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Abstract
Cancer is a disease of gene dysregulation, where cells acquire
genetic alterations that drive aberrant signaling. These alter-
ations adversely impact transcriptional programs and cause
profound changes in gene expression. Large international con-
sortia have generated massive tumor profiling data sets across
many cancer types, collecting mutation and copy number varia-
tion, mRNA expression, and in some cases epigenomic and
proteomic profiles. An overarching goal of these tumor-profiling
efforts is to identify genes that are essential drivers of cellular
processes in cancer. Here we review diverse computational
methodologies that have sought to interpret somatic alterations
and gene expression data through models of gene regulatory
networks. Early work in the field used expression data alone to
infer regulatory networks, and expression-only network inference
continues to be an active area of research. Once catalogs of
somatic mutations and copy number variations became avail-
able, another class of methods tried to interpret these alterations
either in terms of a prior interaction network or an inferred regu-
latory network. More recently, the tools of regulatory genomics
have been applied to cancer data sets, integrating regulatory
sequence information and epigenomic data with gene expres-
sion, often through supervised methods. Finally, newer cross-
cutting algorithms link upstream signaling changes – through a
prior network or proteomics data – to downstream transcriptional
programsand interpret somatic alterations in termsan integrative
model. Currently, clinical trials use specific somatic alterations
alone to direct patients towards pathway-targeted therapies. Ul-
timately,methods that interpret patientmutations profiles through
the lens of gene regulatory networks may be better able to
identify patient populations who will benefit from therapy.
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Interpreting tumor profiling data sets
through the lens of gene regulation
Cancer cells acquire the capacity for uncontrolled
growth and proliferation through a multistep process
that results in the deregulation of homeostatic sig-

nals [1,2]. The genetic alterations that cause deregu-
lation eventually causes aberrant gene expression and
genomic instability. In the last decade, a monumental
effort to molecularly profile tumors was undertaken by
consortia such as The Cancer Genome Atlas (TCGA)
and the International Cancer Genome Consortium
(ICGC). These groups and others have generated large
gene expression compendia of different tumor types
and catalogued their genetic alterations (recurrent
mutations and copy number variations (CNVs)) [3e5].
Early computational analyses focused on subtype
identification within tumor cohorts, usually through

clustering patient gene expression profiles. Meanwhile,
somatic alterations were mapped to known cellular
processes and also associated to specific cancer sub-
types. Together, these efforts have led to the molecular
characterization of different types of tumors and sup-
port the idea that cancer is not a single disease, but a
group of diseases [5].

Profiling tumors for genetic alterations has the potential
to improve treatment options available to patients [6].
While considerable effort is being spent on patient

stratification to achieve optimal therapeutic outcome, a
mechanistic understanding of the drivers of cancer is
also crucial. This is particularly important in the era of
pathway-targeted therapies, where not all patients with
a “targeted mutation” respond, and the tumor eventu-
ally develops resistance mechanisms to evade therapy.
More recently, additional multimodal sets including
profiling for chromatin and phosphoprotein expression
have enabled the integration of transcriptional states
with upstream signaling pathways. Ultimately, inter-
preting patient genetic alterations within context-

specific regulatory networks will facilitate therapeutic
decisions for each individual.
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Numerous and diverse computational algorithms have
been developed to mine and interpret massive tumor
profiling data sets. In this review, we focus on methods
that interpret cancer data sets through the lens of gene
regulation, linking genetic alterations to changes in the
transcriptional program. Namely, we highlight methods
that model transcriptional regulatory networks in
tumors e where the altered activity of transcription

factors changes the expression of target genes and drives
aberrant cellular phenotypes e and thus identify drivers
of gene regulation. We describe the development of
these approaches in four categories, roughly based on
the chronology of when each approach was first applied
in cancer: (1) network inference based on gene
expression data; (2) interpretation of genetic alterations
with respect to a prior network; (3) network integration
of ‘cis’ regulatory information with tumor gene expres-
sion; and (4) cross-cutting algorithms that link changes
in upstream signaling, through a prior network or pro-

teomics data, to downstream transcriptional programs
and thus decipher the regulatory impact of somatic al-
terations (Figure 1). While several of these categories
are areas of active computational research outside of
cancer, we highlight recent methods in each class that
have advanced our understanding of cancer regulatory
networks. We further discuss the challenges associated
with transforming data from heterogeneous tumor pro-
files into meaningful biological insights.

Network inference based on gene
expression data
Since the completion of the Human Genome Project in
2001, gene expression profiling has advanced through
various microarray platforms to standard RNA
sequencing technology today. Historically, tumor pro-
files were among the first large-scale gene expression
data sets to become available, and early algorithms
inferred regulatory networks in cancer solely based on
this data. We describe three groups of network inference
methods based on tumor gene expression data: unsu-
pervised network inference, regression-based network
inference, and probabilistic module learning.

Unsupervised network inference
One of the first human transcriptional networks was
built for B cell malignancies using ARACNe, an infor-
mation theoretic network inference approach [7,8]. The

algorithm computes pairwise mutual information be-
tween transcription factors (TFs) and potential target
genes and tests if these interactions are significant. The
rationale is that high mutual information between a
given TF and other genes may suggest a transcriptional
regulatory relationship. Since the information content
between direct interactions will be higher than indirect
ones, the network is further pruned to enrich for direct
interactions through the data processing inequality. To
infer upstream signaling modulators, an approach based

Figure 1

Methods that integrate data from tumor profiles to develop a molecular framework of cellular interactions and infer drivers of gene regulation: (a) Network
inference based on gene expression data (b) Interpretation of genetic alterations with respect to a prior network (c) Network integration of ‘cis’ regulatory
information with tumor gene expression, and (d) Cross-cutting algorithms that link upstream signaling changes to downstream alterations and tran-
scriptional programs, through a prior network or proteomics data.
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