structures like GO has been introduced. Interpreting
ranked gene lists is supported from the same
interface with very efficient algorithms. Such
ordered lists may arise when studying the most
significantly affected genes from high-throughput
data or genes co-expressed with the query gene.
Other important aspects of practical data analysis
are supported by modules tightly integrated with
g:Profiler. These are: g:Convert for converting
between different database identifiers; g:Orth for
finding orthologous genes from other species; and
g:Sorter for searching a large body of public gene
expression data for co-expression. g:Profiler sup-
ports 31 different species, and underlying data is
updated regularly from sources like the Ensembl
database. Bioinformatics communities wishing to
integrate with g:Profiler can use alternative simple
textual outputs.

INTRODUCTION

High-throughput technologies have paved the road to a
new era in molecular biology, allowing us to study
the behaviour and relationships of many genes and
molecules in parallel. With new experimental techniques,
one can perform high-throughput measurements of
mRNA and protein expression levels, DNA methylation

status, molecule interactions, genotypes and other poly-
morphisms (1-4).

A critical challenge is to bring order and understanding
into this exponentially growing amount of data. Easy-
to-use terminology in conjunction with computational and
statistical methods is needed to convert the low-level noisy
data into high-level biological understanding. The Gene
Ontology Consortium (http://www.geneontology.org)
has been a great success in developing precise terminology
that can be wused across many different species.
GO provides structured means to describe the biological
processes, cell components and molecular functions of
gene products (5). Millions of genes and gene products
from many species have been annotated to the categories
of GO using the best currently available knowledge (6).

Equipped with such information, one can develop
methods that automatically infer knowledge about the
common characteristics of genes that have been identified
in high-throughput methods. This was already envisaged
in the early days of GO development and is found to be
very true by looking at the tools listings on the GO
Consortium web site. A considerable amount of software
for ontological analysis of gene lists has been published
over the last 5 years, each of them having advantages
and drawbacks and each approaching data or vocabu-
laries in a slightly different manner. Babelomics (7),
Onto-Tools (8) and DAVID (9) are among some of the
most well-known tools. A recent review (10) gives insight
to the variety of available tools and points out some open
questions and drawbacks common to many or all of the
compared tools.

With g:Profiler, we address several challenges that still
exist in making such analysis more useful for typical end
users. The distinguishing features of g:Profiler are the ease
of use and informative visual presentation of the results,
both well appreciated by biologists. To verify the
statistical significance of the results, we have developed
a new method for estimating the effect of multiple testing
over large and complex structures like GO. An important
feature of g:Profiler is the support for ranked gene lists
that are analysed by finding functional enrichments from
the top of the list. Other features that simplify the life of
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users include the support of most gene identifier types that
can be used even mixed, conversions between different ID
types, ability to find orthologous genes from other species
and search for co-expressed genes based on public
microarray data. The unique feature of g:Profiler com-
pared to other GO mining tools is the integration of
several functional profiling resources into a single web tool
that provides a unified view to functional enrichment of
unordered and ordered gene lists, mapping IDs between
different types, mapping IDs to their orthologs and
searching across many public gene expression data sets.

g:Profiler Web Toolset

g:Profiler is a freely available collection of web tools
dedicated to the analysis of high-throughput data. It
consists of four well-integrated modules: 1) g:Profiler core
for functional profiling of flat or ranked gene lists;
2) g:Convert for gene identifier conversions; 3) g:Orth for
fetching orthologous genes; and 4) g:Sorter for searching
co-expressed genes from public data. All tools are highly
interactive and cross-linked to allow rapid and fruitful
analysis of versatile data. Next, we describe these modules
in more detail.

g:PROFILER core—functional characterisation of flat or
ranked lists of genes

Primary input to g:Profiler is a list of gene, protein, or
probe identifiers from any of the currently supported
31 species. g:Profiler supports many ID types and even
mixing of arbitrary ID types. This is important for a user,
and it also simplifies cross-linking from other tools and
web sites.

Typical sources of such a list may, for instance, be a
cluster of co-expressed genes from a microarray experi-
ment (1,11), predicted network of interacting proteins (3),
direct targets of transcription factors (TFs) from genome-
wide localisation studies (4), or genes with predicted
TF-binding sites in their regulatory regions (12).
The purpose of g:Profiler is to find common high-level
knowledge such as pathways, biological processes, mole-
cular functions, subcellular localisations, or shared TF-
binding sites (TFBS) to the list of input genes. The data
used in g:Profiler is derived from the Gene Ontology (),
KEGG (13), Reactome (14) and TRANSFAC (195)
databases.

The typical result of g:Profiler analysis is a set of
enriched functional terms from GO and other relevant
biological databases. The resulting terms are presented in
either tree-like top-down order grouped by domains, or
ranked by statistical significance. Every term is accom-
panied by the size of the query and term gene lists, their
overlap and the statistical significance (P-value) of such
enrichment. The user may study the hierarchical relation-
ships between enriched terms in a visual graph view.
A typical user input and output of the g:Profiler analysis is
shown in Figure 1.

g:Profiler uses cumulative hypergeometric P-values to
identify the most significant terms corresponding to the

input set of genes. Unlike most of the common profiling
tools mentioned in (10), g:Profiler supports annotations of
descendants according to the “True Path Rule” (16).
While some tools have adopted GO Slim or level-wise
approach to speed up searches and to provide higher-level
terms only, the level of abstraction of the output of
g:Profiler is entirely determined by the input list and the
statistical significance of the matches. Larger queries tend
to match more general functional categories and vice
versa. Since the scan through every term (GO, pathways,
TFBS) may result in many functional annotations, the
user must maintain control of what is being reported and
what the dependencies between such terms are. g:Profiler
provides a GO-structure-preserving visualisation that
captures the hierarchical relationships between signifi-
cantly enriched categories.

Incrementally profiling ordered lists of genes

A significant feature of g:Profiler is the ability to work
with ranked or sorted lists of genes. For instance, one may
pick any gene of interest and compose such a ranked list
by simply sorting other genes by similarity of gene
expression. Alternatively, genes may be ranked based on
the significant differential expression. The head of such a
list should be most informative in determining the
functional relationships within these lists. Given an
ordered list, g:Profiler incrementally probes all possible
sizes of the list head and rapidly determines functional
annotations and cut-points in the list where these
annotations are most significant. Visualisation shows
these cut-points as well as the changes in the P-values as
set size increases. The sorted list approach helps to fine-
tune the level of abstraction—head of the list may reveal
rare specific functions that would otherwise remain
insignificant in a large gene set. More precise predictions
of putative gene functions can be derived through
association to most similar genes. A significant effort has
been made to analyse such queries almost as fast as precise
flat list queries.

g:SORTER—ranking genes according to expression
similarity

Motivated by user requests for gene-expression-similarity-
based analysis, we developed the g:Sorter tool, which
allows quick search for similarly or oppositely expressed
genes from public data sets downloaded from the GEO
database (17). See Table 1 and the web site for a complete
overview of the currently supported data.

Similar genes are often grouped together using cluster-
ing, which in many cases depends heavily on initial
parameters as the number of expected clusters, for
example. With g:Sorter, one can answer questions like
‘What are the 50 most similar probes to gene X?" or
‘Which probes show reverse regulation in comparison to
gene X?’. These direct questions can sometimes be very
informative about the gene and its immediate similar
neighbours.





















