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Principle considerations for the use of
transcriptomics in doping research

Elmo W. I. Neuberger, Dirk A. Moser and Perikles Simon*

ABSTRACT: Over the course of the past decade, technical progress has enabled scientists to investigate genome-wide RNA ex-
pression using microarray platforms. This transcriptomic approach represents a promising tool for the discovery of basic gene
expression patterns and for identification of cellular signalling pathways under various conditions. Since doping substances
have been shown to influence mRNA expression, it has been suggested that these changes can be detected by screening
the blood transcriptome. In this review, we critically discuss the potential but also the pitfalls of this application as a tool in
doping research. Transcriptomic approaches were considered to potentially provide researchers with a unique gene expres-
sion signature or with a specific biomarker for various physiological and pathophysiological conditions. Since transcriptomic
approaches are considerably prone to biological and technical confounding factors that act on study subjects or samples, very
strict guidelines for the use of transcriptomics in human study subjects have been developed. Typical field conditions associ-
ated with doping controls limit the feasibility of following these strict guidelines as there are too many variables counteracting a
standardized procedure. After almost a decade of research using transcriptomic tools, it still remains a matter of future techno-
logical progress to identify the ultimate biomarker using technologies and/or methodologies that are sufficiently robust against
typical biological and technical bias and that are valid in a court of law. Copyright © 2011 John Wiley & Sons, Ltd.
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Introduction

The fight against doping in sports is significantly dependent
on the development of methods and tests for the detection
of prohibited substances.!! Due to the short window of de-
tection for several doping substances, Butch et al. suggest
that cheating athletes are able to escape detection by training
in remote areas, where sample collection is considerably less
likely.” One of the key points in counteracting the growing
problem of doping is the development of more sophisticated
tests. More efficient detection with an extended detection
window for prohibited substances may prevent athletes from
engaging in doping.

Based on the idea that chemical and/or biological doping sub-
stances are likely to produce broad genetic, metabolic, and pro-
teomic changes, it has been suggested that all of these doping
procedures can be detected by transcriptional profiling.”®! Tran-
scriptional profiling is summarized under the term ‘transcrip-
tomics’ and generally refers to the characterization and
quantification of RNA in specific cells, tissues, or the whole organ-
ism. With regard to doping detection, it represents the approach
to defining specific biomarkers or expression patterns that indi-
cate the use of prohibited substances or methods. It was hypoth-
esized that even sophisticated methods like gene doping by
gene transfer could be detected by transcriptional profiling.”
Nevertheless, despite the fact that PCR-based direct detection
procedures for some specific gene doping applications™™ have
been recently described, many drugs and doping methods are
still undetectable. Therefore, indirect detection approaches using
transcriptomics may enable the simultaneous detection of multi-
ple doping substances and procedures. A particularly attractive

feature would be that all substances and methods that influence
a common transcriptional pathway might be simultaneously
detected by using this technique.

In a standardized doping test using a transcriptomic ap-
proach, RNA must be obtained from biological samples which
should be as homogenous and informative as possible, and
furthermore, easily accessible with minimal invasive techni-
ques. As reviewed by Rupert, a number of cell types and body
fluids could be used for transcriptional analysis, including
blood cells, the hair follicle, buccal and sperm cells, as well
as plasma and saliva.”? Practically, most studies focus on the
use of peripheral blood cells, as they are easily accessible and
can be obtained in sufficient amounts for gene expression profil-
ing.® Investigators from different fields in biomedicine have
been screening the transcriptome of peripheral blood cells with
the intention of detecting gene expression fingerprints that
can be specifically attributed to distinct influences. In medical
research, a large number of studies have evaluated gene expres-
sion profiles in order to improve diagnostics' for diseases like
cancer,!"” neurologic disorders,""" cardiovascular diseases,'”
and asthma,!"® to mention a few only. Furthermore, a number
of studies investigated inter- and intra-individual differences in
blood cell gene expression related to ethnicity, sex, and age.l'*'®
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As reviewed by Walsh et al. the influence of exercise on gene ex-
pression using peripheral blood cells has been studied."” Aside
from this, peripheral blood cell gene expression has been studied
in relation to a plethora of other relevant external factors includ-
ing nutrition,""® tobacco smoking,""® and medication use.”% All
of these studies have used chip-based RNA detection technology,
which represents one of the core technologies for transcriptomic
approaches. It combines standard molecular techniques with
high-throughput screening that enables researchers to measure
differences in gene expression in a genome-wide manner.

In this review, we will critically discuss the applicability of tran-
scriptomic approaches in doping analysis and research. The first
part of the discussion touches on biological variations and high-
lights individual and external considerations that complicate the
interpretation of data from the transcriptome of peripheral blood
cells (Figure 1). In the second part, the discussion turns to a num-
ber of technical confounding factors that potentially influence
the results in the course of sample treatment, sample analysis
and data evaluation. The third part presents studies that have uti-
lized transcriptomic approaches for doping detection. Finally, the
potentials and pitfalls of transcriptomic approaches in doping
analysis and research are discussed.

Biological Variation of the Blood
Transcriptome

Peripheral blood presents a convenient source of genetic material.
It is easily available in sufficient quantities with minimal invasive
techniques, and it represents the most widely used sample type
in studies with human subjects. RNA can be easily extracted from
distinct blood cells and plasma. However, despite the benefits,
blood is a highly complex system with multiple cell types at differ-
ent stages of their life cycle.?"!

Blood composition

The largest fraction of blood cells is represented by anucleate
erythrocytes. Transcriptionally active cells are reticulocytes,
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Figure 1. Factors influencing RNA profiling

leukocytes, and platelets. Leukocytes are nucleated cells that
are part of the immune defense system and thereby circulate
in blood and lymphatic fluid.2" Liew et al. found that peripheral
leukocytes share over 80% of their transcriptome with other hu-
man tissues such as brain, colon, heart, kidney, liver, lung, pros-
tate, spleen, and stomach.”? As a consequence, many studies
utilize leukocytes,”>** or more specifically, neutrophils'*>2* or
peripheral blood mononuclear cells (PBMCs). PBMCs include lym-
phocytes and monocytes, but not granulocytes or erythrocytes.'*”

Individual considerations

In comparison to the large number of studies devoted to exami-
nation of differences in gene expression according to external
influences and diseases, only a small number of investigators
have studied natural intra- and inter-individual'®*®! variation in
healthy individuals,"" as well as the related cell type specific var-
iation in gene expression.’*”!

Using a customized 18 000 gene microarray called the ‘lympho-
chip’, Whitney et al. surveyed the PBMC mRNA expression pattern
from 75 healthy individuals (40 male, 35 female)."™ Their study
demonstrates that variation in gene expression correlates with
age, gender, and the time of day at which samples are collected.
The study also suggests that a significant portion of variation in
gene expression is related to the shift in the relative proportions
of the different peripheral blood cell types.l"® Eady et al. found
inter-individual variation in PBMC gene expression profiles which
correlated with sex, age, and body mass index. An intra-individual
comparison showed that the overall expression of many genes is
stable within healthy individuals. Approximately 80% of the
genes examined had a within subject-variation of less than
20%."®" However, in another longitudinal study, Radich et al.
reported large day to day variation in gene expression in periph-
eral leukocytes.”® As reviewed by Walsh et al. the relative propor-
tion of blood cell types can vary widely even in healthy adults,
and disease and exercise further contribute to this effect.!'”’

External considerations

A number of studies from various biomedical disciplines have
shown alterations of the peripheral blood transcriptome in re-
sponse to external factors such as nutrition,***" medication,?”
and exercise.!'”? For instance, Bouwens et al. investigated food
supplementation with fish-oil for 26weeks and found signifi-
cantly altered gene expression patterns in PBMCs. Using a
whole-genome NuGO GeneChip array, 1040 genes were found
to be altered in their expression.'® Lee et al. investigated the
effects of astemizole, a second-generation antihistamine on heart
cells and PBMC gene expression in rats.?%! Using a Rat 230 2.0
array (Affymetrix) Microarray and PBMCs collected 4h post-
treatment, 702 genes were found to be significantly altered
in their expression.’”

Differential gene expression in immune competent cells fol-
lowing exercise has been studied for almost a decade using
transcriptomic approaches, and has resulted in a significant
amount of knowledge about new pathways and marker mole-
cules in adaptation to exercise. Many studies have used PBMCs
to analyze the effects of physical exercise, following the lead of
Sonna et al.®? The aim of these studies has been the identifica-
tion of an exercise-specific ‘gene expression fingerprint’ that
could be used for talent identification, prevention of disease by
exercise, and as an additional tool to improve individual/person-
alized training.l"”?
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Differential gene expression patterns in response to exercise
were found to be dependent on different workloads,'** gender/
age,*** and immunosuppression.** Connolly et al. were the
first investigators to examine the effects of defined exercise on
gene expression. Using an Affymetrix HG-U133 GeneChip, a brisk
up- and down-regulation of genes associated with stress, inflam-
mation and tissue repair was found. Despite their distinct findings,
they could not exclude that changes in PBMC gene-expression pro-
files after exercise resulted from an altered monocyte to lympho-
cyte ratio in the circulation.® Cellular shifts are a known bias
on gene expression patterns and this particular cellular shift
depends on the training status of the individual, the intensity
of exercise, the nutritional status, as well as the time of the
sample collection,®”*® reviewed Walsh et al'” In 2007, Biittner
et al. found that the intensity of the workload influences the level
of gene expression.?? Using the Affymetrix U133 GeneChip,
they found that gene expression in leukocytes varied depend-
ing on either exhaustive or moderate bouts of exercise. They
also reported that changes in gene expression patterns are
different when comparing trained and untrained indivi-
duals.* Northoff et al. described that women showed strikingly
different patterns of gene regulation in response to physical exer-
cise depending on the phase of their menstrual cycle.®* Further-
more, Radom-Aizik et al. showed that the individual's age influences
the gene expression pattern in response to exercise. After ten,
2-min bouts of cycle ergometry, 1320 genes showed an altered ex-
pression pattern in early-pubertal girls, whereas 877 genes were
changed in late pubertal girls. Importantly, only 622 genes showed
a common significant alteration between both groups.**

In summary, it is rather difficult to compare the results of these
studies as the investigators used different types of exercise, dif-
ferent microarray platforms, different RNA and array preparation
methods, different time points of sample collection, and no uni-
form cell populations. However, in a cross-platform comparison
only a small fraction of activated or suppressed genes showed
overlap between the different studies that have investigated
the supposed effects of exercise on the peripheral blood tran-
scriptome.*? Although the technology of gene expression profil-
ing in principal enables us to detect the activation of
transcriptional pathways, its practical application in exercise
physiology and exercise immunology is of very limited and only
indicative value at this time.['”?

Technical Variation by Screening the Blood
Transcriptome

The partly disappointing results revealed by transcriptomic
approaches have focused researchers’ attention on the technical
confounding factors that may influence the transcriptome in an ex-
perimental setting. In transcriptionally active tissues, such as pe-
ripheral blood, environmental changes lead to alterations in gene
expression patterns.’®! Accordingly, the process of transcriptional
profiling itself and the various technical and physical aspects
can affect the results of a transcriptomic approach. The entire pro-
cess includes specimen collection, isolation of cellular components,
RNA extraction techniques, and the screening procedure itself.*"”

Sample treatment

The most striking impact on gene expression changes arises
from the time delay between sample collection and RNA sta-
bilization and processing.®#?’*% Using the Affymetrix U133

GeneChip, Debey et al. found that a time delay of 20-24h at
room temperature before blood sample preparation led to dra-
matic changes in PBMC-specific gene expression. These changes
pertain to various biological pathways and include genes in-
volved in the immune response, proliferation, metabolism and
the cell cycle® Using reverse-transcription quantitative PCR
(RT-gPCR), Baecheler et al. found altered gene expression due
to short, ex vivo incubation times of 1-3h.*" Therefore, the han-
dling time for the isolation of specific cell types or sub-cell frac-
tions like PBMCs should be minimized, however this is almost
impossible in practice.®”! The use of whole blood RNA can be sim-
plified by the use of RNA stabilization systems. Using PAXGene™
blood can be stored for one day at room temperature, four days
at 4°C and about three months at —20°C."* This allows for trans-
portation of samples over an extended period of time. However,
the blood cells are lysed and cannot be sorted or counted. Shifts
in the blood cell population that are greater than 2-fold following
exercise®® or more than 5-fold due to different common dis-
eases®" such as the flu, will severely influence the outcome of
such a gene expression analysis even in an intra-individual anal-
ysis. Furthermore, even when using PAXGene™ tubes, storage
and cycles of freezing/thawing can lead to decreased RNA qual-
ity. For instance, Kim et al. found a decreased 28S:18S rRNA ratio
and lower RNA integrity numbers for RNAs extracted 2-4d after
blood collection in some samples.™"!

Sample processing

Despite the fact that microarrays have undergone technical prog-
ress and the utility, scope, and precision of their ability to measure
gene expression levels has increased, there are concerns about the
reliability and reproducibility of microarray results.#2=4!

In the context of the MicroArray Quality Control project
(MAQQ), Shi et al. tested seven commercially available microarray
platforms.”**! One hundred and thirty-seven investigators from 51
organizations measured gene expression levels from two RNA
samples in four titration pools on seven microarray platforms.
The intention was to test the reproducibility of gene expression
revealed by microarrays within a specific test site, across multiple
test sites, and the comparability across multiple platforms. Using
distinct, high quality RNA samples, this study showed an 89%
overlap of differentially expressed genes between test sites when
using the same microarray platform, and only 74% across differ-
ent platforms.**! In a study by Yang et al,, a set of sixteen RNA
samples was assayed five times in four different laboratories
using a common microarray platform.”*! This study showed great
differences in results across laboratories. Their retrospective anal-
ysis emphasizes that the identified differences in gene expression
resulted from differential specimen treatment. The procedure of
the Affymetrix GeneChip array includes labelling, hybridization,
wash and staining, and scanning. This study found that different
laboratories processed the samples in different batches, which
has a substantial impact on microarray data. The resulting batch
effects are technical sources of variation that influence gene ex-
pression profiles.*!

Within the MicroArray Quality Control (MAQQ)-II study (2010)
the investigators investigated the reliability of microarray results
to predict different endpoints (e.g. sex of patients and disease
progression status). The study involved thiry-six independent
teams using six different microarray platforms. A major finding
was that proficiency of data analysis could be clearly correlated
with the experience of the laboratory team. Irrespective of
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experience, some endpoints (e.g. sex of patients) were highly pre-
dictable by microarray data, whereas other endpoints (e.g. dis-
ease progression status) were difficult to predict.*®’

Despite strict protocols of sample processing and the use of the
same microarray platforms within the same laboratory, microarray
data show differences. For the validation of microarray results and
biomarker monitoring, RT-qPCR remains the method of choice be-
cause of its superior sensitivity, reproducibility and dynamic range.*”!
Recent technological progress allows for the combination of the
sensitivity of classical RT-qPCR with increased throughput. Com-
mercially available microfluidic dynamic arrays allow for measure-
ment of the expression of a large number of genes simultaneously
on a single chip*® Several studies confirmed high correlation
between the results of microfluidic dynamic arrays and RT-
qPCR™8°% with a reproducibility and sensitivity superior to
microarray results. However, alterations in gene expression deriving
from biological variation and sample treatment and processing re-
main the same for the various quantitative PCR applications as well
as for the other screening approaches in transcriptomics.

Transcriptomic Approaches for Doping
Detection

In 2004, Varlet-Marie et al>" examined gene expression of three
selected genes before, during, and after recombinant erythropoi-
etin (rEPO) administration for six weeks in humans using RT-qPCR.
They found that the mean mRNA expression slightly increased
during rEPO administration, but immediately returned to the ini-
tial value following the last injection. Of the three investigated
candidates, hemoglobin B, ferritin-light chain, and ornithine de-
carboxylase antizyme (OAZ), only OAZ-expression increased in
all subjects, presenting itself as a potential subject-independent
marker. Unfortunately, this gene was also affected by the with-
drawal of iron supplementation in the control group. In 2009, Var-
let-Marie et al® constructed three Serial Analysis of Gene
Expression (SAGE) libraries from pooled blood samples of healthy
recreational athletes after subcutaneous treatment with rEPO
(0.72pgkg'wk") for four weeks. Ninety five genes were found
to be differentially expressed. Using RT-qPCR, these genes were
tested in two athletes after high dose rEPO administration
(~260 1U/kg) for 11 days followed by low-dose (<10% of initial
dose) rEPO treatment for another 22 days. Thirty three genes
were differentially expressed during high dose rEPO administra-
tion. When data for high- and low-dose administration were com-
bined, five genes were significantly altered for at least one week
post administration in both subjects. However, gene expression
varied widely over time with all genes showing a transient return
to baseline levels following withdrawal of the high dose and dur-
ing the mirco-dose administration phase.

In 2010, Bailly-Chouriberry et al.>*' examined gene expression
profiles of seven thoroughbred horses after subcutaneous injec-
tion of rEPO (401U/kg/day) on six consecutive days. For biomarker
identification, they constructed three SAGE libraries using pooled
blood samples from seven horses collected before, during, and
after rEPO administration. Analysis of pooled blood samples from
the horses in subsequent RT-gPCR analysis over time indicated
that there might be eight candidates that are likely to respond
transcriptionally during rEPO administration. However, the candi-
date genes revealed in this study were not verified on an individ-
ual basis, and none of the candidates were found in the human
study by Varlet-Marie et al.>?

Mitchell et al® conducted a very well-designed study with
the objective to detect GH doping in humans. Considering that
growth hormone (GH) regulates various components of the im-
mune system and affects the activity and gene expression of var-
ious immune-competent cells, they hypothesized that GH
treatment may have effects on the peripheral blood transcrip-
tome. Therefore, 7 male and 13 female recreational athletes re-
ceived supra-physiological doses (2mg/d) of GH for 8weeks.
Using the Agilent microarray platform, this study showed signifi-
cant gene expression changes compared to the control group for
41 candidate-genes in men and 353 candidate-genes in women:
Surprisingly, none of those differentially expressed genes were
found to be common between men and women. In contrast to
this, Insulin Like Growth Factor 1 protein levels could be found
substantially elevated in all GH treated study subjects throughout
the treatment period, indicating the effectiveness of GH adminis-
tration. Taken together, the effect of GH treatment led to very low
expression changes within the range of normal variation in inter-
individual gene expression. Hence, discriminant gene signatures
could not be defined and the authors conclude that transcrip-
tional profiling of mRNA from PBMCs does not seem to be a via-
ble approach for the detection of GH doping. Mitchell et a/**
note that some effects may be masked by the mixed cell popula-
tion and the data might reflect a net of multiple, possibly oppos-
ing effects on the same transcript in different sub-populations.

In 2010, Minella et al>®! developed a low density microarray
platform, called ‘AndroChip 2' for putative detection of anabolic
steroid abuse. The microarray contains 190 probes to detect gene
expression profiles of androgen and insulin specific pathways. In
order to determine whether gene expression is dependent on
sports activity, they determined the gene expression profile of
mRNA pools from athletes having daily intense training (n=20),
athletes who practice sports occasionally (n=19), and sedentary
subjects (n=15). Microarray results and subsequent RT-qPCR val-
idation for 19 genes in 30 subjects emphasize that the mean
mMRNA expression level does not differ between the three groups.
Whether this low density microarray platform can provide valid
indications of androgen abuse remains to be demonstrated.

Potential and Pitfalls of Transcriptomic
Approaches

Because some doping substances share a similar or identical
structure with naturally occurring endogenous substances,
their detection has been markedly reduced or impossible thus
far. During the past few years, special attention was directed
towards improving the detectability of anabolic agents, GH,
erythropoiesis-stimulating agents (ESAs), and gene doping.>®
Since ESAs were developed for the treatment of anemia, they
have been widely abused in sports to improve oxygen transport
capacity, and therefore to increase endurance performance. An
argument for transcriptomic approaches or gene expression anal-
ysis can be particularly well elucidated for ESAs. ESAs are a very
heterogenous group of substances which include rEPO variants,
EPO biosimilars and analogues, EPO mimetics, as well as gene
doping through delivery of the EPO gene in a constitutively ac-
tive or inducible form.>”! Despite this considerable variation, all
ESAs converge on the same downstream-mechanism through ac-
tivation of the EPO receptor.*® A particular advantage of tran-
scriptional profiling could be the identification of potential
biomarkers or gene expression profiles that specifically detect
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activation of the common pathway downstream of EPO-receptor
activation . Such an indirect detection technique will have to
deliver results that are robust, valid, sensitive, and highly specific,
such that they could be used as a robust tool in the legal justifi-
cation of sanctions against athletes.

Indirect markers for doping detection have been used for many
years. According to the review by Sottas,*® early approaches re-
lied on population-based reference intervals, thereby ignoring in-
dividual differences. Currently, indirect detection approaches
allow for the combination of population-derived limits with indi-
vidual baselines for certain markers. Using Bayesian statistics, a
set of internal and external factors such as age, gender, and expo-
sure to altitude are considered in determining a subject’s specific
threshold indicative for doping. Bayesian networks related to
blood doping or anabolic steroid abuse have been applied and
validated using more than 20 000 blood or steroid profiles.®"
Following preliminary discussions in 2002, the World Anti-Doping
Agency (WADA) began development of the Athletes Biological
Passport (ABP) in 2006.1°" Three modules are currently identified:
hematological-, steroidal-, and endocrinological. So far, only the
hematological module has been implemented. However, addi-
tional variables derived from a ‘transcriptome module’ could
likely be added. Additionally, potential mRNA biomarkers for
ESAs, as suggested by Varlet-Marie et al.®? could in principal be
integrated into the hematological module. However, a large
number of samples must be tested in order to determine the var-
iation in gene expression according to biological variables such
as sex, age,l'® ethnicity,""* as well as external variables such as
exercise,’** nutrition,""® and medication,”®® and finally according
to technical variation related to sample retrieval, storage and
processing.’®

mRNA expression is highly associated with epigenetic fac-
tors such as DNA methylation and chromatin modification.
These epigenetic signatures are greatly cell-type specific but
furthermore are also influenced by environmental factors such
as life experiences,® physical activity,®® age and environ-
ment,®? and nutrition®®’ to mention a few only. Additionally,
gene expression patterns can be remarkably influenced by the
subject’s underlying genetic sequence which differs considerably
within the individual and across ethnic groups. To date, 11 million
single nucleotide polymorphisms (SNPs) have been identified
in the human genome thus far, and many more are expected
to be identified in the future.®® Potential effects on gene ex-
pression of copy number variations (CNVs), rare variations, and
mutations should also be taken into account.’®”! Such biological
variations also act as confounding factors in studies that aim
to reveal specific gene expression signatures; therefore the na-
ture of their effect on gene expression has to be determined
before this technique can contribute to the field of doping
analysis. In this context it is noteworthy that SNPs can lead
to biological variation in mRNA transcript abundance, and
can also lead to technical variation in measured transcript
abundance. Gene chip probes are designed and optimized
to target reference sequences of a particular genome and
the binding efficiency of probes has been shown to be influ-
enced by sequence variation.'*®

Screening for biomarkers using microarrays or other transcrip-
tomic techniques is therefore highly prone to delivering false
positive results that have to be validated in large-scale confirma-
tion studies. It is therefore important to statistically demonstrate
whether a potential biomarker is sufficiently robust, at least on an
intra-individual level. When compared to the naturally occurring

intra-individual variation in gene expression and technical varia-
tion, the small gene expression changes in response to doping
found by Varlet-Marie et al.*? and Mitchell et al** are a limiting
factor in the integration of transcriptomic analysis in doping anal-
ysis. As has been previously shown, PBMC-derived gene expres-
sion is highly influenced by the time of day, exercise, and even
food intake. Thereby, many clinical studies have emphasized
the need to control for such external confounding factors."” This
introduces the requirement for subjects to fast before blood sam-
pling. Such standardization procedures are not possible in an elite
athlete population. In 2009, WADA published the Athletes Biological
Passport Operation Guidelines.®® These guidelines were estab-
lished to standardize the results of monitored variables. Accord-
ingly, blood must be sampled >2h after training or
competition, and should be analyzed within 36h. To ensure test
accuracy, the additional conditions that may effect gene expres-
sion must be assessed and considered in the ABP. For profes-
sional athletes who are tested under the typical field conditions
of a doping test, this will be by far more laborious than the efforts
that have been made to establish the blood passport module. For
instance, exercise must be controlled for, since exercise can be
followed by a significant gene expression response for up to
24h.7°" A major pitfall could be gene expression changes in re-
sponse to cellular shifts. As reviewed in Walsh et al., an acute bout
of exercise is followed by an increase in blood neutrophil levels
for several hours, a transient monocytosis (~2h), and a 50-
100% increase in natural killer cells in PBMCs.'"”! Changes in
whole blood or PBMC-specific gene expression cannot be distin-
guished from cellular shift dependent gene expression.l'”? Addi-
tionally, some effects of the doping substance may be masked
due to opposing effects on different blood cell types.”* Thus, an-
other critical factor for the intra-individual comparison of gene
expression is the given blood cell population that can vary not
only due to training and competition, but also due to minor
infections,”" and the menstrual cycle.*® Other factors, such as
the ambient temperature at which a sample was taken, and the
time interval between sample storage and processing, have also
been shown to be critical and must be carefully controlled. Given
the high influence of storage conditions on gene expression anal-
ysis, only the use of PAXGene™ blood seems to be acceptable.
This means that the blood samples that are currently used in
the blood pass system cannot be used to establish or evaluate
biomarker candidates. For this purpose, future blood samples
drawn from the elite athlete population have to be taken follow-
ing strict guidelines warranting mRNA stability.

The current blood pass system is continuously monitored by
experts on an executive level in order to determine whether a po-
tential sanction seems justified given the profile changes ob-
served. It is interesting to consider whether such experts could
be found for the interpretation of transcriptomic profiles. The cur-
rent blood passport is based on data that has been collected for
over half a century, on a frequent basis, in hundreds of millions of
people worldwide. In addition, several thousand studies have al-
ready demonstrated how particular cell types of the hematopoi-
etic system react to various influences.

At this time, knowledge of the transient variables influencing
RNA data is still too limited for the implementation of transcrip-
tomics into a biological passport. Additionally, we are neither able
to define ‘'normal’ gene expression under various conditions nor
to differentiate data which are influenced by technical variations.

Thus far, the heterogeneity and incongruence of the outcomes
of studies that either attempted to find potential biomarkers for
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exercise or potential biomarkers for certain doping substances
does not justify the conclusion that the principal problems eluci-
dated here can be overcome easily in the near future.

Novel methodologies, such as next geneneration sequenc-
ing may lead to the identification of potential biomarkers that
can be used in the future. However, if very robust, consistent,
and significant expression or profile differences cannot be
revealed in a typical pilot setting using such novel, ground-
breaking technology, we will have to keep in mind that our
knowledge of the transcriptome, its regulation, and its con-
founding variables, is still very limited.

Until transcriptomics can be implemented as a standard ana-
lytical tool in doping detection, we must collect more data and
gain additional experience to ensure that the interpretation of
results leads to yes/no messages, without any doubt.

As the blood transcriptome is a particularly dynamic and
susceptible system, the use of mRNA from other tissues such
as the hair follicle’”*”* also should be considered. Reiter et al.
studied gene expression changes of cultured hair follicle dermal
papilla cells in response to stanozolol treatment and showed sig-
nificant gene expression changes for selected target genes. The
use of hair papilla cells would reduce some types of bias, such
as cellular shifts.[”*

Outlook: Other RNAs as potential biomarkers

When the human genomic sequence was published in 2004, it
came as a surprise that only approximately 1.2% of the entire
genomic DNA codes for protein.”# In this context, it is notewor-
thy that during the past few decades, non-coding RNAs (ncRNAs)
were identified and have been investigated in further detail.
Functionally, most of them are involved in the processes of the
translational machinery. In 1993, a novel class of small regulatory
RNAs, the so-called microRNAs (miRNA) were identified.””
miRNAs are short (~22 nucleotides) highly conserved non-coding
RNA molecules that post-transcriptionally modulate the transla-
tion of numerous proteins by binding to the 3’ or 5" untranslated
regions (UTRs) of their target mRNAs.”®! Physiologically, miRNAs
are involved in the regulation of cellular processes such as cell
differentiation, metabolism, and neural development in a highly
cell-type specific manner.””) Interestingly miR-1, miR-133a, and
miR-206 where found to be solely expressed in muscle.”® A ge-
netic link between muscle hypertrophy and miRNAs has been ob-
served in Texel sheep. A G/A mutation in the 3'UTR of the
myostatin gene which is involved in the repression of muscle
growth was found to increase the binding efficiency for miR-1
and miR-206, leading to suppressed protein translation.”® It
has been proposed that differential miRNA expression might
serve as a novel biomarker for a magnitude of traits®®” and it can-
not be excluded that miRNAs could also serve as a helpful tool in
the detection of doping. Interestingly, the expression of miR-188,
miR-362 and miR-210 has already been shown to be significantly
up-regulated after EPO stimulation in UT-7 cells.’®"

In addition to their intracellular role, miRNAs are also detect-
able in serum. Secreted in exosomes, they are highly stable and
have already been used as circulating biomarkers in cancer,’® di-
abetes,®* and myo-cardial infarction.®* In this context, it is note-
worthy that the first highly promising research article was
recently published, focusing on small interfering RNA using
plasma samples for doping control purposes on a mass spectro-
metric platform.®* Interestingly, since the funding of a research
project by WADA in 2010, miRNAs are investigated as potential

biomarkers for the detection of erythropoiesis stimulating agent
abuse.®®! Further research is needed to clarify the reliability of
the information coming from circulating ncRNAs as indicators
of certain traits and diseases and whether they can also be used
as a doping-related biomarker.

However, analogous to the problems already discussed for
mRNA profiling, similar biological and technical problems can
be expected for non-coding RNAs as cellular biomarkers used in
a doping test scenario.

Conclusion

Human blood transcriptome screening has been used widely in
various fields, including doping detection trials. The goal with
respect to doping detection is to discover specific gene expression
changes that allow indirect detection of the abuse of prohibited
substances. The studies emphasize that transcriptional profiling
does not provide a clear ‘yes’ or ‘no’ answer in response to doping
abuse. A particular problem of most biomarkers, including RNAs, is
the significant inter-individual variation between population, sex,
and age, which is furthermore influenced by a large number of
other confounding factors such as exercise, nutrition, and medica-
tion. Transcriptional profiling can be implemented into the ABP as
an indirect detection approach upon adequate control of internal
and external confounding factors. In order to accomplish this goal,
a large number of samples would have to be tested to determine
variation in gene expression according to biological-, external-,
and technical factors. As discussed before, the blood transcriptome
is a particularly dynamic and susceptible system that may hamper
the predictive power for doping detection. Therefore, other RNA
sample sources should be considered. A major problem is that bio-
logical and technical variations do not only coexist, but also interact
in many ways. Theoretically, randomization procedures as well as
strict experimental settings should lead to a minimization of most
confounding factors that influence the peripheral blood transcrip-
tome. However, such standardized conditions cannot be achieved
in typical doping control situations. As technologies continue to im-
prove, the identification of specific transcriptional pathways and
potential biomarkers cannot be excluded. At present, the use of
transcriptomic approaches or potential biomarkers revealed by
transcriptomics is unlikely to be sufficiently robust to withstand bi-
ological and technical bias.
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