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Abstract
Demand for fast, inexpensive, and accurate DNA sequencing data has led to the birth and dominance of

a new generation of sequencing technologies. So-called "next-generation" sequencing technologies enable

rapid generation of data by sequencing massive amounts of DNA in parallel using diverse methodologies

which overcome the limitations of Sanger sequencing methods used to sequence the first human genome.

Despite opening new frontiers of genomics research, the fundamental shift away from the Sanger

sequencing that next-generation technologies has created has also left many unaware of the capabilities

and applications of these new technologies, especially those in the clinical realm. Moreover, the brisk

evolution of sequencing technologies has flooded the market with commercially available sequencing

platforms, whose unique chemistries and diverse applications stand as another obstacle restricting the

potential of next-generation sequencing. This review serves to provide a primer on next-generation

sequencing technologies for clinical researchers and physician scientists. We provide an overview of the

capabilities and clinical applications of DNA sequencing technologies to raise awareness among researchers

about thepower of these novel genomic tools. In addition,wediscuss that key sequencingprinciples provide

a comparison between existing and near-term technologies and outline key advantages and disadvantages

between different sequencing platforms to help researchers choose an appropriate platform for their

research interests. Cancer Prev Res; 5(7); 887–900. �2012 AACR.

Introduction
Initial sequencing of the human genome tookmore than

a decade and cost an estimated $70 million dollars (1).
Sequencing for the Human Genome Project (HGP) relied
primarily on automation of sequencingmethods first intro-
duced by Sanger in 1977 (2). Despite the successful use this
technology to generate early maps of the human genome
(3–5), the limitations of Sanger sequencing created a high
demand for more robust sequencing technologies capable
of generating large amounts of data, quickly, and at lower
costs.
Recognizing this need, the National Human Genome

Research Institute (NHGRI) initiated a funding program
in 2004 aimed at catalyzing sequencing technology devel-
opment and with a goal of reducing the cost of genome
sequencing to�$100,000 in 5 years and, ultimately, $1,000
in 10 years (6–8). The initiative has been widely successful
to date, and a bevy of new technologies has emerged in the
sequencing marketplace over the past 5 years. New tech-

nologies offer radically different approaches that enable the
sequencing of large amounts of DNA in parallel and at
substantially lower costs than conventional methods. The
terms "next-generation sequencing" and "massive-parallel
sequencing" have been used loosely to collectively refer to
these new high-throughput technologies.

First-Generation Sequencing
Automated Sanger sequencing is now considered the

"first-generation" of DNA sequencing technologies. Techni-
cally, standard Sanger sequencing identifies linear
sequences of nucleotides by electrophoretic separation of
randomly terminated extension products (2). Automated
methods use fluorescently labeled terminators, capillary
electrophoresis separation, and automated laser signal
detection for improved nucleotide sequence detection
[ref. 9; for reviews, see the studies of Hutchinson (ref. 10)
andMetzker (ref. 11)]. As a key strength, Sanger sequencing
remains the most available technology today and its well-
defined chemistry makes it is the most accurate method for
sequencing available now. Sanger sequencing reactions can
read DNA fragments of 500 bp to 1 kb in length, and this
method is still used routinely for sequencing small amounts
of DNA fragments and is the gold-standard for clinical
cytogenetics (12).

Despite strong availability and accuracy, however, Sanger
sequencing has restricted applications because of technical
limitations of its workflow. The main limitation of Sanger
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sequencing is one of throughput, that is, the amount of
DNA sequence that can be read with each sequencing
reaction. Throughput is a function of sequencing reaction
time, the number of sequencing reactions that can be run in
parallel, and lengths of sequences read by each reaction. The
requirement for electrophoretic separation of DNA frag-
ments for reading DNA sequence content in Sanger-based
sequencing is the primary bottleneck for throughput with
this method, increasing time and limiting the number of
reactions that can be run in parallel (13). Despite efficient
automation, each Sanger instrument can only read 96
reactions in parallel, and this restricts the technology’s
throughput toapproximately115kb/day(1,000bp; ref. 14).
Current estimates suggest a cost of approximately $5 to 30
million USD to sequence an entire human genome using
Sanger-based methods, and on one machine, it would take
around 60 years to accomplish this task (8, 13). Together,
these cost and time constraints limit access to and applica-
tion of genome sequencing efforts on this platform.

Next-Generation Sequencing
Overview
"Next-generation" and "massive-parallel" DNA sequencing

are blanket terms used to refer collectively to the high-
throughput DNA sequencing technologies available which
are capable of sequencing large numbers of different DNA
sequences in a single reaction (i.e., in parallel). All next-
generation sequencing (NGS) technologies monitor the
sequential addition of nucleotides to immobilized and
spatially arrayed DNA templates but differ substantially in
how these templates are generated and how they are inter-
rogated to reveal their sequences (15). A basic workflow for
NGS sequencing technologies is presented in Fig. 1.

Template generation
In general, the startingmaterial for allNGS experiments is

double-stranded DNA; however, the source of this material
may vary (e.g., genomic DNA, reverse-transcribed RNA or
cDNA, immunoprecipitated DNA). All starting material
must be converted into a library of sequencing reaction
templates (sequencing library), which require common
steps of fragmentation, size selection, and adapter ligation
(15). Fragmentation and size selection steps serve to break
the DNA templates into smaller sequence-able fragments,
the size of which depend on each sequencing platform’s
specifications. Adapter ligation adds platform-specific syn-

thetic DNAs to the ends of library fragments, which serve as
primers for downstream amplification and/or sequencing
reactions. Ideally, the above steps create an unbiased
sequencing library that accurately represents the sample’s
DNA population. Depending on the NGS technology used,
a library is either sequenced directly (single-molecule tem-
plates) or is amplified then sequenced (clonally amplified
templates). Template generation also serves to spatially
separate and immobilize DNA fragment populations for
sequencing, typically by attachment to solid surfaces or
beads. This allows the downstream sequencing reaction to
operate as millions of microreactions carried out in parallel
on each spatially distinct template (16).

Clonally amplified versus single-molecule templates
Most sequencing platforms cannot monitor single-mol-

ecule reactions and template amplification is therefore
required to produce sufficient signal for detection of nucle-
otide addition by the instrument’s system (1, 14). Ampli-
fication strategies vary between platforms and commonly
include emulsion PCR or bridging amplification strategies
(Table 1). Importantly, all amplification steps can introduce
sequencing errors into experiments as reagents (DNA
polymerases) are not 100% accurate and can introduce
mutations into the clonally amplified template popula-
tions, which subsequentlymasquerade as sequence variants
in downstream analysis (1). Amplification steps also
reduce the dynamic range of sequence detection and poten-
tially remove low-abundance variants from sequenced
populations.

Single-molecule template sequencing bypasses the need
for amplification steps and requires far less startingmaterial
for sequence detection (17). The ability to sequence
extremely small quantities of DNA without manipulation
gives single-molecule sequencing approaches a greater
(potentially unlimited) dynamic range of sequence detec-
tion, including thepossibility of sequencingDNA fromonly
a single cell (18, 19). Currently, single-molecule sequencers
are just beginning to enter the market; however, despite
promises to improve signal quality and expand the types of
data produced, the availability of this platform is limited,
and downstream analysis pipelines are very immature com-
pared with those of clonally amplified signals. In addition,
advantages over amplification-based platforms have yet to
be realized and remain equally uncertain. Amplification-
based and single-molecule sequencing technologies have
been referred to as "second-generation" and "third-generation"

Figure 1. Basic workflow for NGS experiments. NGS experiments consist of 4 phases: sample collection (purple), template generation (blue), sequencing
reactions and detection (green), and data analysis (orange). Experiments can have broad applications, depending on the source and nature of input DNA used
for sequencing. Source materials include normal and diseased tissues, from which NGS experiments can sequence the whole genome (WGS) or
targeted genomic/epigenetic elements. Table 2 lists experimental approaches, descriptions, and key references for the sample collection strategies
illustrated. Illustration of sample collection is modified from the study of Myers and colleagues (82). Illustration of sequencing reactions and detection is a
generalized schematic and substantially differs based on the platform used (Table 1). NGS experiments can be grouped broadly into 2 general categories: de
novo assembly and resequencing. Assembled genomes are built from scratch, without the use of an existing scaffold, whereas resequencing
experiments align sequence reads back to a reference genome (orange). Since the HGP, all human genome sequencing efforts have been resequencing,
as it is not cost-effective, extremely difficult, and of limited (immediate) value to reassemble a human genome (95, 96). Conversely, smaller genomes
such as those of novel bacteria are routinely assembled de novo (97). dsDNA, double-stranded DNA; TFBS, transcription factor–binding sites.
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sequencing technologies, respectively, in the literature
(ref. 16; Table 1).

Sequencing reactions
Each sequencing platform uses a series of repeating

chemical reactions that are carried out and detected auto-
matically. Reactions typically use a flow cell that houses the
immobilized templates and enables standardized addition
and detection of nucleotides, washing/removal of reagents,
and repetition of this cyclical process on a nucleotide-by-
nucleotide basis to sequence all DNA templates (i.e.,
sequencing library) in parallel. While all sequencing plat-
forms differ in their proprietary chemistries (Table 1), the
use ofDNApolymerase orDNA ligase enzyme is a common
feature, and thesemethodshavebeen referred to collectively
as "sequencing by synthesis" (SBS) strategies in the literature
(20).

Overall, the reading of sequence content on a nucleotide-
by-nucleotide stepwise fashion used by NGS overcomes the
limitations of discrete separation and detection require-
ments of first-generation methods and has radically
improved the throughput of sequencing reactions by several
orders of magnitude. Such improvements have allowed the
per-base cost of sequencing to decrease by more than
100,000-fold in the past 5 years with further reductions
expected (21). Cost reductions in sequencing technologies
have enabled widespread use and diverse applications of
these methods (see Clinical Applications of NGS and Pre-
clinical Applications of NGS)

Paired-end and mate-paired sequencing
Typically, NGSmethods sequence only a single end of the

DNA templates in their libraries, with all DNA fragments
afforded an equal probability of occurring in forward or
reverse direction reads. Depending on the instrument and
library construction protocol used, however, forward and
reverse reads can be paired tomap both ends of linear DNA
fragments during sequencing ("paired-end sequencing") or
both ends of previously circularized DNA fragments
("mate-pair sequencing"). The choice of pair-end or
mate-pair depends on the clinical application and is dis-
cussed later. It is important to note that both paired-end and
mate-pair approaches still only sequence the ends of DNA
fragments included in sequencing libraries and therefore do
not provide sequence information for the internal portion
of longer templates (Fig. 1).

Limitations
The increased throughput of NGS reactions comes at

the cost of read length, as the most readily available
sequencing platforms (Illumina, Roche, SoLiD) offer
shorter average read lengths (30–400 bp) than conven-
tional Sanger-based methods (500–1 kb; ref. 13). Several
third-generation technologies hold the promise of longer
read lengths; however, these are not widely available and,
as mentioned, are exceedingly immature technology plat-
forms (ref. 22; Table 1).

Shorter read lengths place restrictions on the types of
experiments NGS methods can conduct. For instance, it is
difficult to assemble a genome de novo using such short
fragment lengths (23); therefore, most application of these
technologies focus on comparing the density and sequence
content of shorter reads to that of an existing reference
genome (known as genome "re-sequencing"; Fig. 1). In
addition, shorter read lengths may not align or "map" back
to a reference genome uniquely, often leaving repetitive
regions of the genome unmappable to these types of experi-
ments. Sequence alignment is also challenging for regions
with higher levels of diversity between the reference genome
and the sequenced genome, such as structural variants
(e.g., insertions, deletions, translocations; ref. 24). These
issues are combated through the use of longer read
lengths or paired-end/mate-pair approaches (Fig. 2A and
B). Given the relative immaturity of third-generation NGS
platforms, nearly all human genome resequencing con-
ducted today relies on the paired-end or mate-paired
approaches of second-generation platforms. Paired-end
sequencing is much easier than mate-paired sequencing
and requires less DNA, making it the standard means by
which human genomes are resequenced (14). Although
more expensive and technically challenging, mate-paired
libraries can sample DNA sequence over a larger distance
(1.5–20 kb) than paired-end approaches (300–500 bp)
and are therefore better suited for mapping very large
structural changes (14).

Data analysis
Ironically, one of the key limitations ofNGS also serves as

its greatest strength, the high volume of data generation.
NGS reactions generate huge sequence data sets in the range
of megabases (millions) to gigabases (billions), the inter-
pretation ofwhich is no trivial task (16).Moreover, the scale
and nature of data produced by all NGS platforms place
substantial demands on information technology at all
stages of sequencing, including data tracking, storage, and
quality control (25). Together, these extensive data gather-
ing capabilities now double as constraints, shifting the
bottlenecks in genomics research from data acquisition to
those of data analysis and interpretation (26). NGS
machines are generating data at such a rapid pace that
supply cannot keep up with demand for new analytic
approaches capable of mining NGS data sets (see Future
Directions andChallenges).Data analysis is a critical feature
of any NGS project and will depend on the goal and type of
project. The initial analysis or base calling is typically con-
ducted by proprietary software on the sequencing platform.
After base calling, the sequencing data are aligned to a
reference genome if available or a de novo assembly is
conducted. Sequence alignment and assembly is an active
area of computational research with new methods being
developed (see review by Flicek and Birney; ref. 27). Once
the sequence is aligned to a reference genome, the data need
to be analyzed in an experiment-specific fashion [for
reviews, see the studies of Martin and Wang for RNA-seq
(ref. 28), Park for ChIP-seq (ref. 29), Bamshad and
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Figure 2. KeyNGSprinciples. A andB, identification of structural variants: Longer (paired-end ormate-pair) sequencing reads aremore adept atmapping large
structural variations (e.g., translocations and deletions) because they provide added information concerning which sequences co-occur on the same
template. A, illustration of well-documented translocation between chromosomes 17 and 22 which places the platelet-derived growth factor-b
(PDGFB) gene under control of the highly active collagen type 1A1 promoter (COL1A1). This translocation is implicated in the pathogenesis of the rare
cutaneous malignancy dermatofibrosarcoma protuberans (DFSP; ref. 98). Notice how alignment of short reads does not distinguish the mutated
sequence (translocation) from the normal reference genome. B, illustration of a hypothetical chromosomal deletion mutant. Again, notice how alignment of
short reads does not distinguish the mutated sequence (deletion) from the normal reference genome. C, sequence coverage and error rates. Illustration of
uniform and uneven NGS read distributions for resequencing experiments. An uneven read distribution can leave regions of the genome uncovered
(black circle). D, SNP detection. Left, illustration of how low coverage, uneven read distributions, and high error rates can interact to confound
genotype detection, including SNP calling (as illustrated). Right, illustration of how uneven read distributions and errors can be overcome by higher
coverage rates.
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colleagues for exome sequencing (ref. 30), Medvedev and
colleagues for whole-genome resequencing (ref. 31), and
Wooley and colleagues for metagenomics (ref. 32)].

Choosing a Sequencing Technology
Genomics experiments are largely descriptive and afford

researchers the opportunity to explore a biologic question
in a comprehensive manner. Experimental design is para-
mount for the success of all genomics experiments, and
choice of sequencing strategy should be informed by the
goal(s) of the project.

Experimental design and biases
It is important to recognize that bias can be introduced at

all steps in an experimental NGS protocol. This principle is
best illustrated by the example of template amplification
steps, which can introduce mutations into clonally ampli-
fied DNA templates that subsequently masquerade as
sequence variants. Amplification steps also reduce the
dynamic range of sequence detection and potentially
remove low-abundance variants from sequenced popula-
tions. Much like amplification steps, any sample manipu-
lation can cause quantitative and qualitative artifacts in
downstream analysis (22, 33). Therefore, it is important to
design your experiment in a way that maximizes the col-
lection of sequence information you covet and minimizes
the biases against it. For example, if your sample is being
extensively manipulated before sequencing, a reference
DNA sample with known sequence content and similar
size/quantity should also be carried through your sequenc-
ing protocol and analyzed in parallel as a control.
Another important consideration is the quantity and

quality of the DNA you choose to sequence. Most NGS
platforms have proprietary library preparations that are
optimized for a specific DNA quantity and quality. These
inputmetrics are typically easy to achieve using unmodified
fresh or fresh-frozen samples, however, this may be more
challenging with clinical specimens, especially archived
formalin-fixed, paraffin-embedded (FFPE) samples. Thank-
fully, the use of clinical specimens with limited DNA
quality/quantity for NGS is an area of active research, and
work has shown that NGS platforms can handle this input
material (34, 35). Despite this evidence, it is highly likely
that any deviation in sample quality/quantity from an NGS
platform’s optimized protocol will still require extensive
troubleshooting by the user. An appropriate control under
such circumstances would again be the sequencing of
referenceDNA treatedwith the same conditions (e.g., FFPE)
before sequencing.

Sequencing coverage and error rates
Both the quality and quantity of sequence data derived

fromNGS experiments will ultimately determine how com-
prehensive and accurate downstream analyses can be (36).
Qualitatively, individual base calling error rates vary
between NGS platforms (Table 1). All NGS platforms pro-
vide confidence scores for each individual base call,

enabling researchers to use different quality filters when
mining their sequence data. More generally, the chemistries
of most NGS reactions are such that the initial portion of
each sequencing read is typically more accurate than the
latter (due to signal decay).

Quantitatively, the amount of sequence data can be
assessed by the metric of sequencing "coverage." Generally
speaking, sequence coverage (also called "depth") refers to
the average number of times a base pair is sequenced in a
given experiment. More specifically, this coverage metric is
best viewed in the context of the physical locations (distri-
bution) of these reads, as NGS reactions may not represent
all genomic locations uniformly (due to handling, platform
biases, run-to-run variation; ref. 36). For example, local
sequence content has been shown to exert a bias on the
coverage of short read NGS platforms, whereby higher read
densities are more likely to be found at genomic regions
with elevated GC content (37). Such coverage biases can
interfere with quantitative applications of NGS, including
gene expression profiling (RNA-seq) or copy number var-
iation analysis. Several methods have been developed to
account for the nonuniformity of coverage and adjust
signals for GC bias to improve the accuracy of quantitative
analysis (37–39). Qualitatively, uneven sequence coverage
can also interfere with the analysis of sequence variants. For
example, a deeply sequenced sample with nonuniform read
distribution can still leave a substantial portion of the
genome unsequenced or undersequenced, and analysis of
these regionswill not be able to identify sequence variations
such as single-nucleotide polymorphisms (SNP), point
mutations, or structural variants, because these locations
will either be unsequenced or confounded by sequencing
errors (Fig. 2C and D).

Ultimately, coverage depth, distribution, and sequence
quality determine what information can be retrieved from
each sequencing experiment. In theory, an experiment with
100% accuracy and uniform coverage distribution would
provide all sequence content information (including iden-
tification of SNPs and complex structural variants) with just
1� coverage depth. In reality, however, accuracy is never
100% and coverage is not uniform; therefore, deeper
sequence coverage is needed to enable correction of
sequencing errors and to compensate for uneven coverage
(Fig. 2D). For discovery of structural variants (e.g., inser-
tions, deletions, translocations), accurate identification of a
complete human genome sequence with current (second-
generation) platforms, requires approximately 20� to 30�
sequence coverage to overcome the uneven read distribu-
tions and sequencing errors (22, 24). Higher coverage levels
are required to make accurate SNP calls from an individual
genome sequence, as these experiments are powered dif-
ferently (36). Standards are evolving and current recom-
mendations range from 30� to 100� coverage, depending
on both platform error rate and the analytic sensitivity and
specificity desired (12, 24, 36, 40). These higher coverage
requirements arewhy the cost ofwhole-genome sequencing
(WGS) still remains above $1,000 for many sequencing
applications (16). Newer single-molecule sequencers
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promise more evenly distributed and longer reads, poten-
tially providing a complete genome sequence at lower costs;
however, this ability often comes at the cost of higher error
rates (1, 22). To save costs, population-scale sequencing
projects, such as the 1,000 genomes project, have used low-
coverage pooled data sets and are able to detect SNPvariants
with frequencies as low as 1% in DNA populations with 4�
coverage and error rates common to second-generation
platforms (41).With this approach, an investigator probing
for high-frequency variants (>1%) in a select population
could also succeed with lower coverage sequencing experi-
ments to reduce costs.

Clinical Applications of NGS
Investment in the development of NGS technologies by

the NHGRI was made with the goal of expediting the use of
genome sequencingdata in the clinical practice ofmedicine.
As the cost of DNA sequencing continues to drop, the actual
translation of base pair reads to bedside clinical applica-
tions has finally begun. Several small-scale studies have laid
the foundation for personalized genome-based medicine,
showing the value of both whole-genome and targeted
sequencing approaches in the diagnosis and treatment of
diseases. These findings are the first of many to follow, and
this progression, coupled to the expanding definition of
genetic influences on clinical phenotypes identified by
preclinical studies, will place NGS machines among the
most valuable clinical tools available to modern medicine.

Exome and targeted sequencing
At present, a small percentage of the human genome’s

sequence is characterized (<10%), and limited clinically
valuable information can be immediately gained from
having a patient’s complete genome sequence at this time.
Therefore, it is oftenmore cost-effective for clinical research-
ers to sequence only the exome (the 2% of the genome
represented by protein-coding regions or exons), the "Men-
delianome" (coding regions of 2,993 knowndisease genes),
or targeted disease gene panels to screen for relevant muta-
tions in the diagnosis and treatment of disease (30, 42). In
targeted NGS reactions, sequencing reads are intentionally
distributed to specific genomic locations, which allows for
higher sequencing coverage and therefore ensures accurate
detection of sequence variants at these loci, regardless of
platform error rates. To target sequencing reads to specific
genomic locations, DNA regions of interest are enriched
before sequencing reactions using capture strategies.
Enriched regions are then loaded as input onto the sequenc-
er in place of using whole-genome DNA. Commonly used
enrichment strategies include hybrid capture, microdroplet
PCR, or array capture techniques [refs. 42–44; for perfor-
mance review, see the study of Mamanova and colleagues
(ref. 45)].

Targeted whole-exome sequencing has already proven
valuable in the clinic, helping physicians make difficult
diagnoses by providing a comprehensive view of the genetic
makeup of their patients. Choi and colleagues first showed

the value of whole-exome sequencing in the clinic by
making genetic diagnoses of congenital chloride diarrhea
in a cohort of patients referred with suspected cases of
Bartter syndrome, a renal salt-wasting disease (46). In this
study, exome sequences were captured using array hybrid-
ization and then sequenced using the paired-end approach
(Illumina platform). Exome sequencing was conducted on
6 patients who lackedmutations in known genes for Bartter
syndrome on standard clinical (site-specific) sequencing.
Results revealed homozygous deleterious mutations in the
SLC26A3 locus for all 6 patients, which enabled amolecular
diagnosis of congenital chloride diarrhea that was subse-
quently confirmedonclinical evaluation. This resultwas the
first to show the value of exome sequencing in making a
clinical diagnosis and several similar studies have followed.
For example, both Bolze and colleagues and Worthey and
colleagues used exome-sequencing to aid molecular diag-
noses in patients with novel diseases when standard diag-
nostic approaches were exhausted for cases of autoimmune
lymphoproliferative syndrome (ALPS) and childhood
inflammatory bowel disease, respectively (47, 48).

Other targeted sequencing strategies have also been used
successfully in the clinic. For example, NGS methods have
been used to extend preconception screening tests to
include 448 severe recessive childhood diseases that were
previously impractical under single-gene testing models
(49). Similarly, targeted NGS efforts have been used to
screen panels of disease-relevant genes, including the suc-
cessful development and implementation rapid diagnostic
cancer gene panels in the genetics departments at Washing-
ton University Medical School (St. Louis, MO) and Baylor
College of Medicine (Houston, TX; refs. 42, 50–52).

Overall, this ability to targetmultiple candidate genes and
retrieve fast, accurate, and cheap sequencing data is revo-
lutionizing the field of cytogenetics. Previously, high costs
excluded the use of genetic testing in diagnosing diseases
featuring complex genetics (e.g., multiple genes contribut-
ing) or those without distinct clinical features (i.e., uncer-
tain which gene to test; ref. 12). At present, NGS research
findings are currently used to guide diagnostic Sanger
sequencing for confirmation of clinical diagnosis, as clinical
standards have not been established for the accuracy
and interpretation of research-grade NGS data (12, 49)
Ultimately, improvements in sequencing accuracy, costs,
and analysis, including development of testing standards
will make NGS testing the gold-standard for clinical
cytogenetics.

Preclinically, targeted sequencing is alsohelping toexpand
the characterization of genetic contributions to different
diseases. For example, Jiao and colleagues used exome
sequencing to explore the genetic basis of 10 nonfamilial
pancreatic neuroendocrine tumors and then screened the
most commonly mutated genes in 58 additional samples
using standard Sanger sequencing (53). Results identified
frequent mutations in MEN1 (44% tumors) DAXX/ATRX
(43%), and mTOR pathway genes (14%). Interestingly,
mutations MEN1 and DAXX/ATRX genes showed clinical
potential, as their presence was associated with an improved
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prognosis. In addition, implication of mutations in the
mTOR pathway was also of clinical interest, given the avail-
ability of mTOR inhibiting therapeutics.

Whole-genome sequencing
Thanks to the significant decrease in sequencing costs

afforded by NGS technologies, it is becoming more cost-
effective to resequence entire human genomes from clinical
samples and this will soon be routine in the clinical practice
ofmedicine (12, 54).Welch and colleagues provide an early
example of howWGS with NGS has been successfully used
in a clinically relevant time frame to alter the treatment plan
of a patient with cancer (55). Results from this study
successfully identified a PML-RARA fusion event using
NGS-WGS on a difficult diagnostic case of acute promye-
locytic leukemia. Importantly, the fusion event detected by
WGS-NGSwas identified and validated in just 7 weeks from
biopsy and allowed for a change in treatment plan of this
patient to be realized clinically.More importantly, however,
this genetic rearrangement was not detectable using stan-
dard cytogenetic techniques, and the diagnosis and tailored
therapy would not have been possible without using WGS-
NGS methods.
In a similar fashion, Roychowdhury and colleagues

implemented a pilot study to explore the practical chal-
lenges of applying NGS to clinical oncology, including
assessing the ability ofNGSmethods to identify informative
mutations in a clinically relevant time frame (56). This
study used an integrative NGS approach that includedWGS
and targeted exome sequencing andwas able to successfully
develop and implement a clinical protocol that identified
individualized mutational landscapes for tumors from
patients with metastatic colorectal cancer and malignant
melanoma. Importantly, mutations in these tumors were
identified within 24 days of biopsy and ultimately enabled
enrollment in biomarker-driven clinical trials in oncology.
Preclinically, WGS experiments offer enormous potential

for identifying novel disease-relevant genetic abnormalities,
especially for complex diseases such as cancer. Thus far, a
variety of cancer genomes have been successfully sequenced
using NGSmethods, and results have yielded unprecedent-
ed insights into the mutational processes and gene regula-
tory networks implicated in disease progression. For exam-
ple, Pleasance and colleagues used paired-end sequencing
to generate a comprehensive catalog of somatic mutations
in a malignant melanoma genome (57). Interestingly,
results revealed a dominant mutational signature relating
prior UV exposure in addition to identifying 470 novel
somatic substitutions and 42 previously cataloged muta-
tions. Ding and colleagues also used NGS to sequence
cancer genomes from metastasis and primary breast cancer
samples to investigate the mutational evolution of cancer
cells, identifying two de novomutations and a large deletion
acquired by metastatic cells during disease progression and
20mutations shared by primary andmetastatic cell popula-
tions (58).
Ultimately, more WGS, rather than targeted efforts, will

be needed to assign functionality to the remainder (and

majority) of the genome’s sequence and its role(s) in dis-
eases such as cancer. As sequencing costs continue to drop,
the economies of targeted genome sequencing will no
longer exceed the value of having a complete genome
sequence. Results from present association studies under-
score the use of studying a complete genome sequence,
finding that the vast majority (>80%) of disease-associated
sequence variants fall outside of coding regions (59, 60).
This finding is not incredibly surprising given that the
majority of the genome consists of noncoding regions,
which include gene promoters, enhancers, and intronic
regions (61).

Other clinical applications
Additional clinical applications of NGS include the

sequencing of cell-free DNA fragments circulating in a
patient’s bloodstream. For example, Snyder and colleagues
used NGS to show that increased levels of cell-free DNA
from a heart transplant donor’s genome can be found in a
recipients bloodstream when a transplant recipient is
undergoing an acute cellular rejection, as validated by
endomyocardial biopsy (62). Similar to detection of a
low-frequency variant, this experiment relied on deep
sequencing (very high coverage) of cell-free DNA to detect
changes in a small fraction of that DNA population which
belonged to theorgandonor. This result shows thepotential
of using NGS as a noninvasive method for detecting solid
organ transplant rejection. Similarly, Palomaki and collea-
gues showed the potential of NGS as a noninvasive method
for detecting Down syndrome and other fetal aneuploidies
(trisomy 13 and 18) by sequencing the subpopulation of
cell-free DNA in a pregnant mother’s bloodstream belong-
ing to her fetus (63, 64). Results from this study showed the
promise of an NGS plasma-based DNA test that can detect
Down syndrome and other aneuploidies with high sensi-
tivity and specificity. Together, sequencing of cell-free DNA
byNGS inbothof these examples offers enormouspotential
to reduce invasive medical procedures and associated mor-
bidity/mortality.

Preclinical Applications of NGS
Conceptually, an NGS instrument can be thought of as a

digital measuring stick for genome cartography efforts,
providing information on the nucleotide content, relative
abundance, and genomic locations of the DNA templates
and its sequences. While the actual sequencing conducted
by NGS machines has been automated, the source of DNA
loaded onto each machine can vary, which radically
expands the genomic landscapes that NGS technologies
can map (Fig. 1). Preclinical applications of NGS include
all experiments that characterize the genetic and/or epige-
netic profiles of disease states to enhance our understanding
of the molecular basis for disease pathogenesis. Results
from preclinical studies facilitate the identification of novel
mutations and biomarkers for future diagnostic, prognos-
tics, or therapeutic interventions; however, these have yet to
be directly applied to care in a clinical setting.
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Transcriptome sequencing (RNA-seq)
In addition to sequencing DNA to catalog the genetic

alterations in normal and disease samples, NGS technolo-
gies can also be used to sequence RNA populations to
identify all of the genes that are transcribed from that DNA
(termed the "transcriptome"). Transcribed sequences also
include untranslated (non–protein-coding) RNA species
such as microRNAs. For sequencing with NGS, RNA
sequences must first be converted to cDNA by reverse
transcription, as NGS sequencing reactions require DNA
substrates.

Results from RNA-sequencing provide information on
how DNA sequences have been rearranged before their
transcription and also provide quantitative information on
relative abundance (expression level) of those RNA
sequences. Because these data only provide information
on transcribed ("expressed") sequences, it potentially
enriches for functionally relevant mutations. For example,
Shah and colleagues analyzed the transcriptomes of 4 adult
granulose cell tumors (GCT) using paired-end RNA-
sequencing and compared their sequencing results with the
transcriptomes of 11 epithelial ovarian tumors and pub-
lished sequences of the human genome (65). Results from
this transcriptomic analysis were able to identify a single
recurrent somatic in the FOX2 gene that was specific to 3 of
the GCT tumors and was also present in 97% of 89 addi-
tional adult GCTs they tested on follow-up Sanger sequenc-
ing. In addition, the FOXL2 gene is known to encode a
transcription factor known to be involved in granulose cell
development (65). Together these results provide evidence
that mutation in FOXL2 is a potential driver in the patho-
genesis of adult GCTs. More importantly, the sensitivity,
specificity, and reproducibility of these results testify to the
power of NGS approaches at identifying functionally rele-
vant somatic DNA mutations by transcriptomic mapping.
Similar RNA-seq studied using NGS have continued to
identify and implicate key somatic mutations in oncogen-
esis, including frequent disruption of the ARID1A tumor
suppressor gene identified by Wiegand and colleagues in
clear cell and endometroid carcinomas (66) andmutations
in theDICER1 genes of nonepithelial ovarian cancers iden-
tified by Heravi-Moussavi and colleagues (67). Interesting-
ly, oncogenicmutations inARID1A andDICER1 geneswere
again shown to be reproducibly identified in other samples
with high specificity by alternative means. More important-
ly, these mutations were also shown to alter the gene
function in vivo in a fashion that correlated with the tumor’s
clinical behavior.

RNA-seq experiments can also detect important gene
rearrangements that lead to fusion genes. Maher and col-
leagues identified novel fusion genes in commonly used
cancer cell lines and successfully applied the same tech-
nique to identify novel ETS gene fusions in 2 prostate tumor
samples (68). Pflueger and colleagues expanded on these
findings to identify 7 novel cancer-specific gene fusions by
conducting RNA-seq on 25 prostate cancer samples. Inter-
estingly, findings from this study again identified common
gene fusions involving ETS genes along with non-ETS gene

fusions of lower frequencies, suggesting that ETS rearran-
gements in prostate cancer may predispose tumors to
additional gene rearrangements (69). In a similar fashion,
Prensner and colleagues also sequenced RNA populations
from prostate tissues and cell lines but instead focused on
the identification of RNA sequences without associated
protein products (noncoding RNAs; ncRNAs). Results
from this study identified 121 novel prostate cancer–
associated noncoding RNA transcripts (PCAT), whose
expression patterns stratified patient tissues into molec-
ular subtypes and therefore could potentially serve as
biomarkers for disease (70).

Other preclinical applications
Additional preclinical applications of NGS include tar-

geted sequencingof genomic loci harboring specific features
or modifications relevant to genome biology. For example,
methylation of DNA is a heritable epigenetic modification
whose localization can be mapped across a genome using
NGS following specific DNA treatment/enrichment proto-
cols (bisulfite-seq; refs. 71, 72). Zhang and colleagues
recently used this technique to show how expression of
cancer-related genes is affected by the epigenetic marks in
retinoblastoma tumors (73).

Other preclinical applications of NGS include targeted
sequencing of transcription factor–binding sites (ChIP-Seq;
ref. 29), regulatory regions (FAIRE-Seq and DNase-Seq;
refs. 74–76), and chromatin structure (MNase-Seq; refs. 77,
78; Fig. 1). Moreover, NGS technologies can also be used to
characterize microbial populations in a culture-indepen-
dent fashion, by probing for the presence and abundance of
microbe-specificDNA sequences in both tumor andnormal
human cell environments (metagenomics; refs. 32, 79, 80).
A more comprehensive list of NGS applications and key
references is provided in Table 2.

Large-Scale Genome Sequencing Projects
Several large-scale preclinical genome sequencing efforts

are also underway to help expedite the characterization of
both normal and tumor genomes. These efforts involve
multiple institutions and are funded by the NIH (Bethesda,
MD) with a mandate of making all of their sequencing data
and protocols publicly available, allowing researchers to
use, integrate, and expand upon this work.

For example, a population-scale sequencing effort known
as the 1,000 Genomes project is collectingWGS data from a
diverse sampling of individuals to map patterns of inher-
itance, typically focusing on the most common form of
genetic variation, the SNP (41, 59). These so-called genome-
wide association studies (GWAS) are powered by their scale
(identifying millions of SNPs in thousands of diverse indi-
viduals) and have already provided valuable insights on the
genetics of complex diseases (60).

Another large-scale project is the Cancer Genome Atlas
(TCGA), which is funding a national network of research
and technology teams working to comprehensively identify
and catalog all genetic alterations found in all cancer types
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using NGS methods (81). Similarly, projects such as the
Epigenomics Roadmap and the Encyclopedia of DNA Ele-
ments (ENCODE) are funding consortiums of researchers
to leverage NGS experimental pipelines to generate com-

prehensive maps of genomic and epigenomic elements in
normal human and cancer cell lines (ENCODE; ref. 82) and
stem cells and primary ex vivo tissues (Epigenomics Road-
map; ref. 83).

Table 2. Applications of NGS technologies

Experiment Source DNA (input) Description References

WGS gDNA Identifies an individual's complete genome
sequence (coding and noncoding regions);
including copy number variation (e.g., repeats,
indels) and structural rearragements
(e.g., translocations)

(1, 16)

Targeted "exome"
sequencing

Protein-encoding gDNA
(i.e., exons)

Identifies the sequence for all coding regions
(exons), including copy number variation
(e.g., repeats, indels) and structural
rearrangements (e.g. translocations)

(16, 45)

RNA-seq cDNA made from various
sources of RNA

Can identify all transcribed sequences
(transcriptome) or just codingRNAsequences;
can also provide information on sequence
content (e.g., splicing variants) and copy
number/abundance (e.g., gene expression
profiling)

(28)

Bisulfite-seq Bisulfite-treated DNA Identifies sites of DNA methylation
(e.g., genetic imprinting)

(71, 72)

ChIP-seq Immunoprecipitated DNA Identifies sites of protein–DNA interactions
such as transcription factor–binding sites

(29)

RIP-seq cDNA made from
immunoprecipitated RNA

Identifies sites of protein–RNA interactions;
a ChIP-seq for RNA-binding proteins

(91)

DNase-seq DNase-digested chromatin
DNA

Identifies genomic regions susceptible
to enzymatic cleavage by DNase, i.e.,
hypersensitive sites and potential regulatory
regions

(75, 76)

FAIRE-seq Open/accessible chromatin
DNA

Identifies open/accessible chromatin regions,
i.e., hypersensitive sites and potential
regulatory regions

(74, 75)

MNase-seq Nucleosome-associated
DNA

Identifies nucleosome positions on genomic
DNA (i.e., primary chromatin structure);
also provides information on histone/
nucleosome density at each location

(77, 92)

Hi-C/5C-seq Captured chromosome
conformations

Identifies intra- and interchromosomal
interactions; determines the spatial organization
of chromosomes at high resolution

(93, 94)

Metagenomics Microbial DNA populations Genomic analysis of microbial communities;
identifies bacterial/viral populations
present in specific environments
(e.g., human gut and tumor samples)

(32, 79, 80)

NOTE: Immunoprecipitated (IP) DNAandRNAcanbe collected for any protein that has an antibody or using an epitope-taggedprotein.
IP DNA sources can include histone proteins (e.g., histone H3 or H4), as a paired or alternative approach to MNase-seq experiments
(77). IP DNA sources can also include covalently modified histone proteins (i.e., specific histone acetylations/methylations; e.g.,
H3K36Me3)–to map "histone code."
Abbreviations: cDNA, reverse-transcribed RNA or "complementary DNA" (i.e., introns removed during RNA splicing); Chromatin, the
collection of DNA and proteins in the nucleus; openness/accessibility of chromatin, regions of looser DNA packaging, susceptible to
enzymatic cleavage and protein binding/gene regulation (see Fig. 1: "Hypersensitive Sites"); indels, insertions/deletions; transcrip-
tome, all transcribed DNA sequences, includes small noncoding RNAs, miRNAs, and coding RNAs (i.e. genes).
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Future Directions and Challenges
Despite opening broad new vistas in the exploration of

biomedical questions on genome-wide scales, the rapid
ascent and evolution of NGS technologies has outpaced
the development of other vital resources needed for these
technologies to achieve their full potential.

Data analysis and computational infrastructure
The most pressing challenge to NGS technologies is the

need to expedite the use of NGS data in the clinical practice
of medicine, translating base pair reads to bedside applica-
tions (54). Certainly, faster sequencing machines, such as
real-time sequencers, can dramatically reduce the time it
takes to retrieve raw sequence data (84). However, despite
the availability of faster data acquisition techniques, the
primary bottleneck in realizing the clinical potential ofNGS
technologies is one of data analysis (26). Analysis of large
sequencing data sets mandates an advanced computational
infrastructure dedicated to preserving, processing, and ana-
lyzingNGSdata. NGS platforms such as the IlluminaMiSeq
and the Ion Torrent (Table 1) have been developed with the
aim of providing a more user-friendly sequencing experi-
ence, including automated data analysis and storage pipe-
lines; however, these machines come at the cost of lower
throughput which restricts the types of analyses they can
conduct. Accordingly, there is a dire need for the develop-
ment of novel data analysis techniques to interpret NGS
data sets from human samples and for more efficient and
user-friendly bioinformatics pipelines for all platforms to
incorporate these methods and expand their application in
the scientific and medical communities (85).

Integration of NGS data sets also presents added chal-
lenges, as genomics experiments now span multiple tech-
nology platforms, different from the single Sanger sequenc-
ingplatformpreviously used for genetic analyses.Moreover,
early studies suggest that NGS data may be most valuable
clinically when used in an integrative approach that gathers
multiple genomic data sets (e.g., RNA-seq, WGS, and
exome-seq) to facilitate clinical action (56). Ultimately,
one can envision a scenario where various NGS data sets

are collected for a patient over their lifetime to help guide
clinicians in tailoring both preventative medicine andmed-
ical diagnosis/treatments.

Medical education
Appropriate and effective use of NGS will only be

realized once practicing physicians have been trained and
educated to its uses. Training of both physicians and
genetic counselors will have to adapt to increase focus
on NGS technology and whole-genome analyses in addi-
tion to the single disease gene focus of current classical
Mendelian genetics. In addition, institutional changes
will also be necessary, including the addition of genetic
counselors to all clinical departments to facilitate the
application of genome-based medicine. Success stories
from early clinical pilot studies using NGS underscore the
value of using a mutidisciplinary team dedicated to the
collection and interpretation of NGS data in a clinically
relevant time frame (55, 56).

Political and social issues
Finally, numerous political and societal challenges are

presented by the burgeoning era of personal genomics and
stand as major obstacles limiting the potential of all NGS
technologies (86, 87). Issues surrounding the appropriate
disclosure and use of NGS data, necessary adaptations of
patent law to facilitate the clinical use of NGS technologies,
and establishment of insurance reimbursement protocols
for NGS testing must also be addressed in the coming years
to enable society to embrace the transition to a post-geno-
mic era of medicine (87–89).
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