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ABSTRACT

Pathway Commons (https://www.pathwaycommons.
org) is an integrated resource of publicly available
information about biological pathways including bio-
chemical reactions, assembly of biomolecular com-
plexes, transport and catalysis events and physical
interactions involving proteins, DNA, RNA, and small
molecules (e.g. metabolites and drug compounds).
Data is collected from multiple providers in stan-
dard formats, including the Biological Pathway Ex-
change (BioPAX) language and the Proteomics Stan-
dards Initiative Molecular Interactions format, and
then integrated. Pathway Commons provides biolo-
gists with (i) tools to search this comprehensive re-
source, (ii) a download site offering integrated bulk
sets of pathway data (e.g. tables of interactions and
gene sets), (iii) reusable software libraries for work-
ing with pathway information in several program-
ming languages (Java, R, Python and Javascript)
and (iv) a web service for programmatically query-
ing the entire dataset. Visualization of pathways is
supported using the Systems Biological Graphical

Notation (SBGN). Pathway Commons currently con-
tains data from 22 databases with 4794 detailed hu-
man biochemical processes (i.e. pathways) and 2.3
million interactions. To enhance the usability of this
large resource for end-users, we develop and main-
tain interactive web applications and training mate-
rials that enable pathway exploration and advanced
analysis.

INTRODUCTION

Pathway information that describes interactions between
molecules in biological processes can help in solving re-
search problems, such as the interpretation of genomics
data (1), generating hypotheses surrounding disease mech-
anisms (2,3), design of rational therapeutics (4) and treat-
ment decision strategies (5).

The number of available pathway and interaction re-
sources has nearly tripled over the last decade, from 190 in
2006 to 702 in 2018 (6) (www.pathguide.org), increasing the
need for integration. Unfortunately, making this knowledge
available to the research community has been hindered by
fragmentation from the use of diverse data representation
schemes and software, making pathway information from
multiple sources dif cult to combine and use.
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Pathway Commons (PC) is a resource that aggregates
data from publicly available biological pathway and molec-
ular interaction databases and provides it from a single ac-
cess point on the web (7). In this way, PC facilitates in-
tegration and exchange of molecular-level descriptions of
metabolic and signaling pathways, molecular and genetic
interactions and gene regulation networks. Data is col-
lected from providers in the Biological Pathway Exchange
(BioPAX) Level 3 (8) and the Proteomics Standards Initia-
tive Molecular Interaction (PSI-MI) formats (9), and stored
uniformly in BioPAX format. Use of the BioPAX ontology
and format enables PC to capture, in a uniform and con-
sistent way, details concerning genes, macromolecules (pro-
teins) and small molecules and their involvement in differ-
ent types of physical interactions, such as biochemical re-
actions, catalysis, post-translational protein modi cations,
complex assembly, and transport. PSI-MI data captures
molecular interactions from small and large scale experi-
ments. These descriptions are richly annotated with links
to citations, experimental evidence, and external database
information, for instance, protein sequence annotation. PC
aims to add value to curated source databases by normal-
izing, integrating and exporting data in ways that simplify
usage.

PC has been used to analyze transcriptomics, proteomics
and metabolomics data in a large number of projects across
diseases to further our understanding of human biology in
health and disease (4,10-17). Since our original report in
2011, signi cant advances have been made with regard to
the breadth and volume of data available (>3 times more
pathways and interactions) along with novel software tools
to support pathway data creation, validation, and accessi-
bility in the wider research community. The entire database
software stack has been redeveloped to integrate more pow-
erful querying capabilities as well as support for a wider
variety of output data formats. We have also developed a
‘smarter’ search engine that presents search hits and links to
novel analysis and visualization apps based on the context
of the query. Additionally, a new help guide has been de-
veloped with original content designed to teach users how
to apply pathway analysis to their work. Here, we summa-
rize available resources for new users, as well as the devel-
opments made since our original report. Finally, we discuss
future efforts to enhance accessibility and provide scalable
systems for knowledge capture in support of biomedical dis-
covery.

PATHWAY AND INTERACTION DATA COVERAGE

PC currently integrates data from 22 public databases, up
from the 9 in our initial report. This has more than tripled
the number of pathways (from 1477 to 4794) and interac-
tions (from 687 883 to over 2.3 million) (Figure 1). The
new data covers 18 490 genes with associated HUGO Gene
Nomenclature Committee (HGNC) identi ers and 11 437
small molecules associated with records from Chemical En-
tities of Biological Interest (ChEBI), Human Metabolome
Database (HMDB), Kyoto Encyclopedia of Genes and
Genomes (KEGG) Compound, and/or DrugBank (18-21).
PC focuses on collecting human pathway data since many

data providers focus speci cally on interactions occurring
in human cells.

SOFTWARE INFRASTRUCTURE

The core software tools driving PC are cPath2 and Paxtools.
cPath2 is an open-source database and web application for
collecting, storing and querying biological pathway data,
and has been completely rewritten based on cPath (22).
cPath2 is built atop the Java Paxtools library (23) which
provides an in-memory BioPAX object model designed to
provide an API along with rich and fast data querying, val-
idation and format conversion utilities (24-26) (Figure 2).
cPath2 includes built-in identi er mapping for linking be-
tween identical interactors and to external resources as well
as an application programming interface (API) that func-
tions as a web service for searching and retrieving pathway
data sets. The web service is implemented using a RESTful
architecture and allows ne-grained data retrieval as JSON-
LD (to support easy access from web applications), BioPAX
and other formats (see Data Formats and Availability). It
supports search, including keyword-based, in addition to
the advanced querying facilities made available by Paxtools
(e.g. graph-based querying). For a detailed graphical rep-
resentation of pathways, Pathway Commons provides the
standard Systems Biological Graphical Notation (SBGN)
(27), designed to reduce the ambiguity in representations of
biological maps, and its accompanying SBGN-ML format
(28). The web service is a major access point for software
developers and computational biologists to programmati-
cally access PC data and can be used to build third-party
software apps, such as the ones described below.

DATA FORMATS AND AVAILABILITY

Users can freely access PC data by either downloading
data les (designed for computational biologists), through
a web service (for software developers or computational
biologists), or via a series of interactive web-based search
tools. Pathway information downloads are made available
in BioPAX format, Gene Matrix Transposed (GMT) for-
mat, which is used in gene set enrichment analyses (29,30),
Simple Interaction Format (SIF) and extended SIF with ad-
ditional elds, which are useful for network analysis and vi-
sualization (pathwaycommons.org/pc2/formats; SUPPLE-
MENTARY DATA). GMT datasets are provided with
HGNC or UniProt identi ers (31,32). Users can access a

le containing the entire collection or les that only con-
tain data provided from an individual database. Data up-
dates are scheduled approximately biannually (current re-
lease as of February 2019 is Version 11) and previous ver-
sions are also available in an archive (pathwaycommons.
org/archives).

SOFTWARE TOOLS

We have developed a number of tools using the core cPath2
and Paxtools PC infrastructure, including programming li-
braries as well as desktop and web-based applications for
use by a broad audience.
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Figure 1. A summary of pathway and interaction databases in Pathway Commons Version 11, released February 2019. Participants are counts of ‘Physi-
calEntity’ class instances from the BioPAX ontology, which includes the classes: complexes, DNA, DNARegion, Protein, RNA, RNARegion and Small-
Molecule, including the possibility of multiple molecular states per gene (e.g. phosphorylated proteins, proteins in the nucleus). Citations for data providers:

(20,30,61,67-84).

Tools for querying and visualizing Pathway Commons data
using BioPAX

In addition to the core Java-based Paxtools library, pro-
gramming libraries in other languages commonly used by
computational biologists, including R (33) and Python (34),
have been developed by the PC team and the community.
These packages enable users to access content in BioPAX
and act as clients for the PC web service. ChiBE is a desktop
application focused on network visualization of BioPAX
data and the analysis of genomic data in a pathway context
(24,35). Cytoscape (36) and CellDesigner (37), two widely
used independent desktop tools for modeling, visualiza-
tion and analysis of biological networks and pathways, have
BioPAX and PC support through plugins. For instance, the
Cytoscape CyPath2 plugin enables direct querying of PC
from Cytoscape (apps.cytoscape.org/apps/cypath2), and the

CellDesigner BioPAX export plugin allows export from Cy-
toscape in BioPAX format (38).

Tools for visualizing and interacting with pathway diagrams
online

A number of reusable tools have been built to enable users
to interact with pathway gures online and to map data
onto pathway diagrams (19,39). We have developed soft-
ware to visualize and interact with network diagrams us-
ing the SBGN standard (27). Speci cally, our sbgnml-to-
cytoscape and cytoscape-shgn-stylesheet JavaScript pack-
ages (github.com/PathwayCommons) allow developers to
load and style SBGN diagrams represented in the SBGN-
ML plain-text format as interactive diagrams in Cy-
toscape.js (40). From there, gures can be exported as static
images or included as part of a dynamic web application.
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Figure 2. From primary knowledge to end-user pathway tools. Pathway Commons (PC) aggregates and disseminates pathway and interaction knowledge
from 22 databases (version 11). BioPAX les are downloaded directly from data providers and are subsequently validated, normalized and merged into
PC. Data can be directly accessed programmatically via the web service or downloaded in bulk les. Exploration and analysis are aided by software tools,
packages and web apps that are tailored to the use cases of computational and experimental researchers.

By virtue of exporting all pathways to SBGN, PC is able
to provide a consistent visualization across all data, regard-
less of whether it was offered by the provider. A useful
feature of PC network visualizations is automated layouts.
Both SBGN exported by Paxtools and diagrams visualized
in Cytoscape.js are laid out using the Compound Spring
Embedder (CoSE) and fCoSE graph layout algorithms that
are capable of laying out SBGN-styled pathways and com-

plexes (graphs including nesting); the CoSE algorithm has
been implemented both in Java and JavaScript (25).

Together, these libraries provide the fundamental com-
ponents needed to build rich applications to visualize path-
ways stored in PC and elsewhere. An example of a mature
application using these components is Newt (newteditor.
org), which is a fully-featured SBGN editor that can load
data from PC and other sources.
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