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Abstract
Advances in cancer genomics have been propelled by the steady evolution of molecular profiling
technologies. Over the past decade, high-throughput sequencing technologies have matured to the
point necessary to support disease-specific shotgun sequencing. This has compelled whole-
genome sequencing studies across a broad panel of malignancies. The emergence of high-
throughput sequencing technologies has inspired new chemical and computational techniques
enabling interrogation of cancer-specific genomic and transcriptomic variants, previously
unannotated genes, and chromatin structure. Finally, recent progress in single-cell sequencing
holds great promise for studies interrogating the consequences of tumor evolution in cancers
presenting with genomic heterogeneity.

Keywords
next-generation sequencing; cancer genomics; transcriptomics; chromosomal conformation
sequencing; bioinformatics; tumor heterogeneity

1. Introduction
Cancer is often described as a population of cells that have either lost genomic integrity or
have altered the way they manifest their genome. Another way to say this is that cancer is a
genomic and epigenomic disease. Advances in genomic profiling have accordingly
benefitted our understanding of cancer [1, 2]. Molecular aberrations identified in cancer
using genomic profiling predict therapeutic response, providing a suite of diagnostic features
that may help inform treatment selection and patient care [3, 4]. Cancer genomics is thus at
the heart of both basic and translational research aiming to eradicate this deadly disease.
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A major limitation of the previous generation of genomics technologies was its reliance on
hybridization and probe-based techniques. While highly informative with respect to copy
number variations (CNVs) [5], single-nucleotide polymorphisms (SNPs) [6], and differential
expression of known transcripts [7], microarrays by design capture only information about
genomic variation that can be assessed by probes with predetermined sequences. Reviewed
here are advances reflected in the current generation of cancer genomics, which are being
propelled by the rapid evolution of high-throughput sequencing technology and concomitant
bioinformatics [8]. This generation of genomic technologies is furthering our understanding
of the cancer genome by providing insight into cancer-associated somatic sequence variants,
genomic conformations, and expression of previously unannotated transcripts (Figure 1).

Several cancers have been studied extensively using high-throughput sequencing. The
Cancer Genome Atlas (TCGA) is an ongoing publicly funded endeavor invested in
comprehensively studying the cancer genomes across a broad panel of cancer types [9].
Several whole-exome and a few whole-genome sequencing studies independent of the
TCGA have also been reported [10-14].

2. Highly Parallel Shotgun Sequencing
Shotgun sequencing is defined by the practice of sequencing many overlapping genomic
fragments while relying on computational algorithms exploiting regions of sequence overlap
to assemble fragments into a whole genome. This differs from clone-based sequencing
where defined segments of the genome are cloned into and sequenced from bacterial or
yeast artificial chromosomes [15]. A significant debate in the late 1990s over the feasibility
of applying shotgun-sequencing to the genomes of higher order organisms focused on major
concerns such as cost, logistics, and the computational challenges inherent to assembling
large genomes from relatively short reads [16,17]. Nevertheless, a first draft of the human
genome developed by using shotgun sequencing was published in 2001 [18].

While this draft was a critical step toward enabling cancer genome sequencing, the National
Human Genome Research Institute estimated the cost of shotgun sequencing in 2001 at
nearly $100 million per genome. During the decade since, sequencing technologies have
significantly improved their throughput, reducing this cost into the range of thousands of
dollars per genome [19]. These advances have made cancer genome sequencing studies
economically feasible.

3. Genomic Sequencing
Genomic sequencing can be divided into two major categories: whole-genome sequencing
and targeted sequencing. Whole-genome sequencing refers to sequencing the full length of
the genome, whereas targeted sequencing enables greater depth of coverage for higher
resolution analysis of sequence variation within specific genomic elements. The most
frequent case of targeted sequencing is whole-exome sequencing, where known exons are
enriched and analyzed for mutations. In contrast, whole-genome sequencing identifies
structural changes in the cancer genome, such as inversions, deletions, and other genomic
rearrangements, in addition to mutations [8].

Targeted exome sequencing efforts have identified recurrent somatic mutations in diseases
where oncogenic drivers were previously not well known. For instance, it was recently
reported that the most frequent class of genomic aberrations in malignant melanomas is
activating events in the MAPK pathway [20]. Interestingly, the same study showed
differences between cutaneous, acral, uveal, and mucosal melanomas with respect to their
proclivities for accumulating specific aberrations within this pathway. This suggests
exploitation of a common pathway across known anatomical subtypes of disease while also
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laying a foundation for investigating differences in the molecular etiologies of each type.
Similarly, the mutational landscape as determined through exome sequencing of high-grade
serous ovarian cancer reveals that, while more than 95% of sequenced tumors demonstrate
inactivating mutations in participants of the tumor-suppressive TP53-pathway, activating
alterations (mutational and amplification) of oncogenes were diverse and rarely recurrent in
more than 10% of samples [21]. In a study of colorectal carcinomas, more than 90% of
tumor samples presented with activating events in the WNT signaling pathway, while the
specific events responsible occurred at low frequencies across a broad panel of genes
involved in the WNT pathway [22].

An added layer of complexity is emerging from early whole-genome studies. While the
existence of recurrent copy-number alterations in cancer has been well documented using
array–comparative genomic hybridization (CGH) studies [23], whole-genome sequencing
studies have also revealed a breadth of genomic rearrangements previously underappreciated
in many solid tumors [14, 21, 24]. While accepted as drivers of oncogenesis in hematologic
malignancy, recurrent genomic rearrangements have recently also come to the fore as
oncogenic events in solid tumors where recurrent functional gene fusions are being
identified by sequencing [25].

The emerging theme of complex genetic backgrounds within cancers and differing
mechanisms of oncogenesis across cancer subtypes has prompted creative computational
biology efforts to understand the structural genomic rationale behind the tissue specificity of
oncogenic events [for example, 26]. This study in particular identified a significant
association between the breakpoints of recurrent somatic copy-number alterations and
guanine-rich DNA stretches capable of adopting G-quadraplex structure. A separate study
identified a strong association between the genomic endpoints involved in somatic copy-
number changes in cancer and genomic loci involved in chromosomal contact, thus lending
further support to the hypothesis that recurrent rearrangements are structurally predisposed
by genomic conformation [27].

4. Transcriptome Sequencing and Genome Annotation
The use of expressed sequence tags as a method for identifying genes has a long history in
the molecular biology of gene discovery and the annotation of the human genome [28]. The
technique involves cloning-based sequencing of cDNA fragments produced from RNA
extracts and cloned into bacterial artificial chromosomes. Much like shotgun genome
sequencing accelerated genomics, shotgun transcriptome sequencing (RNAseq) also
overcomes the throughput limitations of cloning-based methods in transcriptomics. The
result has been RNAseq-driven discovery of cancer-associated functional gene-fusion
transcripts [29] and in some cases cancer-associated transcripts from genes annotated for the
first time [30].

Inspired by advances in transcriptome sequencing, bioinformatics techniques for ab initio
transcriptome assembly were developed with the intent of resolving alternatively spliced
isoforms and were applied to questions in developmental biology [31]. However, this
creative suite of assembly tools has also led to discovery of transcripts derived from
genomic loci previously considered gene deserts. Specifically, ab initio assembly of
RNAseq reads generated from libraries developed from 16 normal human tissues as part of
the Illumina BodyMap Project reported as many as 8000 long non-coding RNA (lncRNA)
genes. These RNAs are >200bp in length and are transcribed from intergenic loci previously
underappreciated as possible gene sites because of their lack of protein-coding potential
[32]. Similar ab initio assembly also identified functional lncRNAs associated with prostate
cancer progression [30]. It will be interesting to see how annotation of the genome with new
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genes discovered by RNAseq will lead to reinterpretation of prior genome-wide association
studies and CGH studies reporting recurrent but overlooked cancer-associated SNPs and
CNVs in genomic regions dismissed as gene deserts.

In addition to finding new genes, RNAseq also permits sequence analysis of transcript
variants of known genes arising from alterations in posttranscriptional RNA processing.
Such studies have provided insight into mechanisms leading to oncogene dysregulation in
the absence of genomic aberrations. For instance, it was recently reported that a chimeric
transcript generated by cis-splicing of the adjacent genes SLC45A3 and ELK4 results in
expression of a proliferation-promoting fused gene product despite there being no
chromosomal rearrangement at this locus [33]. Likewise, alternative polyadenylation leading
to truncation of the 3 -untranslated region and concomitant escape of microRNA-mediated
transcript decay was observed as a posttranscriptional mechanism for elevated expression of
known oncogenes [34]. Alternative splice variants of the androgen receptor identified by
RNAseq analysis are also thought to contribute to prostate cancer progression from a
hormone therapy–responsive to a treatment-resistant state [35]. Together these results
suggest that posttranscriptional sequence variants in the transcriptome may constitute an
underappreciated class of molecular events contributing to oncogenesis and tumor
progression.

The ability to call sequence variants from RNAseq data also presents the potential of using
transcriptome sequencing as a method of identifying genomic events. For instance RNAseq
calls identifying tumor-specific single-nucleotide variants and chimeras could, respectively,
nominate somatic mutations and putative gene-fusions. However, because RNA processing
can alter transcripts independent of genomic events, an orthogonal method of validating
calls using genomic DNA would be required to confirm the genomic origins of nominated
alterations. Recent work comparing sample-matched genomic and transcriptomic mutation
calls demonstrated the value of calls performed on transcriptome sequencing data in
interpreting somatic mutations identified by genomic sequencing [36]. Specifically, the
study demonstrated the value of integrating RNAseq data with somatic mutation calls from
whole-genome sequencing to categorize mutations into four expressional categories: silent,
expressed-variant, wild-type biased, and mutant-biased. Such categorization helps separate
mutations of functional consequence from bystander events that although present in the
cancer genome are not expressed or are biased against at the RNA level.

5. Sequencing Malignant Epigenomes
While tumor genome and cancer transcriptome sequencing have helped identify molecular
aberrations leading to altered gene function in malignant disease, the field of epigenetics has
focused on understanding how heritable patterns of genomewide expression are encoded and
passed on between generations of cells. This “code above the code” consists of chemical
changes to the DNA and the proteins it interacts with to form transcriptionally-accessible
and transcriptionally-repressed chromatin states. Epigenetic alterations therefore do not
require alterations to the coding sequence of the genome to promote pathogenesis. Instead
changes in the epigenome alters the selective accessibility of genomic elements to
transcriptional machinery, a process thought to be responsible for allowing the genome of a
single zygote to manifest the variety of stable tissue specific cell-lineages seen in
mammalian development [37, 38]. Advances in high-throughput sequencing enable analysis
of genomewide landscapes for histone modifications by ChIP-seq [39], DNA-methylation
by high-throughput sequencing of bisulfite-converted [40] or methyl-enriched genomic
libraries [41], and transcriptionally-accessible chromatin regions by the DNAse-seq method
of identifying DNAseI digestion hypersensitive sites (DHS) in the genome [42].
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Cancer epigenome studies have exploited these technologies to expand our understanding of
epigenetic mechanisms of tumor development and progression. Recent work in colorectal
carcinoma integrated H3K4me1 ChIPseq with DNAse-seq to identify variant enhancer loci
associated with known genetic risk alleles for colorectal cancer, implying a role for
epigenetically active loci in the pathogenesis of this disease. [43] A study of prostate cancer
DNA-methylation using MethylPlex-NGS revealed regions of cancer specific DNA
methylation despite no significant difference with respect to the total number of methylated
regions between benign and malignant tissue, suggesting a role for the distribution of this
epigenetic mark in prostatic malignancy. [41] Additionally DNA-methylation has
established roles in spontaneous deamination of cytosine causing C to T mutations and the
development of microsatellite instability, both of which provide a causal mechanism linking
changes in the epigenome to potential downstream genetic events. [44] As these
technologies mature and become more widely implemented, we are likely to learn much
about the etiology of cancers driven by specific molecular lesions from the integration of
epigenomic and genomic sequencing findings.

6. HiC: Understanding Genomic Conformations
Although genomic sequences are frequently represented as linear character strings, it would
not be physically possible for the human genome to be contained within the nuclei of cells in
such form. Instead the genome is densely packaged into a structurally complex conformation
allowing it to fit within the nucleus of somatic cells [45]. The mechanics of such packaging
necessarily induces proximity of linearly distant elements of the genome causing both
interchromosomal and long-range intrachromosomal contacts [46]. Emerging epigenetic
studies suggest that the structural conformation of the genome is carefully regulated as a
mechanism for defining transcriptional assemblies responsible for coordinated regulation of
gene-networks [47].

HiC is a high-throughput sequencing method that utilizes mate-pair sequencing of
crosslinked and fragmented chromatin extracts processed by restriction enzymes such that
each end represents a different member of two DNA segments engaged in structural
interaction. The result of this unique sequencing modality is an unbiased map of pairwise
interactions between any two points in the genome [48] (Figure 2). Recently, HiC
delineation of ERG-induced chromosomal conformations associated with coordinated gene
expression in prostate cancer provided proof-of-principle that the technique may prove
valuable in discovering conformational genomic interactions underlying transcription
factor–driven oncogenic activity [49].

In addition to HiC, 5C [50] and ChIA-PET [51] assays have also been developed to map
structural interactions between genomic loci. The advantage of ChIA-PET is its inclusion of
a chromatin immunopreciptation step allowing for identification of genomic interacts
specifically associated with a defined protein [51]. While there is no chromatin
immunoprecipitation step in 5C, the method has the advantage of flexibility due the ability
to use either high-throughput sequencingor genomic microarrays to generate readouts [50].
Despite methodological differences between the two techniques a comparison of interaction
maps generated by 5C and ChIA as part of the ENCODE project demonstrates high
concordance between interactions identified by the two assays [53].

6. Integrative Analysis: Inferring Disease-Relevant Events and Interactions
Across Profiles

Integrative analysis has proven to be a powerful approach to ascertaining information across
multiple platforms of genomic profiles. Such analysis aims to infer associations that are not
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apparent when analyzing a single form of genomic profile (e.g., copy number only) but
become apparent when reading one genomic profile in light of another (e.g., copy number
alterations cooperating with a defined mutation status). The assumption inherent to such
analysis is that some genomic aberrations are stochastic events, resulting from genomic
instability, that do not contribute to disease biology. Integrative analysis attempts to enrich
for clinically relevant functional events by identifying aberrations supported by data across
multiple genomic analysis platforms (Figure 3).

An early opportunity for integrative bioinformatics arose from the evolution of datasets
generated by screening the NCI60 panel of cell lines for both drug sensitivity and genomic
attributes [53]. While many bioinformatics toolkits were initially developed to address
profile queries within each screening modality (reviewed in [53]), over time the desire for
analysis across the modalities compelled the development of CellMiner [54]. The tool is
structured as a relational database of the individual NCI60 molecular profiles, permitting
extraction of complex associations across the compendia of genomic studies performed on
this cell-line panel.

Mutually Exclusive Modules in Cancer (MEMo) is a tool recently developed to use a
combination of correlation analysis and graph theory to integrate multiplatform data with the
intention of identifying gene sets nominating dysregulation of a pathway. When applied to
data from the TCGA characterizing glioblastoma multiforme, the method homed in on two
regulatory networks identified by a total of six genes [55]. This represents a significant
reduction in the number of genes nominated as putative functional drivers for interrogation
in follow-up studies. The bioinformatics package integrOmics is another example. This tool
was written in R to facilitate integration between any pair of –omics datasets using
correlation analysis [56]. Given the creative approach taken by existing and admittedly early
algorithms, it will be interesting to see what new strategies for multiplatform genomic data
integration emerge as this field matures.

Advances in the analysis of data-rich genomic profiles have spawned the emerging field of
cancer systems biology. While integrative genomics emphasizes the identification of distinct
genomic aberrations, cancer systems biology takes analysis a step further by examining
regulatory interactions responsible for sustaining malignant pathobiology [57]. Many
methods have been built on top of networks modeled from known biological interactions
detailed in pathway databases. For example, the ARACNe algorithm was recently used to
uncover regulatory interactions driving epithelial-to-mesenchymal transformation in
glioblastoma, a critical step in cancer progression [58]. Similarly the recently developed tool
PARADIGM integrates genomic profiles into a model of transcriptional, posttranscriptional,
and cell-signaling interactions to infer activity profiles for interacting molecules [59]. The
algorithm recently nominated activation of the FOXM1 signaling network as a critical
contributor to ovarian cancer [21].

High-throughput sequencing datasets present several challenges for integrative and systems
analysis not faced by early algorithms developed for use with microarrays. Two technical
challenges are the computational power and algorithmic efficiency needed when processing
datasets of the scale produced by sequencing. This challenge in particular will be important
to overcome for integrative analysis to play a role in molecular diagnostics as clinical
decisions will require a more rapid turnaround time than many current algorithms provide
[60]. Analytically, sequencing provides information about changes in both relative
abundance (copy number, expression) and sequence (alternative adenylation, mutations,
rearrangements) between tumors and normal specimens. Thus, computational methodologies
systematically accounting for changes in profile as well as changes in sequence are needed
to fully capitalize on cancer genome sequencing data.
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7. Single-Cell Sequencing: Interrogating Tumor Heterogeneity and
Evolution

While genomic sequencing is helping to identify somatic aberrations unique to cancer that
may serve as drug targets, clinical observations from targeted therapy trials have raised
critical questions. Specifically, innate and acquired resistance to targeted therapy is a
challenge shared across cancer types [61-64]. This has led some to develop dynamic models
of treatment response, applying basic principles from evolutionary biology [65]. This view
holds that tumors likely possess a plurality of clones that initiate, compete with each other to
sustain, and regenerate overt lesions despite the selective pressure presented by various
microenvironmental and therapeutic stresses. From this perspective, tumors are populations
that evolve, and understanding this process requires an appreciation for both molecular
aberrations and clonality.

The sequencing modalities described so far do not directly address the heterogeneity of
human cancer. However, the next generation of cancer genomics is emerging with
sequencing technology permitting –omic scale analysis of single cells (Figure 4). Navin et
al. presented single-nucleus sequencing as a powerful technique to assess CNVs between
individual cells with sufficient resolution to enable evolutionary inferences with respect to
the metastatic process [66]. Inspired by questions in developmental biology, Tang and
associates developed methods for single-cell RNAseq [67], which they later applied to
investigate transcriptional processes regulating the earliest stages of differentiation occurring
in embryonic inner mass cells [68]. Sandberg and associates recently furthered single-cell
RNAseq technology by developing Smart-Seq, which prepares sequencing libraries
representing full-length RNAs through template switching during cDNA preparation prior to
library amplification [69]. In this study, the group provided proof-of-principle by comparing
the transcriptomes of circulating tumor cells to patient-matched melanoma tumors,
indicating that the technique could be applied to study small quantities of cancer cells.
Although very nascent, these techniques may help identify, characterize, and quantify the
relative abundance of genomic and transcriptomic clones composing heterogeneous tumor
cell populations.

The teleological thread held in common by cancer genomics efforts deploying single-cell
sequencing is the belief that cancer is more than an altered normal genome. On the contrary,
cancer from this perspective is viewed as a collection of independent genomes that evolve
separately from and more quickly than the heritable germline of the host in which the tumor
forms. Thus, while the past and present of cancer genomics has focused on identifying
functional genomic aberrations in cancer cells, the next wave of cancer genomics is primed
to study the evolution of whole genomes and the role of intratumoral evolutionary forces in
driving the biology of heterogeneous tumors. It is an exciting time to be involved in cancer
genome sequencing.
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Figure 1. Shotgun Sequencing
Genomic DNA and cDNA synthesized from RNA are fragmented into a size range
compatible with the specifications of massively parallel high-throughput sequencing
machines. During repair of fragmented ends, distinct adapters are ligated to each end,
permitting paired-end sequencing of DNA fragments. Read pairs are then aligned
computationally against a reference genome. Read depth at specific loci can be used to
assess genomic copy number or RNA expression of genes. Bioinformatic comparisons of
normal, tumor, and reference genomes identify sequence variants associated with disease.
Discordant read pairs where the ends of a pair align to separate genomic loci nominate
structural genomic rearrangements and expressed chimeras. Evidence of junction spanning
read pairs supports ab initio annotation of novel genes in previously unannotated loci.
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Figure 2. HiC Method for Chromosomal Conformation Sequencing
Long-range interchromosomal and intrachromosomal interactions implicated in regulation
of epigenetically coordinated gene networks can be identified by HiC. Briefly, chromosomal
interactions are preserved by formalin fixation, while restriction enzyme digestion cuts the
genome into fragments containing sites of formalin fixation between genomic segments.
Sticky ends are then repaired using biotinylated nucleotides and the repaired ends are ligated
as blunt-ends introducing biotin at the site of ligation before crosslinks are reversed. DNA is
then sheared to a fragment size compatible with high-throughput sequencing, biotin bearing
fragments are isolated, and a paired-end sequencing library is made where each end
represents a partner in a pairwise interaction. Pairs are then mapped by sequence alignment
to a reference genome, creating a genome-wide atlas of structural interactions.
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Figure 3. Integrative Analysis
Emerging bioinformatics pipelines utilize a combination of graph theory, statistical
enrichment, and correlation algorithms to identify associations between distinct categories of
genomic aberrations and clinical outcome. The goal of these pipelines is to push past the
noise of single-platform analysis by nominating potentially functional genomic attributes
supported across a panel of analyses.
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Figure 4. Single-Cell Sequencing
Emerging techniques for genome and transcriptome sequencing of single cells permit
identification of cancer clones, their lineages, and clonal gene-expression programs in
heterogeneous tumors. These technologies have ramifications for future studies of acquired
therapeutic resistance and disease progression through tumor evolution.
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