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Abstract

Summary

Large-scale sequencing projects, such as The Cancer Genome Atlas (TCGA) and the Inter-

national Cancer Genome Consortium (ICGC), have generated high throughput sequencing

and molecular profiling data sets, but it is still challenging to identify potentially causal

changes in cellular processes in cancer as well as in other diseases in an automated fash-

ion. We developed the netboxr package written in the R programming language, which

makes use of the NetBox algorithm to identify candidate cancer-related functional modules.

The algorithm makes use of a data-driven, network-based approach that combines prior

knowledge with a network clustering algorithm, obviating the need for and the limitation of

independently curated functionally labeled gene sets. The method can combine multiple

data types, such as mutations and copy number alterations, leading to more reliable identifi-

cation of functional modules. We make the tool available in the Bioconductor R ecosystem

for applications in cancer research and cell biology.

Availability and implementation

The netboxr package is free and open-sourced under the GNU GPL-3 license R package

available at https://www.bioconductor.org/packages/release/bioc/html/netboxr.html

Introduction

Large-scale sequencing consortia such as The Cancer Genome Atlas (TCGA) [1] and the Inter-

actional Cancer Genome Consortium (ICGC) [2] provide detailed genomic alteration profil-

ing in many cancer types. Many methods based on the recurrence of genomic alterations, i.e.,

the frequency of occurrence in sets of tumor samples, have been developed to identify alter-

ations likely to be functional in oncogenesis or cancer progression, addressing an important

question in the field of precision oncology [3]. However, due to the considerable patient-to-
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patient heterogeneity of the cancer genome, rare mutations in certain patients can still be

involved in tumor development by affecting biological processes in ways similar to those of

known cancer genes. One way to address the issue of the effect of rare mutations is to combine

prior knowledge of genetic and molecular interactions with recurrence-based methods and

thus increase the power of predictions despite relatively low recurrence counts. In this spirit,

we have developed the NetBox algorithm that seeks to automate the identification of candidate

oncogenic processes and involved genes, which allows the quantitative analysis of genomic

alterations in the context of known signaling pathway connectivity [4]. The NetBox algorithm

identifies potentially novel network modules by mapping genomic alterations onto a compre-

hensive prior-knowledge interaction network, containing nodes and their interactions (edges),

and then identifying modules as clusters of connected nodes that are frequently affected by

genomic alterations as a set. The aggregation of nodes into clusters overcomes the statistical

problem of low counts for individual nodes. This is in contrast to methods such as gene set

enrichment analysis (GSEA), a popular approach to associate a gene list to biological functions,

that relies on curated, pre-defined clusters of genes and does not make use of the often known

interactions between genes or gene products. Unlike GSEA, NetBox is not limited to nor influ-

enced by curated gene sets for module discovery and overcomes the issue of the occurrence of

genes in more than one of the curated gene sets (Fig 1). Instead, the NetBox algorithm derives

network modules de novo, based on the alteration data in tumor samples, such that the identi-

fied modules can identify new functional gene groups that cross the boundaries of curated

gene sets. For newly discovered modules, the functional annotation can then be derived from

the annotation of the gene members, providing potentially novel hypotheses about cellular

processes that matter in the system from which the alteration data is derived.

To extend the use of NetBox, we have implemented the NetBox algorithm as a native R

package, netboxr. The netboxr package provides users with access to the NetBox algorithm

within the R ecosystem, thereby providing simplicity and flexibility for the visualization and

secondary analyses through available R packages by using common data structures in R pack-

ages. Here, we describe the use of netboxr to integrate various types of genomic alterations for

the detection of potentially functional network modules in glioblastoma multiforme (GBM)

cancer as an example and highlight netboxr tutorial material for integrating the use of the net-

boxr package with additional R packages.

Methods

Implementation

The netboxr package implements the original NetBox algorithm for the discovery of pathway

modules [4] using the R programming language and adds several functions to communicate

with other packages in the R ecosystem and to integrate several input data types.

Base functionality and algorithm

netboxr takes genes that are significantly altered by mutations, copy number alteration associ-

ated with gene expression change, or possibly changes in other data types, as input for identifi-

cation of pathway modules. As a first step in the analysis, an input group of altered genes is

mapped onto an interaction network from a comprehensive knowledge base of interactions;

sources for networks of interactions include Pathway Commons using the paxtoolsr package.

In NetBox, to account for obviously incomplete knowledge, candidate linker genes are defined

as genes that do not have alterations but are direct neighbors of altered genes. To do this, in

the second step, a hypergeometric test is used to determine the probability that a given candi-

date linker node has x or more interactions with nodes in the input gene list, Pr(X�x), where x
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Fig 1. Overview of NetBox algorithm. A) The key difference between gene set enrichment analysis (GSEA)/hypergeometric tests and NetBox pathway
discovery. Nodes are genes or gene products (red: altered in the dataset; black: unaltered). Edges are known interactions. Gene sets (top) typically do not
contain interactions and if they do, these are not used in GSEA. Interactions are explicitly used in NetBox to infer functional modules. B) NetBox workflow for,
e.g., alterations in cancer genomics data. Other types of data, such as mRNA expression profiles and proteomics profiles, can be equally accommodated as
input.

https://doi.org/10.1371/journal.pone.0234669.g001
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is the observed number of interactions between a candidate linker node to altered genes in the

input list. This probability is taken as the p-value; significant p-values indicate that candidate

linker genes are involved in the relevant biological processes along with the input genes. P-val-

ues of each candidate linker gene are corrected by the Benjamini-Hochberg method. Linker

genes with an adjusted p-value equal to or less than 0.05 are counted as significantly connected

linker genes. Third, a community detection algorithm (e.g., the Girvan–Newman edge

betweenness algorithm) is applied to the extended network with connected altered genes and

linker genes. Finally, netboxr offers edge-betweenness and leading eigenvector (for networks

with large numbers of nodes) algorithms to identify network modules as connected clusters of

genes. As newly configured modules lack functional labels, the modules identified by netboxr

can then be passed to enrichment packages, such as the ClusterProfiler package, to characterize

the modules in terms of functional Gene Ontology (GO) terms (i.e., biological processes,

molecular function, or cellular compartment), to complement the functional annotation of

individual genes with an overall functional label for the set of interacting genes, which we call

pathway modules.

Assessment of statistical significance

Two statistical tests are performed on the identified network modules to assess the significance

of the identified network (i.e., the identified network is the entirety of the network defined by

the altered gene nodes, linker nodes, and their connecting edges). These tests were conducted

in a similar manner as for the original NetBox algorithm [4]. To assess the level of global con-

nectivity, an empirical p-value is calculated by determining the number of times the size of the

largest connected component (the largest network component can be composed of multiple

modules) identified from the same number of randomly selected genes equals or exceeds the

size of the largest connected component from the list of altered genes in the data set. Next, a

network modularity score is calculated [5]. This score represents the strength (or quality) of

the division of a network into various modules and is defined as the edge fraction that is within

given modules minus an expected fraction by randomly distributing the edges. To assess the

statistical significance of the network modularity observed in the resulting network, we used a

local rewiring algorithm where random networks are generated that maintain the same size

and all genes maintain the same degree, but the choice of interaction partners is random. For

each of these random networks, we calculate the network modularity score and calculate the

average and standard deviation for a set of random networks. The observed modularity score

is then converted into a z-score (and reported as a p-value) to measure the deviation of the

observed network modularity from that of the random null model.

Implementation details and integration in the R ecosystem

Beyond the base functions, netboxr includes several additions to simplify and expand its use.

These include 1) instructions for retrieving and processing genomic alterations such as muta-

tions and copy number alterations from data repositories such as cBioPortal [6, 7] or Genomic

Data Commons (GDC) [3], 2) instructions to use pathway data (i.e., genes or gene products

with interactions) via the paxtoolsr Pathway Commons package [8] or from resources such as

the STRING pathway database [9], 3) functionality to switch between the discovery of modules

using various algorithms for detection of network communities from the igraph package [10]

and 4) guidance on functionally annotating netboxr-derived modules using the ClusterProfiler

package [11]. netboxr was implemented in R and can be installed through the BiocManager

package manager from Bioconductor (bioconductor.org).
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Use case

The package vignette (i.e., tutorial) provides step by step instructions for the usage of the pack-

age and exploration of the results. Additionally, within the vignette, we provide instructions

Fig 2. Glioblastomamultiforme (GBM) pathway modules identified by the netboxr package from cancer genomics alteration data without the use of
pre-defined gene sets. The new NetBox algorithm implementation in R uses the igraph library to speed up module detection and visualization. Using
mutations, and copy number alteration data from TCGA (Cerami et al., 2010), netboxr identified 10 pathway modules. Modules are functionally annotated
with a brief description of the module genes using the clusterProfiler Bioconductor package (S1 File). For more detailed understanding users should also
inspect the function of the genes contained in the modules. In this glioblastoma example, the largest module (M1, light orange background) contains genes
related to the PIK3 pathway and functions related to AKT signaling (also known as “PKB signaling” in the GO Gene Ontology). The second-largest module
(light blue background) contains genes related to the TP53 and cell cycle pathways. These algorithmically inferred two main modules are consistent with the
intuitively inferred signaling pathways in the original TCGA publication [12].

https://doi.org/10.1371/journal.pone.0234669.g002
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for users to generate input data and retrieve input gene lists from publicly available studies on

cBioPortal [6, 7].

As a specific use case, here we tested the netboxr package in a cancer use case by using the list

of altered genes from TCGA datasets and the prior-knowledge network data from the original

NetBox paper [4]. The results reported here are comparable to those from Cerami et al. although

the unadjusted p-values for linker genes are not exactly the same. This is because the unadjusted

p-values of linker genes in the original NetBox report [4] were calculated as the probability that a

given candidate linker node has exactly X interactions Pr(X = x), where X is the observed number

of interactions between a candidate linker node to altered genes in the input list; instead, netboxr

uses a hypergeometric test as described in the Base Functionality section. The final number of

linker genes, using a significance cutoff of 0.05 after FDR correction, is the same in netboxr and

the original NetBox implementation. Using netboxr, we identify the PIK3R1 (Module M1) and

RB1 (Module M2) modules, each with connected genes that are significantly altered as a set in the

glioblastoma (GBM) cancer genomics data from the Cancer Genome Atlas (TCGA). Each of

these modules is then annotated with brief descriptions through an enrichment step using the

clusterProfiler Bioconductor package using gene annotations from the Gene Ontology (Fig 2; S1

File). Module M1 is related to AKT/PKB signaling while M2 is related to cell cycle regulation;

brief descriptions of functions for other modules are shown in the figure. This module-driven

exploration of the identified network allows a finer-grain understanding of the input gene list

than through simply performing an enrichment analysis over the entire input gene list through 1)

the topology of the identified network connections and 2) the annotation of specific modules (Fig

2, S1 File). Details for this example are provided in the vignette document in the netboxr package.

Fig 2 demonstrates the use of the netboxr package to discover pathway modules frommultiple

genomic data for the example of the TCGA glioblastoma multiforme (GBM) study.

Conclusion

The netboxr R package facilitates data-driven network module discovery. Here we provide a

use case that emphasizes analysis of cancer genomics data, but the methodology is applicable

for other diseases or cell biological perturbation experiments with comparable large datasets

covering genetic or molecular changes in genes or gene products. With the ease of installation

in R bioinformatics environments, researchers can quickly use datasets of molecular measure-

ments to identify pathway modules and form biological hypotheses on the functional role of

cellular processes in cancer and other diseases, as well as in healthy tissues. As with any

method, users should carefully consider the problems they attempt to address and understand

the strengths and limitations before using a particular method. As for the contrast with enrich-

ment analyses, which NetBox is distinct from and complementary to, Reimand et al. present a

broader discussion of potential biases, including those in existing pathway databases [13]. The

netboxr authors can be contacted to explore collaboration in module discovery in large scale

perturbation-response datasets of interest.
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work of cancer genome projects. Nature. 2010; 464: 993–998. https://doi.org/10.1038/nature08987
PMID: 20393554

3. JensenMA, Ferretti V, Grossman RL, Staudt LM. The NCI Genomic Data Commons as an engine for
precision medicine. Blood. American Society of Hematology; 2017. pp. 453–459. https://doi.org/10.
1182/blood-2017-03-735654 PMID: 28600341

4. Cerami E, Demir E, Schultz N, Taylor BS, Sander C. Automated network analysis identifies core path-
ways in glioblastoma. PLoSOne. 2010;5. https://doi.org/10.1371/journal.pone.0008918 PMID:
20169195

5. NewmanMEJ, Girvan M. Finding and evaluating community structure in networks. Phys Rev E—Stat
Nonlinear, Soft Matter Phys. 2004; 69: 026113. https://doi.org/10.1103/PhysRevE.69.026113 PMID:
14995526

6. Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO, Aksoy BA, et al. The cBio Cancer Genomics Por-
tal: An open platform for exploring multidimensional cancer genomics data. Cancer Discov. 2012; 2:
401–404. https://doi.org/10.1158/2159-8290.CD-12-0095 PMID: 22588877

7. Gao J, Aksoy BA, Dogrusoz U, Dresdner G, Gross B, Sumer SO, et al. Integrative analysis of complex
cancer genomics and clinical profiles using the cBioPortal. Sci Signal. 2013; 6: pl1–pl1. https://doi.org/
10.1126/scisignal.2004088 PMID: 23550210

8. Rodchenkov I, Babur O, Luna A, Aksoy BA, Wong J V., Fong D, et al. Pathway Commons 2019 Update:
Integration, analysis and exploration of pathway data. Nucleic Acids Res. 2020; 48: D489–D497.
https://doi.org/10.1093/nar/gkz946 PMID: 31647099

9. Snel B, LehmannG, Bork P, HuynenMA. String: A web-server to retrieve and display the repeatedly
occurring neighbourhood of a gene. Nucleic Acids Res. 2000; 28: 3442–3444. https://doi.org/10.1093/
nar/28.18.3442 PMID: 10982861

10. Csardi Gabor and Nepusz Tamas. The igraph software package for complex network research. Inter-
Journal. 2006;Complex Sy: 1695. Available: http://igraph.sf.net

11. Yu G,Wang LG, Han Y, He QY. ClusterProfiler: An R package for comparing biological themes among
gene clusters. Omi A J Integr Biol. 2012; 16: 284–287. https://doi.org/10.1089/omi.2011.0118 PMID:
22455463

12. Brennan CW, Verhaak RGW,McKenna A, Campos B, Noushmehr H, Salama SR, et al. The Somatic
Genomic Landscape of Glioblastoma. Cell. 2013; 155: 462–477. https://doi.org/10.1016/j.cell.2013.09.
034 PMID: 24120142

13. Reimand J, Isserlin R, Voisin V, KuceraM, Tannus-Lopes C, Rostamianfar A, et al. Pathway enrichment
analysis and visualization of omics data using g:Profiler, GSEA, Cytoscape and EnrichmentMap. Nat
Protoc. 2019 Feb; 14(2):482–517. https://doi.org/10.1038/s41596-018-0103-9 PMID: 30664679

PLOS ONE netboxr: Automated discovery of biological process modules by network analysis in R

PLOSONE | https://doi.org/10.1371/journal.pone.0234669 November 2, 2020 7 / 7

https://doi.org/10.1038/ng.2764
http://www.ncbi.nlm.nih.gov/pubmed/24071849
https://doi.org/10.1038/nature08987
http://www.ncbi.nlm.nih.gov/pubmed/20393554
https://doi.org/10.1182/blood-2017-03-735654
https://doi.org/10.1182/blood-2017-03-735654
http://www.ncbi.nlm.nih.gov/pubmed/28600341
https://doi.org/10.1371/journal.pone.0008918
http://www.ncbi.nlm.nih.gov/pubmed/20169195
https://doi.org/10.1103/PhysRevE.69.026113
http://www.ncbi.nlm.nih.gov/pubmed/14995526
https://doi.org/10.1158/2159-8290.CD-12-0095
http://www.ncbi.nlm.nih.gov/pubmed/22588877
https://doi.org/10.1126/scisignal.2004088
https://doi.org/10.1126/scisignal.2004088
http://www.ncbi.nlm.nih.gov/pubmed/23550210
https://doi.org/10.1093/nar/gkz946
http://www.ncbi.nlm.nih.gov/pubmed/31647099
https://doi.org/10.1093/nar/28.18.3442
https://doi.org/10.1093/nar/28.18.3442
http://www.ncbi.nlm.nih.gov/pubmed/10982861
http://igraph.sf.net
https://doi.org/10.1089/omi.2011.0118
http://www.ncbi.nlm.nih.gov/pubmed/22455463
https://doi.org/10.1016/j.cell.2013.09.034
https://doi.org/10.1016/j.cell.2013.09.034
http://www.ncbi.nlm.nih.gov/pubmed/24120142
https://doi.org/10.1038/s41596-018-0103-9
http://www.ncbi.nlm.nih.gov/pubmed/30664679
https://doi.org/10.1371/journal.pone.0234669

