
The application of molecular biomarkers is a common research field in
many different areas, including clinical diagnostics, therapeutic
prediction, risk assessment and food safety. By applying molecular
biomarkers, different physiological or pathophysiological conditions
can be identified in patients, or stages of disease progress can be
distinguished. There are numerous molecular levels on which such
biomarkers can be determined: from the detection of DNA mutations or
methylation patterns (genomics and epi-genomics), over-expression

profiling of specific gene transcripts (transcriptomics), to the screening
of functional proteins (proteomics) and the deposition of degradation
products (metabolomics)2,4,5. 

The primary essential information for each protein is encoded in
the genome, where epigenetic modifications have a great influence 
on the expression profile and expression rate of specific genes. This first
step of building a functional protein is the transcription of the specific
gene into the coding messenger RNA (mRNA). Beside mRNA, the

Molecular diagnostics and biomarker discovery are gaining increasing attraction in clinical research. This includes
all fields of diagnostics, such as risk assessment, disease prognosis, treatment prediction and drug application
success control1,2. The detection of molecular clinical biomarkers is very widespread and can be developed on
various molecular levels, like the genome, the epi-genome, the transcriptome, the proteome or the metabolome.
Today, numerous high-throughput laboratory methods allow rapid and holistic screening for such marker
candidates. Regardless of which molecular level is analysed, in order to detect biomarker candidates, high 
sample quality and a standardised and highly reproducible quantification workflow are prerequisites. This article
describes an optimal and approved development strategy to discover and validate ‘transcriptional biomarkers’ in
clinical diagnostics, which are in compliance with the recently developed MIQE guidelines3. We focus on the
importance of sample quality, RNA integrity, available screening and quantification methods, and biostatistical 
tools for data interpretation.
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transcriptome also includes a huge variety of non-coding RNAs which
have regulating functions on protein formation, like tRNAs, rRNAs,
miRNAs, piRNAs and long non-coding RNAs. All these expressed
transcripts are summarised in the transcriptome6.

Compared to the technically very complex analysis of post-
translational modified proteins or chemically closely related
metabolites, today the analysis of the
transcriptome is relatively fast and easy. Hence,
the development and application of ‘transcript -
ional biomarkers’ for different purposes has
risen tremendously in clinical diagnostics
during the recent years4,5. 

The ‘gold standard’ method for the reliable
and quantitative analysis of single gene transcripts is still reverse
transcription polymerase chain reaction (RT-qPCR). However, if
someone wants to perform a holistic screening for a high number of
transcripts or even for all transcripts in a biological sample, recently
developed next-generation sequencing (RNA-Seq) will be the method of
choice. Since RNA-Seq is still relatively expensive to perform on any
large sample set, preliminary screening on a subset of representative
samples is conducted most of the time. To validate these candidates in
all available biological samples, those transcripts can then be
quantified and confirmed using RT-qPCR, and if such transcriptomic
biomarkers form a valid and stable ‘biomarker signature’, they are
suitable for the implementation in RT-qPCR routine analysis in clinical
molecular diagnostic laboratories. It is also an advantage to apply RT-
qPCR for molecular diagnostics, since it is fast to perform, relatively
cheap, already established in almost all clinical laboratories and if
applied according to the MIQE guidelines, valid and highly reproducible.

This article describes the technical require ments for the
development of high quality transcriptomic biomarkers according to
the MIQE guidelines3, using RNA Seq and RT-qPCR.

Sampling and RNA quality assessment
An important consideration in biomarker research is the quality of the
analysed samples and the nucleic acids contained within. It has already

been shown multiple times that the integrity of all RNA transcripts has
a tremendous effect on RT-qPCR performance, either for mRNA or
microRNA quantification7,8. Obtaining high integer RNA starts with the
quality of sampling, which needs to be fast and clean to avoid
contamination with RNases. Storing tissue samples in formalin-fixed,
paraffin-embedded, as it is mostly performed in clinical routine

diagnostics, leads to a crosslinking and high
degradation rate of RNA and therefore delivers
limited or misleading biomarker information9. 

Storing samples in stabilising solution, e.g.,
PAXgene blood or tissue (PreAnalytix),
LeucoLock (Life Technologies), or RNAlater
(Ambion), or snap freezing in liquid nitrogen

would be the preferred sampling and storage strategy to obtain high
quality RNA. It has been shown that the RNA integrity number, which is
determined by Agilent Technologies’Agilent 2100 Bioanalyzer, directly
correlates with the resulting Cq value and hence with the quantification
result. The better the RNA integrity and the higher the RIN value, the
more specific the RNA or microRNA molecules that can be quantified in
the respective sample7,8.

Strategy for transcriptomic biomarker discovery
Screening by next generation sequencing and 
validation by RT-qPCR
There are two main strategies for biomarker detection for a specific
physiological status, disease or treatment. On the one hand, there is
the so called ‘targeted approach’, whereby a limited number of well-
known and established biomarker candidates that are potentially
influenced by the examined condition are quantified. Regarding the
analysis of the transcriptome, RT-qPCR will be the first method of
choice. Depending on how many biomarker candidates shall be
analysed, single gene assays or qPCR arrays can be applied5.

On the other hand, there is the so called ‘untargeted approach’,
whereby all transcript sequences of a sample will be screened and
therefore quantified. This allows for the detection of new and unknown
biomarker candidates that would not be recognised by the researcher

using the targeted approach. Some years ago, microarray
technology was the ‘gold standard’ for the broad screening of
differentially expressed genes. Since next-generation
sequencing (NGS) technology, with its array of applications
like RNA-Seq or small RNA-Seq, has become more and more
popular, it has displaced microarray analysis10. Applying NGS,
a holistic and very sensitive quantification of all different RNA
species is possible. Compared to microarray analysis, it has
no upper limit of quantification, nearly no background signal
and a higher dynamic range in the expression levels11.

If a stable and treatment-specific biomarker signature
should be established, a high number of biological samples is
required to exclude markers that are also dependent on
generic factors, like age, gender, stress and nutrition. As
screening methods like RNA Seq are still very expensive, the
untargeted approach is usually applied only in a small subset
of samples. After analysing the data for potential biomarker
candidates, they can be validated via single RT-qPCR assays in
all available samples11,12. Validating small RNA-Seq data using
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Figure 1: Correlation analysis of miR-3431 expression between results obtained from small 
RNA-Seq analysis and single miRNA target RT-qPCR analysis

In order to detect biomarker
candidates, high sample quality 
and a standardised and highly

reproducible quantification 
workflow are prerequisites 



single target RT-qPCR assays showed that the
obtained read count correlated well with the Cq
values from qPCR (Figure 1; page 34).

Biostatistical tools for 
multivariate data analysis 
The physiological answer to a treatment, drug
application or disease is usually a complex regulation
cascade, whereby the expression of multiple mRNAs
and their connected small RNAs are impacted. For the
most part, a meaningful expression pattern of
significantly regulated gene transcripts is the out -
come of transcriptomic biomarker research13,14. But to
obtain the intended ‘unique biomarker signature’,
highly advanced bioinformatical tools for data visual -
isa tion, data comparison, data grouping or treatment
cohort separation must be applied. The goal is the
visual and statistical separation of the treated
‘abnormal’, or patho-physiological, from the ‘normal’
physiological status. So-called multi variate data
analysis tools like hierarchical cluster analysis (HCA),
heatmaps or principal components analysis (PCA) can
be ideally used for this purpose13. 

HCA is a frequently-used tool for the two-
dimensional illustration of multiple parameters
available for a sample. Within HCA analysis, the
expression profile of different samples is divided into
subgroups, with the goal to create subsets that share
as many common characteristics (transcriptional
biomarkers) as possible. The more common the
expression profile of two biological samples appears,
the nearer they are positioned in the created cluster.
Clustering is performed in many repeating cycles within the probands
and the best biomarker similarities are combined in one cluster. Finally,
this leads to a tree-shaped dendrogram (Figure 2A) that displays the

distance between the samples based on their individual expression
profile of the applied parameters13,15.

A special application of HCA is the creation of a two-dimensional
heatmap (Figure 2B). Clustering can be performed in parallel for the
measured parameters, e.g., quantified transcripts and investigated
samples/individuals. Using a heatmap, those two parameters can be
combined in one plot, resulting in a colour-coded presentation of the
complete experimental matrix (applied parameters vs. samples).

PCA is a further biostatistical method for visualising the affiliation
of a sample to a group based on the similarity of specific parameters.
PCA is also based on a statistical procedure, able to convert big 
multi-dimensional data sets into two-, or three-dimensional variables
called principal components13,16,17. Using PCA in transcriptomic
biomarker discovery, the classification of samples is mostly based on
the expression values obtained from NGS or high-throughput RT-qPCR
expression profiling experiments, whereat each sample/individual is
represented by one data point on the PCA graph (Figure 3).

Summary and conclusion 
The use of transcriptomic biomarkers has already entered different
fields of clinical research. Obtaining reliable and reproducible results 
is most important in developing valid biomarker signatures2,5. 
High sample quality and high RNA integrity is a first essential step to
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Figure 2: HCA (A) and heatmap (B) analysis of a biomarker research trial with 21 controls and 14 treatment
samples. Herein 11 independent gene transcripts were integrated in the analysis applying Genex software15

(MultiD, Sweden)

Figure 3: PCA analysis of a biomarker research trial with 21 untreated controls 
(blue circles) and 14 treated probands (red triangles). Herein, 11 independent 
gene transcripts were integrated in the analysis applying Genex software15

(MultiD, Sweden)



reach this goal. For the detection and expression profiling of
transcriptomic biomarkers, different general quantification strat-
egies are available. Either the expression of a set of predefined 
genes is quantified using RT-qPCR or a holistic approach is taken to
monitor the whole transcriptome of a biological sample, applying 
RNA-Seq10. Regardless of which of those strategies is followed, the 
result is ideally a set of candidate genes, whose expression is changed.
To get the intended information out of such a biomarker set,
multivariate data analysis tools, like HCA, PCA or heatmaps are 
very helpful. In the research field of establishing new sensi-
tive detection methods for drug abuse in veterinary molecular
diagnostics, those biostatistical methods have already been
successfully employed18.  
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