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Recent years have seen the emergence of new high-throughput PCR and sequencing platforms with the
potential to bring analysis of transcriptional biomarkers to a broader range of clinical applications and to
provide increasing depth to our understanding of the transcriptome. We present an overview of how to
process clinical samples for RNA biomarker analysis in terms of RNA extraction and mRNA enrichment,
and guidelines for sample analysis by RT–qPCR and digital PCR using nanofluidic real-time PCR platforms.
The options for quantitative gene expression profiling and whole transcriptome sequencing by next gen-
eration sequencing are reviewed alongside the bioinformatic considerations for these approaches. Con-
sidering the diverse technologies now available for transcriptome analysis, methods for standardising
measurements between platforms will be paramount if their diagnostic impact is to be maximised.
Therefore, the use of RNA standards and other reference materials is also discussed.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Changes in the expression of multiple genes are implicated in
complex diseases such as breast cancer, type 2 diabetes mellitus
and cardiovascular disease [1,2]. In vitro diagnostic multi-variate
index assays (IVDMIAs) utilising gene expression measurements,
such as OncotypeDx tests which predict cancer recurrence, have
emerged in recent years [3,4]. The pipeline for RNA biomarker pa-
nel development involves screening the transcriptome for genes
whose expression is associated positively or negatively with dis-
ease pathology. Multiple stages of potential marker refinement
are required in order to define the best predictors of clinical out-
comes coupled with expanded patient cohorts. For example, in
the development of Oncotype Dx Colon Cancer Assay, 761 gene
candidates were narrowed down to a panel of seven biomarkers
and five reference genes, with over 3,000 patient samples screened
[5,6].

The DNA microarray is a well-established technique, which has
been used to screen for multiple potential gene expression bio-
markers and drug targets, and microarray gene expression data
continues to be a useful source for mining of potential biomarkers.
However, DNA microarrays utilise probes containing known cDNA
sequences and therefore do not enable the discovery of novel tran-
scripts and sequence variants [7]. Additionally, limitations in
ll rights reserved.
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microarray dynamic range make this platform less sensitive in
the detection of transcripts of low abundance [8]. Recent techno-
logical innovations in the fields of DNA sequencing and PCR ad-
dress these issues and provide an unprecedented level of
information for the discovery and validation of novel RNA bio-
markers [9,10].

Next generation sequencing (NGS – also referred to as second
generation sequencing) platforms share the common technological
feature of being capable of massively parallel sequencing on clon-
ally amplified or single cDNA molecules. This design defines a ma-
jor shift from ‘‘first generation’’ Sanger sequencing, which was
based on the electrophoretic separation of chain-termination prod-
ucts, prepared in individual sequencing reactions. NGS technolo-
gies offer the possibility of hypothesis-neutral discovery of novel
transcripts and isoforms in a fraction of the time required for gen-
ome-wide analysis performed by Sanger sequencing [11,12]. How-
ever, multiple template preparation stages, diverse sequencing
chemistries and complex data processing of NGS experiments
may impact on the verification of bona fide RNA biomarkers [13]
(Section 4).

Reverse Transcription quantitative PCR (RT–qPCR) technology is
central to biomarker validation where potential markers need to be
measured with greater accuracy and precision in larger sample
sets. A new generation of nanofluidic qPCR platforms has also
emerged over recent years which can be used for the simultaneous
screening of patient samples for the expression of 10s-100s of
candidate biomarkers or enumeration of single copies of cDNA by
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digital PCR (dPCR) (Section 3). Considering the current use of qPCR
for molecular microbiological testing in the clinical laboratory,
such high-throughput RT–qPCR devices are also likely to be at
the forefront of transcript-based diagnostics in the near-future.

The translation of gene expression biomarkers from validated
panel to diagnostic test requires assurance of the accuracy and
robustness of the developed multi-parametric assay through the
use of QC materials and establishment of QA schemes. Potential
means of standardisation of multi-parametric RNA biomarker mea-
surements through the use of reference standards are also ad-
dressed (Section 5).

This article aims to summarise how this next generation of PCR
and sequencing platforms can be applied to different stages of RNA
biomarker analysis while highlighting key methodological differ-
ences between the varying approaches.
2. RNA as an analyte

2.1. RNA extraction

In order to investigate messenger RNA (mRNA) expression and
biomarker profiles, mRNA first needs to be successfully extracted
from source material. The variety of biological samples available
for molecular analyses has given rise to a multitude of extraction
methods, which may confer particular advantage in terms of yield
and integrity when utilised for specific sample types. Current ap-
proaches include acid phenol/chloroform, silica-column and
bead-based extraction methods. Generally, total RNA will be pre-
pared from sample extractions, the majority of which will com-
prise ribosomal RNA populations [14].

Formalin-fixed paraffin-embedded (FFPE) tissues provide a use-
ful historical source of disease specimens for screening of potential
biomarkers [15], however FFPE sections are challenging samples
for RNA extraction, due to RNA degradation, cross-linking of RNA
to proteins and modification of bases [16]. FFPE RNA extraction
methods require deparaffinisation and extended lysis treatment
at elevated temperatures; developments in automation of these
steps offer potential for high-throughput screening of FFPE sam-
ples [17]. FFPE material is amenable to mRNA analysis using estab-
lished methods like RT–qPCR and microarrays [18–20] and
methods for 3’-end digital gene expression profiling by NGS have
been developed [21]. Assuming the problems associated with
RNA quality do not cause too great a challenge, FFPE samples will
provide a valuable source of material for identifying mRNA bio-
markers using next generation PCR and sequencing platforms.

While working with FFPE material offers a number of unique
challenges, sample sourcing must also be considered when design-
ing gene expression studies to investigate potential biomarkers
from ‘fresh’ material. Some clinical sources such as tissue biopsies
are difficult and intrusive to obtain, or may be particularly difficult
from which to extract nucleic acid material (e.g. bone) [22–24].
This may lead to great variability in extraction efficiency (yield
and quality), particularly when tissue-specific extraction methods
are not employed. Consequently, less invasive yet easily handled
sources of biological samples, such as blood, urine and buccal
swabs, are a popular focus for the development of diagnostic tools.

It is similarly important to take into account tissue variability
when planning to obtain samples. Gene expression profiles differ
not only between different tissue types, but also between different
cell types within the same sample. Furthermore, gene expression
can be cyclical and may be influenced by many different genetic
and environmental factors; including stress, satiety, nutrition,
diurnal fluctuation, exercise, cellular proliferation, disease state
and by mitogenic stimuli (e.g. growth factors) [25–31]. When con-
ducting specific gene expression studies it is therefore important to
ensure like-for-like samples are used in comparative studies and
where possible, only the specific cell-type of interest is collected
(for example, separating cell populations by centrifugation, using
primary cell culture or laser microdissection) [14,32–35].

It is well known that RNA is more labile than DNA, and as such,
precautions must be made in order to achieve the most reliable re-
sults. It is recommended that samples be collected in a buffer/pre-
serving reagent suitable for safeguarding RNA against degradation
or, alternatively, samples may be snap frozen using liquid nitrogen.
The selection of an appropriate reagent may be heavily influenced
by the intended down-stream applications (see Section 2.2). More-
over, specific RNA-handling procedures should be applied to re-
duce the risk of RNase activity. During collection of multiple
samples, appropriate fixatives should be employed. Depending
on storage buffers/fixatives, samples are usually stored at �20 �C
or below until required, then thawed and maintained on ice during
the extraction process. Where appropriate, purified RNA should be
diluted in a solution designed to maintain RNA integrity, which is
free of RNases.

2.2. Inhibition

Extracted RNA samples may be compromised due to the co-
extraction of sample components (such as DNA, proteins, bile salts
or haeme) or carry-over of chemicals used in sample stabilisation
(such as EDTA or heparin) or extraction process (such as chloro-
form or ethanol) [14,36–39]. Every effort should be made to elim-
inate these constituents from the final RNA sample. DNA
contamination may be further reduced by the application of DNase
enzymes. However, no enzymatic reaction can be assumed 100%
efficient and as such the presence of Genomic DNA (gDNA) should
be monitored and accounted for, otherwise measurement bias may
be introduced. Furthermore, if contaminating elements including
PCR inhibitors are at reasonably low quantities in the extracted
RNA, sample dilution may minimise or effectively eliminate their
effect on target measurement.

For clinical application of mRNA biomarker-based diagnostics,
thorough characterisation of assay performance should be per-
formed [40] and standards for calibration and QC developed (Sec-
tion 5). In this context, it is important to remember the influence of
matrix effects when choosing an appropriate reference material.
Where external standards may be applied for quantification pur-
poses, these must be appropriate to the chosen target and analysed
in background material that sufficiently mimics the sample matrix.
Ideally, selected external standards should possess similar re-
sponses to matrix effects as experienced by the target, and must
be spiked into target samples to ensure equal matrices [41].

Matrix-associated inhibition of qPCR may be detected by sev-
eral different means. The simplest way is to measure samples in se-
rial dilution and monitor linearity of amplification. Reversible
inhibition, which may usually be observed at higher concentra-
tions, will materialise as an increase in quantification cycle (Cq)
and a decrease in correlation coefficient (R2) when Cq is plotted
against log10 RNA quantity. The SPUD assay has been developed
to more accurately determine the extent of qPCR inhibition by
measuring an external spike-in from potato (Solanum tuberosum)
in control (water) vs. target cDNA samples. Analysis of Cq and assay
efficiency between control and target samples for the SPUD assay
indicates the extent of matrix inhibition [42].

Inhibition of the RT reaction is typically less readily quantified
in the course of an RT–qPCR experiment, a factor that is of concern
particularly when performing two-step RT–qPCR, where the RT
reaction usually contains a higher concentration of both RNA and
co-purified inhibitors. Defining the matrix impact on the RT step
should be paramount as this reaction is a key component of both
RT–qPCR and the majority of current RNA-seq methodologies.
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The application of RNA standards (Section 5) and digital PCR (Sec-
tion 3.3) provide means of monitoring RT reaction efficiency and its
impact on downstream processes. In addition to RT, RNA-seq li-
brary preparation involves multiple enzymatic stages including
fragment end repair and adapter ligation with potential for inhibi-
tion by sample components or upstream reaction components. The
use of spike-in control DNAs to measure the efficiency of individual
steps provides the user with QC data for library preparation stages
[43].
3. Next generation RT–qPCR

New innovations in miniaturisation of the PCR have taken real-
time qPCR platforms to a new level in terms of sample throughput
without the automated infrastructure required for 384 or 1536
well plate formats. Scaling of the PCR reaction from the microlitre
down to the nanolitre range dramatically reduces the required vol-
umes of reagents and samples, reducing reagent costs and conserv-
ing clinical samples [9]. The increased number of reactions possible
in a single run increases the statistical power of an experiment
through the use of replicate reactions for qPCR-based quantifica-
tion or dPCR-based molecular counting [44]. High-throughput
RT–qPCR may be particularly beneficial for rapid screening of mul-
tiple biomarkers, whereas RT–dPCR may provide unrivalled sensi-
Fig. 1. Microfluidic PCR platforms. (A) Biomark 96.96 dynamic array with 96 assay inl
Fluidigm). (B) OpenArray stainless steel plate containing 48 sub-arrays of 8 � 8 reactio
(image courtesy of Wafergen). (D) QX100™ Droplet Digital PCR™ system: A microscopic
droplets that contain a copy of the target molecule will fluoresce after PCR (image cour
tivity for trace detection. The following two sections provide an
overview of the latest generation of nanofluidic PCR technologies
and describe their application to high throughput RT–qPCR and
RT–dPCR.

3.1. High throughput RT–qPCR

A desirable goal for screening of potential biomarkers and the
development of clinical diagnostic tools is to maximise on sample
throughput in order to generate multiple, yet accurate, clinical re-
sults efficiently and rapidly. Industry has responded to this by the
production of several high throughput qPCR chips, where multiple
samples and assays can be processed simultaneously with minimal
complexity. Examples of market providers include the Biomark Dy-
namic Array (Fluidigm), OpenArray (Life Technologies) and the
SmartChip (Wafergen).

3.1.1. BioMark
BioMark 48.48 and 96.96 dynamic arrays (Fluidigm) are micro-

fluidic chips consisting of a network of capillary channels, Nano-
flex™ valves and reaction chambers (Fig. 1A) [9]. Samples and
assays are distributed within the Integrated Fluidic Circuit (IFC)
of the chip by the IFC Controller such that each of the samples
loaded into the 48 or 96 sample inlets is assayed for each of the
ets and 96 sample inlets with central integrated fluidic circuit (image courtesy of
n through-holes (image courtesy of Life Technologies). (C) Two SmartChip arrays
image of a sample emulsified into tens of 1,000s of nanolitre volume droplets. Only
tesy of Quantalife).



Table 1
Performance characteristics of selected high throughput nanofluidic RT–qPCR platforms currently on the market.

System Reaction
volume (nL)

Total no. of
reactions

Maximum no. of gene
targets per sample

Maximum
no. of samples

Melt curve
capacity

Biomark Dynamic Array (48.48 or 96.96) 10 or 6.75 2,304 or 9,216 48 or 96 48 or 96 Yes
OpenArray 33 3,072 224 (12 samples) 48 (64 assays) Yes
SmartChip 100 5,184 1728 384 Yes
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assays loaded into the 48 or 96 separate assay inlets, resulting in a
total of 2,304 or 9,214 individual reactions per array for 48.48 or
96.96 arrays respectively (Table 1). The BioMark array qPCR cham-
ber volume of 10 nL (48.48 arrays) or 6.75 nL (96.96 arrays) is the
lowest of the nanofluidic platforms discussed here [45]. Both
hydrolysis probe- and intercalating dye-based qPCR assays may
be performed on the BioMark nanofluidic qPCR system and unlike
other platforms the dynamic array assay sets are loaded by the
user, enabling versatility.

3.1.2. OpenArray
The OpenArray comprises a microscope slide-sized stainless

steel chip consisting of 48 sub-arrays each containing 64 (8 � 8)
through-holes (reaction chambers), with a total of 3,072 qPCR
chambers per array (Table 1, Fig. 1B) [46]. For qPCR applications,
assays are pre-spotted on the interior surface during the manufac-
turing process. The associated PCR cycler can process three chips
simultaneously. Both custom arrays and off-the-shelf target panels
to a range of physiological pathways, including ADME/Tox, Cancer,
Cardiovascular Disease and Inflammation, are available for screen-
ing samples [47].

3.1.3. SmartChip
SmartChip system (Wafergen) is the latest nanoscale qPCR plat-

form to emerge onto the market (Fig. 1C) [48]. Assays are either
pre-dispensed or customer-dispensed in PCR nanowell plates, like
OpenArray or BioMark arrays respectively, on PCR arrays and the
number of different gene targets may be user-defined. This allows
flexibility in terms of profiling 100–1000s of genes for the purpose
of biomarker discovery, or a small number of genes for screening
large sample numbers. Off-the-shelf panels are also available for
this platform, such as the Human Oncology Panel, which contains
gene-specific assays for over 1200 targets in 16 cancer-related
functional groupings [49].

3.2. dPCR

dPCR is a development on standard PCR that utilises single mol-
ecule amplification for absolute quantification [50]. In this method
limiting dilutions of samples are used to facilitate sample distribu-
tion across multiple reaction chambers at single copy densities.
The presence of target is indicated by amplification and positive
reaction chambers are counted to obtain the number of target cop-
ies, thus converting the analogue signal associated with qPCR into
a digital one [51]. Amplification of single target molecules reduces
the signal-to-noise ratio offering increased assay sensitivity. This is
Table 2
Performance characteristics of selected dPCR platforms currently on the market.

System Reaction
volume

Total no. of
reactions

No. of
per sam

Biomark Digital Array (12.765 or 48.770) 6 or 0.85 nL 9,180 or 36,960 765 or
OpenArray 33 nL 3,072 3,072 (
QX100 �1 nL 160,000 20,000
RainDrop �5 pL 80 million 1–10 m
particularly useful for detection of minority targets, for example
early disease markers/splice variants, and trace RNA detection
(low copy number) such as single cell samples [52]. dPCR measure-
ment of DNA is often described as an absolute quantification tech-
nique and there is increasing evidence that this approach may
indeed offer one of the most accurate estimations of DNA copy
number [36,51]. This approach may be applied to RNA quantifica-
tion by combining a reverse transcription step with dPCR and may
provide a means of certifying RNA reference materials for applica-
tion in biomarker diagnostics.

The advent of next generation PCR instruments has changed
dPCR from a technically challenging and laborious technique to a
very powerful method with considerable potential. There are sev-
eral platforms currently available for dPCR analysis, based on
microfluidic chip- or emulsion-based formats.
3.2.1. Microfluidic chip-based dPCR
Microfluidic PCR platforms which can be used for dPCR analysis

include the Biomark (Fluidigm) and OpenArray (Life Technologies).
For the BioMark, two dPCR chip formats are available (Table 2),
working on similar principles to the related Dynamic arrays (Sec-
tion 3.1.1.). For the OpenArray, the number of sub-arrays used to
analyse a sample can be altered according to the level of sensitivity
or precision required (Life Technologies, personal communication).
Such dPCR platforms are characterised by single molecule amplifi-
cation in pre-fabricated microfluidic reaction chambers and ampli-
fication can be monitored in real time. Results are generated by
calculating the number of positive reaction chambers (Fig. 2A)
and equating it to the number of target copies present.
3.2.2. Emulsion dPCR
Emulsion PCR employs individual vesicles, formed by water-

in-oil emulsions, as reaction vessels for dPCR. The QX100™ Droplet
Digital PCR™ system (Bio-Rad), formerly the QuantaLife Droplet
Digital PCR™ platform, couples the emulsion vesicles to a capil-
lary-based analysis system [53]. Samples are emulsified in an 8-
channel disposable droplet generator cartridge then transferred
to a standard 96-well plate for thermal cycling. Following PCR
amplification, end-point detection of PCR products is achieved by
streaming vesicles singularly past a fluorescence detector at a rate
of 1,000 droplets per second, which determines the presence or ab-
sence of amplified product (Fig. 1D) [54]. The recently launched
RainDrop™ dPCR platform (RainDance) uses a flow cytometry
approach in order to count positive PCR reactions and higher order
assay multiplexing is possible with this approach based on
reactions
ple

Maximum
no. of samples

Melt curve capacity

770 12 or 48 Can use intercalating dye but no melt analysis
1 sample) 48 (64 reactions) Yes

8 End-point analysis
illion 8 End-point analysis
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Fig. 2. dPCR quantification of RT efficiency. RT reactions were performed with 400 ng total Universal Human Reference RNA (Stratagene) spiked with different copies of an
ERCC RNA standard in a volume of 40 lL as described in [56] and cDNA copies measured by dPCR (BioMark 12.765 dPCR arrays). (A) Heatmap of dPCR panels. Red and black
squares represent positive and negative PCR reactions respectively. (B) Comparison of RNA input with cDNA copies produced per RT reaction. Mean cDNA copies per RT
reaction (n = 1) were calculated from duplicate dPCR panels. Slope, intercept and R2 values plotted for linear regression analysis of RNA vs. cDNA copies.
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different concentrations of reporter dye [55]. Summary details of
these technologies are also provided in Table 2.

3.3. Preparation and manipulation of RNA extracts for analysis

For most next generation PCR platforms, samples may be pre-
pared using similar processes as those used for routine RT–qPCR,
however as with standard approaches, the RT step is critical for
both RT–qPCR and RT–dPCR. Target pre-amplification may be nec-
essary for accurate measurement of low concentration targets by
nanofluidic RT–qPCR due to the lower reaction volumes compared
to standard microtitre plates (Table 1). These aspects are discussed
below.

3.3.1. Reverse transcription
The RT component of gene expression studies is notoriously

variable and is dependent on many factors, including RNA quality,
choice of reverse transcriptase, priming strategy and inhibition
[14,27,33,40]. Analysis by one-step RT–qPCR (or RT–dPCR) affords
a greater scrutiny of the RT step and associated efficiency, auto-
matically considering RT–qPCR sensitivity and linearity, important
factors that are often neglected when performing two-step RT–
qPCR, where calibration curves and replicates are often performed
with cDNA instead of RNA.

Fig. 2 shows an example of how dPCR can be applied for abso-
lute quantification of cDNA copies in order to monitor RT perfor-
mance, in combination with an RNA standard developed through
the External RNA Controls Consortium (ERCC) (for further informa-
tion, see Section 5). A range of copy numbers of an ERCC RNA stan-
dard was spiked into human total RNA as described [56] and cDNA
copies measured by dPCR (following dilution as required).
These results demonstrate good linearity of RNA to cDNA conver-
sion across the range of different transcript abundance levels
(R2 > 0.99) and suggest that less than 50% of RNA transcripts are
converted into cDNA (based slope of 1.02 and negative intercept
of �0.6) (Fig. 2B), in line with other reports of RT efficiency [57,58].

3.3.2. Pre-amplification
Pre-amplification of specific targets for applications using nano-

fluidic RT–qPCR is normally performed using a PCR-based ap-
proach (also known as specific target amplification (STA)),
whereby cDNA undergoes 14–18 cycles of PCR-amplification with
a low concentration mix of up to 100 different primer pairs [59,60].
Investigation of relative gene expression levels in pre-amplified
samples using the Biomark dynamic array indicates that results
are concordant with those obtained from established qPCR
platforms using non-pre-amplified samples. Furthermore, these
studies showed that substantial bias was not introduced by per-
forming this pre-amplification step [45,61,62]. For BioMark 48.48
arrays (reaction volume 10 nL), it is possible to analyse samples
containing P250 ng/lL total RNA or to study high abundance tran-
scripts (present at 104 copies or higher per sample inlet or 250 cop-
ies or more per reaction chamber) without pre-amplification [62].
As the reaction volumes of the OpenArray and Wafergen platforms
are higher than those of the BioMark arrays (Table 1), quantifica-
tion of lower concentration samples or targets may be possible
without pre-amplification [63].
4. Next generation sequencing

Next generation RNA sequencing approaches fall into two main
groups: full length RNA sequencing (RNA-Seq) and RNA-tag digital
gene expression profiling (DGE). 30-tag DGE is the next generation
form of serial analysis of gene expression (SAGE) and measures the
expression of transcripts based on sequencing of 30 tags [64].
Whilst DGE enables high-throughput mRNA quantification, full-
length RNA-Seq is capable of identification and quantification of
promoter usage, alternative splicing and chimeric transcripts due
to genomic rearrangements and non-polyadenylated transcripts
[65–67].

Technologies used for RNA-Seq experiments include 454
(Roche), Solexa (Illumina) and SOLiD (Life Technologies). These ap-
proaches all depend on unique sequencing chemistries, which in
turn necessitate different methods for library preparation and
analysis of sequencing data. These differences also present
significant challenges when attempting to compare platform per-
formance and data quality, and to develop appropriate standardi-
sation approaches. The following sections provide an overview of
the three main stages in an RNA-Seq experiment: library prepara-
tion (Section 4.1), sequencing and imaging (Section 4.2), and data
analysis (Section 4.4). Key methodological approaches are also
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discussed which may impact on the quality and coverage of tran-
scriptomic data.
4.1. Library preparation

4.1.1. mRNA enrichment
Most NGS library preparation methods require that RNA is en-

riched for the population of interest or include a polyA-enrichment
step in the protocol (Table 3). While polyA-enrichment provides
good coverage of mRNA transcripts, co-enrichment of non-
polyadenylated RNAs facilitates the parallel study of non-coding
transcripts and offers a more complete view of the transcriptome
[68,69]. Ribodepletion methods such as RiboMinus (Invitrogen)
or Ribo-Zero (Epicentre) remove 5S, 5.8S, 18S and 28S human
rRNAs using 50-biotin labelled oligonucleotide probes combined
with their removal using streptavidin-coated magnetic beads.
Alternatively rRNA and tRNA can be removed from cDNA synthesis
using a Duplex-Specific Nuclease (e.g. Evrogen). The stringency of
selection for RNAs of interest is an important step for maximising
the utility of the reads produced, with protocols for SOLiD sequenc-
ing recommending two rounds of oligodT-based purification or a
combination of both polyA-enrichment and ribodepletion methods
[70].

Alternatively, 50 exonuclease digestion of total RNA selectively
removes ribosomal RNA, whilst mRNA bearing a 50 methylguano-
sine cap is protected (e.g. Terminator™ 50-Phosphate-Dependent
Exonuclease, Epicentre). This offers the benefits of co-purification
of both eukaryotic and prokaryotic mRNAs and no losses due to
column- or magnetic bead-binding steps required for polyA-
enrichment and ribodepletion methods. Cap analysis of gene
expression (CAGE) approaches also target the 50 end of transcripts
by chemical ligation with biotin or using a cap-binding protein
with the aim of mapping transcriptional start sites (TSS) and regu-
latory networks within the genome [71–73].

Further enrichment of the RNA sample in order to study allelic
expression, splicing events or gene fusions in specific subsets of
genes can be performed by hybridisation-based array (e.g. Nimble-
gen Sequence Capture Array) or in-solution (e.g. Nimblegen SeqCap
EZ, Agilent Sureselect) capture methods [66]. Targeted amplicon
sequencing of specific exons may be performed by PCR-based
amplification of the regions of interest; examples of which include
the emulsion PCR-based ThunderStorm system (Raindance Tech-
nologies) and nanofluidic Access Arrays (Fluidigm). Targeted
sequencing of specific transcripts is amenable to focussed experi-
ments using sequencing platforms which produce smaller num-
bers of reads such as Roche/454 (Section 4.2.1) or benchtop
sequencers such as the Illumina MiSeq (Section 4.2.2) and Ion Tor-
rent (Section 4.3.2). Nimblegen Sequence Capture Arrays targeted
Table 3
Summary of library preparation methods for RNA-Seq for major platforms.

Platform Amount Enrichment

SOLiD RNA-Seq Poly(A) RNA: 100–500 ng rRNA-depleted
total RNA: 200–500 ng (5–25 ng of poly(A)
RNA low input)

Flexible
Recommend
2�Oligo (dT)
enrichment

SOLiD SAGE 1–10 lg total RNA Dynabeads�

Oligo(dT)

Roche 454 200 ng enriched RNA Flexible

Illumina TruSeq 0.1–4 lg total RNA Oligo(dT)

Illumina 30 DGE 1–2 lg Oligo(dT)
to a set of 50 transcribed loci were recently combined with 454
sequencing for in depth analysis of alternative exon usage and
splicing patterns [74].

4.1.2. Fragmentation
For RNA-Seq, fragmentation may be performed with RNA or

post reverse transcription using double-stranded cDNA (ds cDNA)
using chemical (e.g. hydrolysis with zinc chloride), enzymatic
(e.g. RNase or DNase) or physical (e.g. heat, sonication or nebulisa-
tion) methods [11]. RNA fragmentation methods such as those for
454 and Illumina RNA-Seq library preparation, employ heat treat-
ment of the sample, which offers the advantage of denaturing RNA
secondary structure prior to RT [75]. Enzymatic methods of RNA or
ds cDNA cleavage are also employed for the SOLiD RNA-Seq proto-
col and in 30 DGE methods for generation of 30 tags (Table 3). For
RNA-Seq analysis of gene fusion events, restriction enzyme diges-
tion of cDNA also provides a means of identification of spurious
gene fusion reads by the presence of enzyme recognition site with-
in the sequence [76].

4.1.3. Reverse transcription
Oligo(dT)-priming of RT provides another level of polyA-RNA

selection, however this priming method has been reported to lead
to under-representation of 50 end of transcripts [75], although
methods which select for full length cDNA can ameliorate this is-
sue [77]. For whole transcriptome RNA-Seq, the majority of the
manufacturers’ protocols employ random-primed RT (Table 3).
DGE profiling methods normally employ a 30 oligo(dT)-primed RT
step following binding of mRNAs to magnetic capture beads
(Table 3).

4.1.4. Strand-specificity
A number of methods have been published which enable

knowledge of the strandedness of RNA molecules to be maintained
(summarised and compared by Levin et al. [83]). Information on
whether the sequenced molecule originates from the sense or anti-
sense strand allows the identification of regulatory non-coding
RNAs and overlapping transcripts originating from opposite
strands [83]. SOLiD RNA-Seq protocols utilise the ligation of adapt-
ers prior to RT (Table 3) and whilst official strand-specific protocols
for Illumina and 454 are not available, other commercially avail-
able methods for these platforms such as ScriptSeq (Epicentre) uti-
lise tagging of 50 and 30 ends with specific sequences. Alternative
open methods, which adapt a dUTP-based second strand-marking
method [84], have been developed in order to reduce the cost of li-
brary preparation [85].

Two alternative library preparation methods can be used in
order to validate whether differentially expressed transcript
Fragmentation
substrate(Method)

Strand-specificity Adapter
ligation

RT enzyme
(priming)

Ref.

RNA (RNase III or
chemical)

Addition of
adapters in
directional
manner

Pre-RT ArrayScript
engineered
MMLV (random)

[78]

ds cDNA (Nla III
restriction
digestion)

Yes Post-RT SuperScript III
(oligodT)

[79]

RNA (ZnCl2 soln,
70 �C, 30 s)

No Post-RT AMV (random) [80]

RNA (chemical,
94 �C, 5 min)

No Post-RT SuperScript II
(random)

[43]

cDNA (NlaIII/
DpnII)

Yes Post-RT SuperScript II
(oligodT)

[81,82]
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sequences are artefacts due to library preparation methods. For
example, a strand-specific RNA fragmentation protocol was used
to validate novel transcriptionally active regions (nTARs) ex-
pressed in mouse intestine identified using a polyA-enriched cDNA
fragmentation method [77].
4.1.5. Library quantification
Although NGS platform manufacturers advocate spectrophoto-

metric methods, including the pico-green assay [86], for library
quantification, there have been reports that this technique is a
source of major inconsistency in the template preparation process
[87]. Spectrophotometric methods are unable to distinguish
between any adapter or genomic DNA contamination and the in-
tended cDNA target. Quantification using capillary electrophoresis
methods (for example, the Agilent Bioanalyzer) have been de-
scribed in library preparation studies by the Sanger sequencing
group [87] and it is worth noting that analysis of fragment size dis-
tribution by platforms such as the Bioanalyzer also functions as a
quality control step for library preparation prior to sequencing.

Alternative strategies for library quantification by qPCR have
been developed employing PCR primers binding sequencing adapt-
ers [87–89]. qPCR-based approaches may be particularly more
accurate for quantification of low copy numbers in 1–100 pM
range [87]. Standards for the latter approach have included a pre-
viously sequenced library or the generation of plasmid standards.
However, questions have been raised that the amplification of
the designated plasmid standard by qPCR may not reflect that of
molecules of differing length and GC content in the fragment li-
brary [89]. Since dPCR (Section 3.2) does not require a calibrant
material for absolute quantification, approaches such as the Sling-
shot kit (Fluidigm) may enhance the accuracy of library quantifica-
tion [90].
4.2. Platforms

The most commonly used NGS platforms for RNA-Seq vary in
the method chemistries used for massive parallel sequencing.
The sequencing chemistries of four platforms are summarised be-
low alongside advantages and disadvantages of the platforms for
RNA-Seq; readers are referred to other reviews for further informa-
tion on NGS technologies [12]. Specifications of the main NGS plat-
forms are given in Table 4 for the purpose of comparison; this is a
rapidly evolving field with advances in output in terms of number
of reads and read length constantly being reported. Short read plat-
forms (e.g. Illumina, SOLiD) typically produce a greater number of
reads and hence enable higher coverage of the transcriptome,
which is ideal for discovery of potential biomarkers [91,92].
Approaches offering longer read length combined with higher
accuracy provide a means of validation of biomarkers and confir-
mation of splice variant structure and sequence [76].
Table 4
Specifications of NGS platforms commonly used for RNA-Seq.

Platform Clonal amplification
method

NGS chemistry No. of read

Roche/454 GS FLX
Titanium XL+

emPCR Pyrosequencing 1 million

Illumina Genome
Analyzer IIx

Solid-phase bridge
amplification

Sequencing by reversible
termination

320 million
640 million

Illumina HiSeq 2000 3 billion sin
6 billion pa

Life Technologies
SOLiD 4 (5500)

emPCR Cleavable probe
sequencing by ligation

100 million

a 85% of base calls from 50 base paired-end (PE) read pass quality score Q30 (chance
4.2.1. Roche 454
The Roche 454 NGS systems work on the principle of pyrose-

quencing, where the release of pyrophosphate upon nucleotide
incorporation results in luminescent signal output [97]. RNA-Seq
libraries consisting of fragmented target cDNA are amplified en
masse on the surfaces of hundreds of thousands of droplet encap-
sulated agarose beads using emulsion PCR (Section 3.2). These are
then applied to the surface of the 454 picotiter plate (PTP) which
consists of single wells in the tips of fused fibre optic strands that
can each hold a single agarose bead. Imaging of the PTP following
cyclical addition of each of the four base nucleotides serves to mea-
sure light emission as a consequence of nucleotide incorporation.

The relatively long read length of the 454 system (Table 4) com-
pared to the Illumina and SOLiD systems offers advantages for con-
firmation of alternative splicing events in RNA-Seq experiments
[76]. Accurate quantification of homopolymeric sequences may
be problematic for 454 sequencing as the linearity of response
can exceed the level of detector sensitivity, a recognised issue with
pyrosequencing, leading to insertion/deletion (indel) errors [98].
4.2.2. Illumina
Unlike the 454 and SOLiD technologies which employ emPCR,

the Illumina NGS platforms achieve target amplification in the flow
cell by ‘‘bridge’’ amplification which relies on captured DNA
strands ‘‘arching’’ over and hybridising to adjacent oligonucleotide
anchors. Multiple amplification rounds convert single-molecule
DNA template to clonally amplified arching clusters, with each
cluster containing in the region of 1000 clonally amplified mole-
cules. Illumina sequencing works on the principle of reversible ter-
mination with each sequencing cycle involving the addition of DNA
polymerase and a mixture of four differently coloured reversible
dye terminators followed by imaging of the flow cell. The termina-
tors are then unblocked and the reporter dyes cleaved and washed
away. Following sequencing from a single end of the template,
paired-end sequencing can be achieved by sequencing from an
alternate primer on the reverse stand of the template molecule.

Illumina NGS technology offers the advantage for RNA-Seq and
DGE of the highest data output of the major platforms (Table 4).
This enables the interrogation of low-abundance transcripts [64].
For RNA-Seq, paired-end read data derived from sequencing from
both ends of the sequencing template enables information regard-
ing splice junctions and fusion transcripts to be obtained [99].
Base-call accuracy decreases with increasing read length on Illu-
mina NGS platforms due to ‘‘dephasing noise’’ due to under- or
over-incorporation of nucleotides or failed terminator removal
with successive cycles leading to the generation of a heteroge-
neous target-strand population within the cluster. This heteroge-
neity decreases signal purity and reduces precision in base
calling, particularly towards the 30 ends of a read [100].

The recent addition of the MiSeq benchtop sequencer to the
Illumina portfolio enables smaller-scale discovery for individual
s/run Read length (bases) Run time (days) Reference

700 (mode) 1000 (max) 23 h [93]

single-end/
paired

50a 150 (max) 7 days (SE), 14 (PE)
(151 cycles)

[94]

gle-end/
ired

50a 100 (max) 8.5 days
(2 � 100 bp)

[95]

50 � 35 (PE) (average)
75 � 35 (PE) (max)

3.5 days [96]

of wrong base call: 1 error in 1,000).
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research laboratories, generating up to 6–7 Gb data output and 30
million paired end reads per run (compared to 95 Gb and 600 Gb
for Genome AnalyzerIIx and HiSeq respectively). Library prepara-
tion for this platform can be condensed to only 90 min using
Nextera sample preparations kits (Illumina) which combine
fragmentation, adapter ligation and barcoding of samples [101],
an approach which may be suitable for targeted sequencing of
transcripts.

4.2.3. SOLiD
The SOLiD (Sequencing by Oligo Ligation and Detection) plat-

form employs a sequencing process catalysed by DNA ligase. Sim-
ilar to the 454 technology, DNA fragments are amplified by emPCR
while bound to the beads, after which the beads are covalently
bound to the surface of a specially treated slide which is then
placed into the fluidics cell of the instrument. Sequencing is initi-
ated by the annealing of a universal sequencing primer to the
adapters of the fragment library followed by addition of semi-
degenerate fluorescently-tagged 8mer-oligonucleotides, which
are ligated to the universal primer by DNA ligase when comple-
mentary to the sequence of interest. Following imaging of the slide,
a subsequent cleavage step removes the sixth through to the
eighth base, plus the fluorescent tag of the ligated 8-mer and a fur-
ther nine ligation rounds performed [12]. The sequencing strand is
then denatured and washed away and a second round of sequenc-
ing is performed using a universal primer of (n � 1) bp in length. A
further three rounds are performed so that each base of the inter-
rogated fragment is sequenced twice.

SOLiD technology has a high accuracy rate for raw reads
(>99.9%) due to the double interrogation of each base, and that pro-
cedure requires a lower volume of oversampling in order to reach a
threshold value of confidence for base calling. This offers advanta-
ges for SNP discrimination by RNA-Seq [65].

4.3. Developments in sequencing technologies

A third generation of sequencing platforms which offer further
advantages for transcriptional profiling in terms of reductions in
sequencing time and cost are emerging [102]. Examples of single
molecule sequencing and non-optical sequencing technologies
are described below.

4.3.1. Single Molecule Sequencing
In comparison to the 454, Illumina and SOLiD platforms, which

sequence clonally amplified templates, single molecule sequencing
technologies such as the PacBio RS (Pacific Biosciences) and
Heliscope (Helicos Biosciences) sequencers are capable of single-
molecule sequencing. The PacBio RS system uses ‘‘single molecule
real-time detection’’ (SMRT) which detects the fluorescence of a
labelled nucleotide as it is incorporated into the growing DNA
strand. Fluorescence from a single DNA polymerase molecule is
measured per perforation in a metal sheet containing 75,000 such
perforations. As the fluorescent label is initially attached to the
dNTP phosphate group, it is cleaved during nucleotide incorpora-
tion. Therefore there is no need to reverse terminators and, as each
nucleotide is separately labelled, no need to cyclically alternate the
availability of nucleotides [103]. The PacBio RS is designed to
produce average read lengths greater than 1,000 base pairs [104]
providing a useful complement to existing technologies for estab-
lishing long-range contiguity.

The Helicos system performs ‘‘true single molecule sequencing’’
(tSMS) of DNA or RNA molecules captured on its flow-cell surface.
In principal the Helicos approach is similar to that of Illumina,
where reversible cy-5 labelled terminators for each of the four
nucleotides are cyclically presented for incorporation into the
extending DNA strand, a complete cycle of four nucleotides is
termed a ‘‘quad’’. Typically 20 to 30 quads are performed resulting
in read-lengths of 25–55 bases (average 35). The key differences
with Illumina being that there is no target amplification and single
molecule fluorescence is detected [105]. The single molecule ap-
proach eliminates the dephasing problem inherent in the Illumina
platform but the small signal from single molecule fluorescence
leads to an increased per-nucleotide error rate and a much ele-
vated frequency of missing nucleotide calls that manifest as single
nucleotide deletions in the resulting sequence.

For RNA-Seq using the Helicos system, single-stranded cDNA or
RNA template are hybridised to poly (dT) oligonucleotides, which
have been immobilised onto a flow-cell surface at a high density
[106,107]. Alternatively, low quantity samples can be hybridised
directly for 30 digital gene expression profiling [108]. Single mole-
cule cDNA or RNA sequencing avoids the need for adapter ligation,
clonal amplification and therefore these approaches are free from
biases associated with these steps [109]. The Helicos Direct RNA
Sequencing (DRS) technology does not require prior conversion
of RNA to cDNA, since transcripts hybridise directly to poly(dT)
on the sequencing flow cell [107,110]. Single molecule sequencing
is therefore particularly suitable for low-quantity RNA samples
which would otherwise require pre-amplification, such as those
from clinical biopsies [108,110]. However, the efficiency of hybrid-
isation of the template to the flow cells (estimated to be 10–20%)
and efficiency of the SMS chemistry in producing useable reads
(15–25%) are also limitations for this platform, especially for low
quantity samples [108].

4.3.2. Ion Torrent
The Ion Torrent (Life Technologies) platforms constitute a shift

in technology from optical-based sequencing systems which mea-
sure fluorescence or luminescence output, to monitoring release of
hydrogen ions during DNA synthesis in a semiconductor-sensing
device [111]. The Personal Genome Machine (PGM)™ sequencer
can generate up to 8 million reads and is suitable for analysing
small transcriptomes or expression of targeted transcripts. RNA-
Seq libraries for this platform are prepared with as little as
200 ng total RNA using the Ion Total RNA-Seq Kit (Ambion) and
sequencing runs are performed in less than one hour with read
lengths anticipated to exceed 400 bp by 2012 [112,113].

The recently launched Ion Proton platform brings personalised
genomic analysis within the realm of clinical medicine with the
promise of $1000 whole genome sequencing [114]. This platform
also offers possibilities for individualised transcriptome analysis
[115].

4.4. RNA-Seq data analysis and bioinformatics

Analysis of RNA-Seq experiments poses challenges in both qual-
itative and quantitative data interpretation [75]. In contrast to con-
ventional Sanger sequencing, current NGS platforms typically
generate shorter reads with higher per-nucleotide miss-call rates
and on some platforms markedly more insertions or deletions.
They also produce many more sequence reads (Table 4). Benchtop
sequencers such as the Illumina MiSeq (Section 4.2.2) or Ion
Torrent PGM (Section 4.3.2) offer more streamlined workflows
for RNA-Seq and generate more manageable quantities of data,
which may more suitable to the clinical laboratory end-user for
future diagnostic applications [116].

A key objective in most NGS analysis is to assign equivalence to
sequence reads, i.e. identification of specific transcripts, RNA pro-
cessing events, DNA binding events or polymorphisms. This either
entails an ‘all versus all’ comparison of sequence reads, or aligning
reads to a common comparator such as the reference human gen-
ome or a database of splice junctions. The need to accommodate
the high rate of sequence errors in NGS data and also genuine
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sequence differences such as polymorphisms substantially add to
the complexity and thus computational time of the task of se-
quence alignment.

The majority of RNA-Seq analysis currently depends on a strat-
egy of reference genome alignment. This provides a common
framework for comparisons between studies and allows for simple
comparison to reference annotation but it is not without its limita-
tions. The human genome is highly repetitive and some regions are
not unique, so it is impossible to unambiguously assign a sequence
read to a locus, or worse for quantitative analysis, some regions are
systematically depleted but not devoid of aligning reads. Methods
have been developed that attempt to correct for this in transcrip-
tome [117] and RNA tag sequencing [118]. Pre-computed genome
uniqueness measures are available from the UCSC genome browser
(http://genome.ucsc.edu) as the mappability track and are useful in
identifying such problems. It is also known that polymorphisms
and mutations cluster in the genome [119], a cluster of differences
from the reference genome is likely to be both of considerable bio-
logical interest and systematically missing or under-represented
from alignments of short read sequence data. In the absence of a
reference genome, or in order to overcome some of the limitations
in reference alignment, there are several tools available for de novo
RNA-Seq assembly [120].

Qualitative conclusions which can be drawn from an RNA-Seq
experiment include identification of previously unrecognised tran-
scripts and exons, alternative splicing patterns, discovery of SNPs
and the identification of allele-specific expression [121,122]. How-
ever, transcriptome sequence is a complex dataset where multiple
splice isoforms may be represented, transcription units often over-
lap and antisense transcription is abundant [123]. Deconvolving
these mutually confounding signals is a major and ongoing chal-
lenge, but there have already been a number of encouraging suc-
cesses, particularly in the discrimination of distinct transcript
isoforms [124–126]. There are also advantages from using less
complex NGS datasets such as RNA tag sequencing methods like
SAGE [64] and CAGE [73]. These can provide a quantitative mea-
sure of expression along with strand specificity and also encode
information about transcript processing such as poly-adenylation
and 50-capping which can be of great importance in discriminating
overlapping transcription units [127]. In principal, splice junction
traversing reads from transcriptome sequencing could also be used
in a similar way.

Quantitative interpretation of RNA-Seq experiments enables
digital measurement of transcript abundance and inference of dif-
ferential expression of biomarkers between experimental groups
or clinical conditions. Mapped reads are quantified based on num-
ber of reads mapping to a transcribed region. Numbers of reads
are dependent on both transcript abundance and length, necessi-
tating normalisation of read counts to transcript length. The most
commonly used metrics are Reads Per Kilobase per Million of
mapped reads (RPKM) for single-end read data and Fragments
Per Kilobase of exon per Million fragments mapped (FKPM) for
paired-end read data [7,128]. Due to their length, short transcripts
have fewer mapped reads than longer transcripts which can be a
confounding factor for statistical analysis of differential expres-
sion [129].

Finally, differential gene expression analysis of normalised
reads from RNA-Seq experiments requires the application of
statistical models such as the Poisson or empirically calibrated
distributions to estimate sampling probabilities contributing to
read frequencies [8]. Similar to the development of methods for
assessing microarray data normalisation and false discovery rates
a decade ago, these issues are being addressed with new soft-
ware packages for RNA-Seq data, however standardised proce-
dures for RNA-Seq have not yet been established (reviewed in
[130]).
5. Standardisation of RNA biomarker measurements

Increased translation of RNA biomarkers from research into
clinical practice requires discovery of new biomarkers, validation
of potential candidates and development of standardised methods
for the clinical laboratory [56,131,132].

RNA-Seq offers the possibilities of discovery of novel transcrip-
tionally active regions and splice variants with roles in disease
pathology [68,76,133]. However despite good concordance be-
tween RNA-Seq results and those obtained from microarray and
RT–qPCR platforms [7,8,134], recent reports suggest that technical
variability and sampling issues can potentially cloud conclusions
drawn regarding differentially regulated transcripts [135]. Efforts
to determine the performance of different NGS methodologies
are underway, with Phase III of the Microarray Quality Control
(MAQC) consortium, the Sequencing Experiment Quality Control
consortium (SEQC), coordinating evaluation of the major platforms
by producing benchmark data sets using reference samples, and by
comparing different bioinformatics pipelines. The use of reference
samples were fundamental to microarray performance character-
isation in the initial phases of MAQC [136], and one of these refer-
ence samples (Universal Human Reference RNA, Agilent) is
recommended as a control for Illumina RNA-Seq [43].

Synthetic spike-in materials are recognised to be useful in test-
ing of new RNA-Seq methods [85,110], however application of the
same set of universal reference standards are required in order for
cross-platform, inter-laboratory or inter-sample comparisons to be
meaningful. ERCC RNA standards have been developed to meet this
measurement need of the bio-analytical community through the
initiative of the External RNA Controls Consortium, an ad hoc group
of 70 members from private, public and academic organisations led
by the National Institute of Standards (NIST) [137]. Panels of ERCC
RNA standards have already been employed to evaluate the accu-
racy, limits of detection and biases due to GC content or transcript
length of RNA-Seq using the Illumina Genome Analyzer II [138].
Commercially available pools of ERCC RNA standards (Ambion)
are also recommended controls for SOLiD library preparation
[78]. RNA standards are a useful source for calibration by relating
read counts to RNA copy numbers and can provide information
on the efficiency of processing steps during library preparation
and template amplification [138].

In addition to universal reference materials for ensuring that fu-
ture diagnostic assays meet defined general performance criteria
for accuracy, precision and robustness, reference standards for
the specific RNA biomarkers being assayed will also be required
for routine QC of patient results [131]. In the area of molecular
oncology, the CDC Genetic Testing Reference Materials Coordina-
tion Program (GeT-RM) provides information on sources of cell
lines and DNA which are available for testing of genetic alterations
observed in leukaemias, lymphomas and solid tumours, as well as
listing sources of certified and standardized reference materials for
genetic diagnosis [139]. Hopefully the emergence of more clinically
validated RNA biomarker profiles will see the growth of disease-
specific reference materials for RNA quantification.
6. Conclusion

The last decade has seen the emergence of high throughput PCR
and sequencing platforms which will hopefully result in an expan-
sion of RNA biomarker-based diagnostic tools. With the advances
in sequencing technologies anticipated to bring about the realisa-
tion of the $1000 genome in 2012 [140], affordable individualised
transcriptomic measurements are also on the horizon. However
the majority of current applications of next generation instruments
are focussed on achieving a better understanding of complex

http://www.genome.ucsc.edu
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diseases such as colorectal cancer (readers are referred to article by
Murphy and Bustin in this issue of Methods) prior to the transla-
tion of biomarker panels into clinical practice; for example through
single cell qPCR analysis of cell sub-types present in normal and
diseased colon [141]. A combination of both genomic and tran-
scriptomic biomarkers may be most useful for personalised cancer
medicine, as although whole genome sequencing may reveal a
range of genetic alterations present in diseased tissue, the causa-
tive mutations or abnormalities may be discerned by analysis of
gene expression. Pilot studies are already evaluating this combined
approach for appropriate selection of patients into clinical trials
[142].

Whilst the diagnostic or prognostic validity of panels of
transcriptional biomarkers requires testing through large scale
prospective randomised trials before their inclusion alongside or
as replacement for routine clinical tests [143], a pre-requisite of
such trials is the technical validity of the obtained results. Bench-
marking of the performance of next generation platforms and
associated methodologies through the application of universal
controls and reference materials will help to form the foundation
for the translation of potential RNA biomarkers into authorised
clinical assays for personalised medicine.
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