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Abstract

Transcriptome analysis has been a key area of biological inquiry for
decades. Over the years, research in the field has progressed from can-
didate gene-based detection of RNAs using Northern blotting to high-
throughput expression profiling driven by the advent of microarrays.
Next-generation sequencing technologies have revolutionized tran-
scriptomics by providing opportunities for multidimensional examina-
tions of cellular transcriptomes in which high-throughput expression
data are obtained at a single-base resolution.
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Transcriptome: the
complete set of
messenger RNA
(mRNA) and
noncoding RNA
(ncRNA) transcripts
produced by a
particular cell, cell
type, or organism

Northern blot: a
method for RNA
detection involving
separation of cellular
RNA by size using gel
electrophoresis
followed by its transfer
to a solid support (e.g.,
microcellulose or
nylon), where the
presence and
abundance of an RNA
species of interest is
inferred by
hybridization of a
complementary
radioactively labeled
nucleic acid probe

Reverse transcriptase
PCR (RT-PCR): a
technique for the
detection and
quantification of
mRNAs. In this
approach mRNA is
reverse transcribed
into complementary
DNA and PCR
amplified using
primers specific for the
gene of interest.
Quantitative RT-PCR
protocols allow the
measurement of
mRNA abundance by
monitoring the
accumulation of the
PCR amplification
product
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TRANSCRIPTOME ANALYSIS:
A HISTORICAL PERSPECTIVE

An intriguing enigma in molecular biology is
how the identical genetic make-up of cells can
give rise to different cell types, each of which
plays a defined role in the functioning of a mul-
ticellular organism. This phenotypic diversity
has been linked to the fact that different cell
types within the organism activate (or express)
differentsets of genes (transcriptomes) thatlead
to different cell fates and functions. The corre-
lation of cellular fate and function with gene
expression patterns has thus been of prime in-
terest to biologists for decades (Table 1).

Candidate Gene Approaches

The earliest attempts to understand cellular
transcriptomes included examinations of total
cellular RNA from different organisms, tissue
types, or disease states for the presence and
quantity of transcripts of interest. The first
candidate gene-based studies utilized Northern
blot analysis (3), a low-throughput technique
that required the use of radioactivity and
large amounts of input RNA. This procedural
complexity and requirement for relatively large
amounts of RNA restricted Northern blotting
to the detection of a few known transcripts at
a time from samples where RNA availability
was not limited. The development of reverse
transcription quantitative PCR (RT-qPCR)
methods (8, 51) facilitated transcript detection,
increased the experimental throughput, and
reduced the required quantity of input RINA.

Table 1 Milestones in transcriptome analysis

However, even decades after the first appli-
cations of RT-PCR, the throughput of such
approaches remains on the order of hundreds
of known transcripts at a time, and does not
approach a transcriptome-wide scale (71).

Microarray Technology

The development of microarrays supplanted
single-gene approaches by allowing simulta-
neous characterization of expression levels of
thousands of known or putative transcripts (59).
This advance brought about a multitude of
expression-profiling initiatives aiming to com-
prehensively characterize expression signatures
of different cell types and disease states. Fur-
ther developments in the microarray field en-
abled other transcriptomics applications, such
as the detection of noncoding RNAs, single-
nucleotide polymorphisms (SNPs), and alter-
native splicing events (43). Due to their cost-
efficiency, microarrays are a commonly used
tool in transcriptomics research utilized in
many laboratories around the world. (For a re-
view on microarray technology the reader is re-
ferred to Reference 54.)

Despite their power to measure the ex-
pression of thousands of genes simultaneously,
microarray methods do not readily address
several key aspects, notably the ability to
detect novel transcripts and the ability to study
the coding sequence of detected transcripts.
Moreover, since microarrays are indirect
methods in which transcript abundance is
inferred from hybridization intensity rather
than measured explicitly, the derived data are

Year Milestone

1965 Sequence of the first RNA molecule determined

1977 Development of the Northern blot technique and the Sanger sequencing method

1989 Reports of RT-PCR experiments for transcriptome analysis

1991 First high-throughput EST sequencing study

1992 Introduction of Differential Display (DD) for the discovery of differentially expressed genes
1995 Reports of the microarray and Serial Analysis of Gene Expression (SAGE) methods

2001 Draft of the Human Genome completed

2005 First next-generation sequencing technology (454/Roche) introduced to the market

2006 First transcriptome sequencing studies using a next-generation technology (454/Roche)
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noisy, which interferes with reproducibility
and cross-sample comparisons.

Sequencing-Based Approaches to
Studying Transcriptomes

DNA sequencing approaches to transcriptome
analysis have been an alternative to microarray-
based methods. A key advantage of these
approaches over microarray methodsis the abil-
ity to directly determine the identity and, more
recently, the abundance of a transcript rather
than inferring it indirectly from measures of
hybridization intensity used in Northern blots
or microarray experiments.

Transcriptome sequencing studies have
evolved from determining the sequence of
individual cDNA clones (64) to more compre-
hensive attempts to construct cDNA sequenc-
ing libraries representing portions of the species
transcriptome (60). Due to the high cost of the
Sanger method (58) used in these studies and
the complexity of the associated cloning step,
routine full-length cDNA (FLcDNA) sequenc-
ing efforts were not feasible, resulting in low
coverage, insufficient to comprehensively char-
acterize whole transcriptomes of multicellular
species. As a consequence, Sanger FLcDNA se-
quencing has primarily been applied to novel
transcript discovery and annotation (e.g., 60).

The development of expressed sequence tag
(EST) sequencing in 1991 partially addressed
the cost limitation of FLcDNA sequencing by
introducing a less complete, less accurate, yet
cheaper approach to the detection of expressed
transcripts than was possible with sequenc-
ing FLcDNAs (11). Despite the decrease in
cost, however, EST sequencing with the Sanger
method was still too expensive and labor inten-
sive to be routinely used on a transcriptome-
wide scale. Moreover, due to the low redun-
dancy of sequencing reads, EST data were not
suitable for estimating transcript abundance.

The report of Serial Analysis of Gene Ex-
pression (SAGE) provided a key advance in
transcriptome sequencing as it facilitated the
use of Sanger sequencing for gene expression
profiling (72). SAGE experiments offered many

Reference genome sequence
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Figure 1

Gene model coverage by various sequencing-based methods for transcriptome
analysis. Sanger-based expressed sequence tags (ESTs) are generated from the
3" or 5" end of the transcript, whereas SAGE tags represent short sequences at
its 3’ end. Randomly primed short reads generated by next-generation
sequencers detect bases throughout the length of the transcript.

advantages over microarrays, such as the ability
to detect novel transcripts, the ability to obtain
direct measures of transcript abundance thus
allowing easier comparisons between multiple
samples, and the discovery of novel alternative
splice isoforms. However, SAGE studies still
involved a laborious cloning procedure, were
costly, and produced short sequence tags (14 or
21 bp) that are difficult to resolve for transcripts
with similar coding sequence (Figure 1).

New-Generation Sequencing Methods

With the completion of reference genome se-
quencing projects for human and the major
model organisms of biomedical significance, re-
sequencing applications have come to the fore-
front. These have been driven by a panel of
conceptually new sequencing technologies col-
lectively referred to as “next-generation se-
quencers” that are more cost-effective than
Sanger sequencing. The four commercially
available new-generation sequencing technolo-
gies, Roche/454, Illumina, Applied Biosystems
SOLID, and most recently released Helicos
HeliScope, produce an abundance of short
reads at a much higher throughput than is
achievable with the state-of-the-art Sanger se-
quencer (Table 2). Another new sequenc-
ing technology, currently being developed by
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Transcriptomics: the
study of the
transcriptome of a cell,
cell type, or an
organism; used
interchangeably with
“gene expression
profiling”

Microarray: a method
for high-throughput
gene expression
profiling involving
hybridization of
mRNA to an array of
complementary DNA
probes corresponding
to genes of interest.
Hybridization
intensity to a particular
probe is related to the
expression level of the
corresponding
transcript. The
microarray method has
dominated expression
profiling research for
the past decade
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Table 2 Commercially available sequencing technologies used for transcriptome sequencing applications

1

Illumina
Sequencing ABI3730x1 Genome
platform Genome Analyzer | Roche (454) FLX Analyzer ABI SOLiD HeliScope
Sequencing Automated Sanger Pyrosequencing Sequencing-by- Sequencing by ligation Sequencing-by-
chemistry sequencing on solid support synthesis with synthesis with
reversible virtual terminators
terminators
Template am- | Invivo Emulsion PCR Bridge PCR Emulsion PCR None (single
plification amplification via molecule)
method cloning
Read length 700-900 bp 200-300 bp 32-40 bp 35 bp 25-35 bp
Sequencing 0.03-0.07 Mb/h 13 Mb/h 25 Mb/h 21-28 Mb/h 83 Mb/h
throughput
Company http://www. http://www. http://www. http://www. http://www.
Web site appliedbiosystems.| roche-applied- illumina.com appliedbiosystems.com| helicosbio.com
com science.com

'Data tabulated on September 15, 2008.

Expressed sequence
tag (EST): asingle-
pass sequencing read
from the 3" or 5" end
of a cDNA clone. In
contrast, full-length
c¢DNA (FLcDNA)
sequencing involves
generation and
assembly of
sequencing reads
spanning the full
length of cDNA clones

Serial Analysis of
Gene Expression
(SAGE): the first
sequencing-based
method for high-
throughput gene
expression profiling.
SAGE involves the
generation of short
sequence tags from 3’
ends of mRNA
transcripts. The tags
are then concatenated,
sequenced, and
counted providing
estimates of transcript
abundance
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Pacific Biosciences, has the potential to take
breakthroughs in DNA sequencing even fur-
ther, by enabling observation of natural DNA
synthesis by a DNA polymerase as it occurs
in real time. This instrument is not com-
mercially available at the time of this writ-
ing, and hence is not discussed here._The
advent of next-generation sequencing tech-
nologies has tremendously reduced the se-
quencing cost and experimental complexity, as
well as improved transcript coverage, rendering
sequencing-based transcriptome analysis more
readily available and useful to individual labo-
ratories (Figure 1). This technological advance
challenged the dominant nature of microarrays,
enabling many new applications to be intro-
duced for the study of transcriptomes. These
technological advances and applications are dis-
cussed below following an account of the ad-
vances in sequencing technologies. (For other
reviews of next-generation sequencing tech-
nologies, see References 32, 38, 39, 46, 61.)

EVOLUTION OF DNA
SEQUENCING TECHNOLOGIES

A standard DNA sequencing workflow has
traditionally included three key steps, sample
preparation, sequencing, and data analysis. The

Morozova  Hirst o Marra

new sequencing technologies improve upon the
Sanger protocol by advances in the first steps of
the workflow, albeit often at the cost of higher
error rates and shorter read lengths that can
challenge data analysis.

Advances in Sample Preparation

In Sanger sequencing, a DNA sample is first
sheared into fragments, then subcloned into
vectors, and amplified in bacterial or yeast
hosts. The amplified DNA is then isolated
and sequenced with the Sanger chain termi-
nation method. Cloning-based amplification is
prone to host-related biases, and is lengthy and
labor intensive, restricting high-throughput
Sanger sequencing to genome sequencing cen-
ters where elaborate multistep pipelines are
available to automate the process. A major
advantage of the second-generation sequenc-
ing platforms (e.g., 454/Roche, Illumina, and
SOLID) is_elimination of the in vivo cloning
step and its replacement with PCR-based am-
plification. Both 454/Roche (40) and Applied
Biosystems SOLiD technologies circumvent
the cloning requirement by taking advantage
of emulsion PCR (67), which uses emulsion
droplets_to_isolate_single DNA templates in
separate micro reactors where amplification is
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carried out. The Illumina platform (9, 10) uses
bridge amplification, a solid phase amplification
approach in which DNA molecules are attached
to a solid surface and amplified in situ, gen-
erating clusters of identical DNA molecules.
Both of these amplification approaches result
in the generation of a collection of clonal
copies of the template, which are fed into
subsequent steps of the sequencing pipelines.
A true single-molecule method, developed by
Stephen Quake’s laboratory (and recently com-
mercialized by Helicos Biosciences), eliminates
the amplification step, directly sequencing sin-
gle DNA molecules bound to a surface (12).
Such single-molecule sequencing approaches
are referred to as third-generation technolo-
gies and have the potential to reduce sequencing
costs even more steeply than second-generation
instruments.

Advances in Sequencing Chemistry
and Detection

The paradigm of the original Sanger method
is the DNA polymerase-dependent synthe-
sis of a complementary strand in the pres-
syn-
thesis terminators, 2',3’-dideoxynucleotides
(ddN'TPs) corresponding to the four natural 2'-
deoxynucleotides (ANTPs). The four termina-
tors are incorporated into the growing DNA

ence of four labeled nonreversible

strand at random in place of the corresponding
dNTP, thereby producing a collection of DNA
fragments of varying lengths that are then sep-
arated by polyacrylamide gel electrophoresis
(58). Originally, radioactively labeled ddN'T'Ps
were used and four different reactions were
required per one template molecule. Subse-
quently, the radioactively labeled ddN'TPs were
replaced with fluorescently labeled terminators
that allowed the four sequencing reactions to
be carried out simultaneously with different
ddNTPs distinguishable by color (63). Other
improvements included the replacement of slab
gel electrophoresis with capillaries, the advent
of capillary arrays that allowed sample mul-
tiplexing, and the deployment of production-
scale sequencing workflows. As a result of these

developments, the Sanger method achieved the
read length, accuracy, and throughput compati-
ble with de novo sequencing of whole genomes.
To date, Sanger sequencing has been exclu-
sively responsible for the generation of refer-
ence genome sequences of many species includ-
ing that of human (35, 73).

The pyrosequencing approach was the first
alternative to Sanger sequencing to achieve
commercialization as part of the Roche/
454 instrument (40). Pyrosequencing uses
chemiluminescence-based detection of each re-
leased pyrophosphate that occurs upon the in-
corporation of a nucleotide by the DNA poly-
merase (Figure 2). The four nucleotides are
added to the sequencing reaction one at a time,
and the addition of the correct nucleotide is ac-
companied by the release of light. The amount
of light produced is proportional to the num-
ber of incorporated nucleotides, allowing for
the detection of homopolymers (up to the point
of detection saturation). About 1.6 million py-
rosequencing reactions occur in parallel, each
in a separate well of a picotiter plate contribut-
ing to a much higher sequencing throughput
than that achieved in a 96-well capillary array
of a modern Sanger sequencer.

Similarly to 454/Roche,
Genome Analyzer also uses sequencing-by-
synthesis, albeit with a different detection

the Illumina

chemistry (10). The Illumina sequencing re-
action utilizes four fluorescently labeled nu-
cleotide analogs that serve as reversible
sequencing terminators, and special DNA poly-
merases that are capable of incorporating these
analogs into the growing oligonucleotide chain
(Figure 2). At each step the correct nucleotide
analog is incorporated into the growing chain
and its identity is revealed by the color of its flu-
orescent label. Importantly, the 3’-OH group
of the nucleotide is blocked to prevent further
incorporation. After the imaging step, the la-
bel is washed off and the blockage is reversed,
thereby allowing the synthesis to proceed. The
sequencing reactions occur in a massively par-
allel fashion on a flow cell, a glass surface that
contains tens of millions of clusters of clonally
identical DNA molecules.

www.annualreviews.org o Sequencing the Transcriptome

Gene expression
profiling: the
simultaneous
assessment of the
expression level of a
large number of genes,
often an entire
genome, to obtain a
global snapshot of the
complete mRNA
component of the cell
at a given time; helps
to distinguish between
different cell types,
different disease states,
and different time
points during
development

Resequencing:
sequencing of the
genome or
transcriptome of an
individual of a species
for which a reference
genome sequence is
available. In contrast,
sequencing and
assembly of the
reference genome
itself is termed de
novo sequencing.
Resequencing is
commonly conducted
to gauge sequence
diversity within the
species

Next-generation
sequencers: second-
and third-generation
sequencing platforms.
Second-generation
sequencers from 454/
Roche, Illumina, and
Applied Biosystems se-
quence PCR amplified
“clusters” of single-
molecule templates.
Third-generation
sequencers from
Helicos and Pacific
Biosciences sequence
single-molecule
templates directly with
no PCR amplification
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a Pyrosequencing approach used in 454/Roche
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Advances in sequencing chemistry implemented in next-generation sequencers. (z) The pyrosequencing
approach implemented in 454/Roche sequencing technology detects incorporated nucleotides by
chemiluminescence resulting from PPi release. (b)) The Illumina method utilizes sequencing-by-synthesis in
the presence of fluorescently labeled nucleotide analogues that serve as reversible reaction terminators.

(¢) The single-molecule sequencing-by-synthesis approach detects template extension using Cy3 and Cy5
labels attached to the sequencing primer and the incoming nucleotides, respectively. (¢) The SOLiD method
sequences templates by sequential ligation of labeled degenerate probes. Two-base encoding implemented in
the SOLID instrument allows for probing each nucleotide position twice.

The true single-molecule sequencing ap-
proach commercialized by Helicos Biosciences
in the HeliScope instrument also uses a
synthesis-by-synthesis procedure in which vir-
tual terminators (nucleotide analogs that re-
duce the processivity of DNA polymerase) are
used (42). The reduced DNA polymerase pro-
cessivity allows for the accurate identification
of homopolymer stretches. In the Helicos sys-
tem, single-molecule DNA templates are cap-
tured on the flow cell surface; Cy3-labels at-
tached at both ends of each DNA molecule are
used to reveal the location of each template
bound to immobilized primers on the surface of
the flow cell. The Cy5-labeled nucleotides are
added to the reaction one at a time, and the de-
tection of incorporated nucleotides is achieved
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by TIRF (total internal reflection fluorescence)
(Figure 2). After the addition of each nu-
cleotide, the fluorescent labels are cleaved and
the synthesis continues.

In contrast to the polymerase-based ap-
proaches discussed above, the SOLiD (Sup-
ported Oligonucleotide Ligation and Detection
System) system uses a sequencing-by-ligation
approach in which the sequence is inferred indi-
rectly via successive rounds of hybridization and
ligation events. This approach was first pub-
lished by the Church laboratory as the “polony
sequencing technique” (62). The SOLID sys-
tem uses 16 dinucleotides, each carrying a flu-
orescent label. Four fluorescent dyes are used
in the system such that one dye labels four dif-
ferent dinucleotides (Figure 2). The identity
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of each base is determined from the fluorescent
readout of two successive ligation reactions. An
advantage of the two-base encoding scheme
is that each position is effectively probed
twice, in principle allowing for the distinc-
tion of sequencing error from a true sequence
polymorphism.

APPLICATIONS OF
NEW-GENERATION
TRANSCRIPTOME SEQUENCING

Protein-Coding Gene Annotation

Despite the availability of complete genome
sequences from humans and other organisms,
much of these genomic data are not fully or
even well understood (13). A complete genome
annotation would require knowledge of all
transcription start and polyadenylation sites,
exon-intron structures, splice variants, and
regulatory sequences. Despite recent advances,
complete annotation information is not avail-
able for the majority of metazoan genes (13).
Sanger-based transcriptome sequencing in the
form of ESTs or FLcDNAs has provided an ac-
curate and effective means for annotating many
of the more abundant protein-coding genes
(1, 31, 60). However, the limitations of the
Sanger sequencing method restrict the utility
of these approaches to the annotation of most
abundantly expressed genes. For instance, it
has been estimated that most EST studies using
Sanger sequencing detect only about 60% of
transcripts in the cell and thus do not provide a
complete representation of the transcriptome

Reference genome sequence

(13). This information gap can be addressed
using the next-generation sequencing tech-
nologies. For instance, a single run on the 454
machine is capable of generating 400,000 ESTs
(6) compared to 720 ESTs generated by Sanger
sequencing in earlier studies (41).

In genome annotation studies, ESTs are
aligned to reference genome sequences, thus
revealing the presence of exons, introns, exon
junctions, and transcription boundaries for the
captured genes (Figure 3). The transcriptome
sequences can be aligned to the genome of ei-
ther the same species (cis alignment) or a re-
lated species (trans alignment) if a reference
genome sequence is not available. To date,
next-generation sequencing technologies have
been used to generate EST libraries for many
model organism species and human tissues (see
Reference 45 for a review).

EST sequencing is particularly fruitful at
providing sequence and annotation informa-
tion for species where no reference genome se-
quence is available. In such cases, annotations
can be made by comparative analysis of the de-
rived EST sequences with reference genomes of
related species (trans alignment). For instance,
a recent study used 454 technology to gener-
ate 148 Mb of EST data from Eucalyptus gran-
dis, a tree species with little genomic informa-
tion available (52). The 454 technology has also
been used to provide annotation information
for the genome of wasp Polistes metricus (70)
and maize Zea mays (20). Due to the longer
read length compared to that produced by other
new sequencing technologies (Table 2), ESTs
generated by 454 can be effectively used for de

Potential Potential
novel intron novel exon

sesssss{ Exonl [ IntronT | Exon Intron2

Sequencing _—— T—— —

reads — — —
Figure 3

Protein-coding gene annotation using transcriptome sequencing data. This figure illustrates how novel
exons and introns can be discovered by mapping transcriptome sequencing reads to an annotated reference

genome sequence.
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Table 3 Applications of new sequencing technologies to the analysis of protein-coding transcriptomes of under-studied

1

species
Amount of
Sequencing sequence data Reference genome
Species Common name platform generated, Mb size, Mb? Reference
Eucalyptus grandis Flooded gum, rose gum 454/Roche 148 564 (for E. globulus) 52
Polistes metricus Paper wasp 454/Roche 303 Mb (for P. dominulus) 70
Zea mays Maize 454/Roche > 26.3 2671 20
Medicago truncatula Barrel clover 454/Roche ~26.9 466 17
Melitaea cinxia Glanville fritillary 454/Roche ~66.9 N/A 74
butterfly
Micropterus salmoides Largemouth bass 454/Roche >58 978 22a
(Lacepede)
Manduca sexta "Tobacco hornworm 454/Roche ~17.7 N/A 86a
Sinorhizobium meliloti | Nitrogen-fixing 454/Roche ~2.6 6.68 37a
bacterium rhizobium
Microctonus Parasitoid wasp 454/Roche ~26 N/A 18a
aethiopoides
Pisum sativum Pea 454/Roche ~230 4778 12a
Vitis vinifera Grape Illumina ~90 417 33b
Pythium ultimum Plant pathogen 454/Roche ~17.3 N/A 16a
(water mould)

"The table includes work published before or on November 15, 2008. Works involving a commonly studied organism, such as yeast, fruit fly, roundworm

C. elegans, mouse, or human are excluded from the table.

>The genome sizes are from Reference 28a.
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novo analyses, including assembly of the tran-
scriptome, as was recently done for the tran-
scriptome of the Glanville fritillary butterfly
(Melitaea cinxia) (74). Although shorter reads
produced by Illumina, SOLiD and HeliScope
compared to the 454 technology may be more
challenging for de novo sequence assembly, al-
gorithms for assembly of such short reads have
been developed (e.g., 85). The short-read data
have been successfully used to detect novel ex-
ons and novel splicing events in species with an
available reference genome sequence (e.g., 18,
44). For a list of under-studied organisms that
enjoyed protein-coding gene annotation using
new-generation transcriptome sequencing, see

Table 3.

Gene Expression Profiling

Tag sequencing applications. Serial Analy-
sis of Gene Expression (SAGE) was the first

Morozova  Hirst o Marra

reported tag sequencing method for gene ex-
pression profiling (72). Even though it of-
fered importantadvantages over competing mi-
croarray approaches (76), the SAGE method
had not been used as widely as microarrays.
However, the development of inexpensive next-
generation sequencing technologies has revived
the concept behind the original SAGE method
and contributed to a growth in its popularity.
The short reads produced by next-generation
technologies, particularly Illumina and SOLiD,
are compatible with the SAGE protocol and are
arguably better suited for it than is the origi-
nal Sanger sequencing. In particular, concate-
nation and cloning of SAGE tags are no longer
required in next-generation sequencing, sim-
plifying the SAGE procedure. To date, SAGE-
like protocols have been used in conjunction
with 454 (49) and [llumina (30; A.S. Morrissy
et al., submitted) sequencing technologies. In
addition to revisiting SAGE, other tag-based
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methods for expression profiling have been
developed that capitalize on the short-read
structure and high throughput of the new se-
quencing technologies. For instance, 454 se-
quencing has been used in the novel method
termed 5'-RATE, where tags corresponding to
5" ends of transcripts are generated and se-
quenced providing information on the location
of transcription start sites (27). Another novel
tag-based method involving the 454 technology
is 3'UTR sequencing, wherein tags are gener-
ated from 3’ UTRs of mRNAs to allow for the
distinction of closely related transcripts (21).

Transcriptome  shotgun  sequencing.
Transcriptome sequences, produced by next-
generation technologies, achieve sufficient
sequencing depth to provide an adequate rep-
resentation of the cellular transcriptome. With
the elimination of the cloning step and com-
mon use of random priming, next-generation
EST sequencing data became indistinguishable
from those generated by transcriptome shotgun
sequencing. In this approach, mRINA is reverse
transcribed into ¢cDNA, which is then frag-
mented and sequenced using a next-generation
technology to generate reads
the full length of a transcript (Figure 4).
To date, the 454 technology has been used
to generate transcriptome sequencing li-
braries from plants, e.g., Arabidopsis thaliana
(78), Medicago truncatula, Z. mays (17), and

covering

Reference genome sequence

other biological systems, such as Drosophila
melanogaster (69), Caenorbabditis elegans (62a),
and human cell lines (6, 81). The Illumina
technology was used to develop a whole
transcriptome shotgun sequencing (WTSS)
procedure that was then applied to survey the
transcriptome of HeLa cells (44). The WTSS
procedure is also referred to as RNA-seq (47).

Other studies with Illumina transcriptome
shotgun sequencing characterized the tran-
scriptomes of a number of organisms and tis-
sues, including mouse embryonic stem cells
(56), human embryonic kidney and a B cell
line (65), and yeast (47). To date, SOLiD
technology has been used to resequence the
transcriptome of human embryonic stem cells
(18). Whole transcriptome sequencing data
wherein sequencing reads are obtained from
any location within the transcript, as opposed
to a defined one as in tag-based sequencing
(Figure 1), is versatile as, in addition to expres-
sion profiling, it can also be used for genome
annotation, the detection of transcript aberra-
tions, the discovery of alternative splice vari-
ants, and mutational profiling (44).

Noncoding RNA Discovery
and Detection

Small noncoding RNAs (ncRNAs) have re-
cently arisen as crucial regulators of devel-
opment and cell fate determination. These
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Gene expression profiling using high-throughput transcriptome sequencing. The number of sequencing
reads mapped to particular exons can be used to infer the abundance of the exons in the cell and hence the

expression level of the corresponding transcripts.
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the total number of
sequencing reads
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18-30 nucleotide-long RNA molecules are
transcribed from genomic DNA but not trans-
lated into a protein product.

Two classes of ncRNAs that have been im-
plicated in many important processes, such as
cell differentiation and oncogenesis, are micro-
RNAs (miRNAs) and small interfering RNAs
(siRNAs). These RNAs serve as posttranscrip-
tional regulators of gene expression in a wide
range of organisms (22, 77). Mature miRNAs
and siRINAs bind to complementary sequences
often found in UTR regions of genes and in-
duce degradation of target mRNAs, thereby
regulating their translation rates (22).

Next-generation sequencing technologies
have had a profound influence on ncRNA re-
search. Although extensively used for ncRNNA
expression profiling (84), microarrays are
restricted to the detection of known miRNA
and siRNA genes. Due to the high degree
of ncRNA sequence diversity across different
species, computational identification of novel
ncRINA genes has had limited success (82). By
contrast, massively parallel short-read sequenc-
ing technologies have been highly efficacious
for the discovery of novel miRNA and siRNA
genes on a genome-wide scale (Figure 5).
In addition to novel miRNA discovery,
sequencing-based approaches are amenable to
the detection of variants of known miRNAs,
RNA editing events, and miRNA-target RNA

Reference genome sequence

miRNA hairpin
precursor

Sequencing reads —
mapping to orange —
and pink miRNA —

molecules —
—

Figure 5

miRNA detection using transcriptome sequencing
data. miRNA sequencing reads mapping to a
genomic segment that can be folded into an RNA
hairpin may reveal novel miRNA genes. Orange and
pink sequencing reads reveal the presence of two
miRNA molecules derived from the same miRNA
hairpin precursor.
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pairs (23, 55). To date, studies using 454 tech-
nology have characterized small noncoding
RNAs in many species (e.g., 4, 5, 83, 86). One
such study generated 166,835 sequence reads
from the California poppy Eschscholzia califor-
nica and identified 173 distinct miRNA genes
in this species (7). The higher throughput of
Illumina and SOLiD technologies also enables
the generation of deep miRNA libraries. Two
recent studies using Illumina sequencing gen-
erated 6 and 9.5 million short sequence reads
from small RNA libraries (26, 44a). Morin
et al. (44a) identified 104 novel and 334 known
miRNA genes expressed in human embryonic
stem cells, while Glazov et al. (26) detected
449 novel and all known chicken miRNAs in
the chicken embryo. Similar ncRNA profiling
studies using Illumina have been conducted in
other systems (34a, 50, 87).

Recent studies using 454 and Illumina se-
quencing have been used to identify endoge-
nous siRNAs in mouse oocytes (66, 77) and
Drosophila (19, 24); siRNA transcripts were pre-
viously uncharacterized in animals. Another
key contribution is the discovery of a novel
class of small RNAs, distinct from siRINAs
and miRNAs. These RNA molecules, termed
Piwi-interacting RNA (piRNA), were found
to participate in RNA-protein complexes that
are involved in transcriptional silencing in the
germline of many species (25, 33, 36).

Transcript Rearrangement Discovery

Genome rearrangements resulting in aberrant
transcriptional events are common features
of human cancers (29). Such rearrangements
may include translocations, inversions, small
insertions/deletions (indels), and copy number
variants (CN'Vs) and may occur in all or a frac-
tion of cancer cells within a tumor. While cy-
togenetics and microarray-based methods have
been developed to identify genome rearrange-
ments, most of them are suitable for the detec-
tion of only particular types of rearrangements
and have limited resolution. Next-generation
sequencing technologies offer important
advantages over conventional methods such as
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microarrays or array comparative genomic hy-
bridization (array CGH) for high-throughput
detection of genome aberrations (46). In par-
ticular, transcriptome sequencing can be used
to detect all types of genome rearrangements
affecting coding sequences at potentially a
single nucleotide resolution. Moreover, se-
quencing approaches are able to detect variants
that are present in a subpopulation of cells (68).
This point is particularly important in light of
tumor heterogeneity, in which cells within a
tumor can be genetically nonidentical (2).

Given the short read lengths generated by
next-generation sequencers, effective detection
of transcript aberrations requires the devel-
opment of paired-end sequencing approaches.
Several paired-end sequencing procedures have
been developed for the 454 technology (34,
48). Multiplex sequencing of paired-end ditags
(MS-PET) involves generation of short se-
quence tags from both ends of a fragment, their
concatenation, and sequencing (48, 57). The
method allows for the identification of fusion
transcripts as well as other aberrations in hu-
man cancers (Figure 6). Similar procedures us-
ing the Illumina sequencing technology have
been developed and applied to identify genome
rearrangements in lung cancer at single-base
resolution (14) and to map balanced chro-
mosome rearrangements that occur in mental
retardation (16).

Single-Nucleotide Variation Profiling

Recent genome sequencing efforts reveal an
abundance of single-nucleotide variants present
in individual human genomes (e.g., 75, 79).
"This variation may occur in the germline or so-
matic cells, such as those that comprise human
tumors (28, 37, 80). An important component
of genetic variation falls within coding regions
of genes and may contribute to an alteration of
their function. Although all types of genetic
polymorphisms can be identified via resequenc-
ing of whole genomes, this method is still too
costly to be conducted routinely. Instead, tran-
scriptome sequencing studies may help reduce
sequencing costs by restricting the focus of the

Reference genome sequence

Mapping paired reads to
the genome may reveal
rearrangements

Generation of reads
from both ends of DNA

fragments

Figure 6

Transcript aberration discovery using transcriptome sequencing data. Reads are
generated from both ends of DNA fragments and mapped to a reference
genome sequence. If the fragment length is fixed, the distance between the
reads when mapped to the reference sequence can be used to infer the presence

of a rearrangement.

analysis to coding parts of the genome. For in-
stance, Morin et al. (44) generated 28.6 million
31 nucleotide reads from the HeLa transcrip-
tome using the Illumina 1G Analyzer. As a
result of this experiment, 36,445 exons were
detected at tenfold coverage or more. In
comparison, genome sequencing studies using
the same technology require more extensive
input to obtain an equivalent exonic coverage
necessary for reliable detection of polymor-
phisms (75). In addition, comparative analysis
of transcriptome and genome sequencing data
can be used to reveal putative RNA-editing
events that may account for site-specific differ-
ences between the genome and transcriptome
of the same individual (55).

An important issue in single-nucleotide
variation profiling using new sequencing
technologies is the error rate associated with
the sequencing chemistries and base calling.
For instance, a recent study using Illumina 1G
Analyzer estimated the per-base error rate to
be between 0.3% and 3.8% depending on the
base position in the sequencing read (19a). The
reported per-base error rate for the 454/Roche
technology is 4% (33a). While the developers
of SOLIiD cite a much higher accuracy for
this platform (99.94%), this figure is not
directly comparable to the figures for Illumina
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Paired-end
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sequencing in which
reads from both ends
of nucleic acid
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Sanger sequencing for
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as the read pair
information helps to
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ambiguities when
mapping short
sequencing reads to
the genome
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and 454/Roche due to differences in data
formats produced by these platforms (52a).
In certain cases the sequencing chemistries
utilized by a next-generation platform can
introduce systematic error types. An example
of this is seen with the 454/Roche platform’s
difficulty with homopolymeric repeats. It is
also important to note that the quality scores
associated with base calls continue to evolve
as developers become more familiar with the
characteristics of a given platform. For exam-
ple, over the last 18 months quality scores on
the Illumina Genome Analyzer platform have
evolved from highly inaccurate probabilities to
reference alignment calibrated quality scores
to alignment independent calibrated quality
scores based on empirically generated data
sets. The error rates and evolving quality met-
rics of next-generation sequencers are often
circumvented by acquiring deep redundancy
of read coverage to call single-nucleotide
variants. For example, a recent cross-platform
comparison demonstrated that a 10% false
positive detection rate required 34-, 100-, and
110-fold coverage for 454/Roche, SOLID,
and Illumina Genome Analyzer, respectively
(30a).

The sequencing redundancy thus con-
tributes to increased costs associated with
finding rare sequence variants and the need
for subsequent validation work, often using
Sanger-based resequencing. However, various
computational approaches have promised to
partially address the error rate by eliminating
low quality data (e.g., 33a). Our own experience
with Illumina Genome Analyzers over a 19
month period showed a decline in per-base

SUMMARY POINTS

error rates with the introduction of improved
instrumentation, sequence chemistries, and
base-calling  algorithms  (Supplementary
Figure 1. Follow the Supplemental Material
link from the Annual Reviews home page at
http://www.annualreviews.org). In addition,
single-molecule DNA sequencing technolo-
gies such as those from Helicos and Pacific
Biosciences may improve the error rate even
further by eliminating PCR amplification from
their procedures (30b).

CONCLUDING REMARKS

Complex diseases such as cancer are character-
ized by a variety of molecular aberrations such
as gene expression changes, chromosomal re-
arrangements, point mutations, and epigenetic
abnormalities (29). Therefore, a multidimen-
sional understanding of the molecular features
underlying a complex disease phenotype is re-
quired for the development of effective inter-
vention strategies. Transcriptome sequencing
by next-generation technologies provides re-
sources for gene expression profiling studies
as well as simultaneous identification of muta-
tions, sequence aberrations, alternative splice
variants, and RNA editing events. This review
has focused on applications of next-generation
sequencers to transcriptome analysis. However,
the new technologies have had profound reper-
cussions in other areas of genomics, such as
genome sequencing and epigenome analysis
(38, 39). Combining read outs from these differ-
ent sequencing experiments presents exciting
opportunities for multidimensional analyses of
biological systems (15, 53).

1. Research in transcriptome analysis has evolved from detection of single mRINA molecules
to large-scale gene expression profiling and genome annotation efforts using microarrays

and EST sequencing, respectively.

2. The development of a panel of new-generation sequencers with a much higher sequenc-
ing throughput than that of the state-of-the-art Sanger sequencer contributed to increas-

ing the popularity of sequencing-based methods for transcriptome analysis.
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. Transcriptome sequencing data have been used for genome annotation, alternative iso-

form discovery, gene expression profiling, mutational profiling, noncoding RNA discov-
ery and detection, the identification of aberrant transcriptional events, and the discovery
of RNA editing sites.

. The development of yet more efficient sequencing technologies known as third-

generation sequencers promises to bring about a second DNA sequencing revolution
centered around sequencing single DNA molecules.

FUTURE ISSUES

1.

Most new-generation sequencers are limited by the short read length and the high error
rate that hinder sequence assembly and read annotation. These technological shortcom-
ings may be addressed in some third-generation sequencers, such as SMRT from Pacific
Biosciences that promises accurate reads with length on the order of 100,000 bp.

. Despite the many attractive prospects offered by transcriptome sequencing on next-

generation platforms, still needed are advances in sequencing data analysis and the de-
velopment of suitable computational tools that can be used to effectively process massive
amounts of sequence data.

. Most next-generation sequencing studies conducted to date have been of a descriptive

nature involving basic data analysis; however, more in-depth data analyses are needed to
fully understand the biological meaning of the data and to exploit their full potential.
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