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Circulating microRNAs as long-term biomarkers
for the detection of erythropoiesis-stimulating
agent abuse

Nicolas Leuenberger,** Nicolas Jan,* Sylvain Pradervand,” Neil Robinson?
and Martial Saugy®

MicroRNAs (miRNAs) are small, non-protein coding transcripts involved in many cellular and physiological mechanisms.
Recently, a new class of miRNA called ‘circulating miRNAs’ was found in cell-free body fluids such as plasma and urine.
Circulating miRNAs have been shown to be very stable, specific, and sensitive biomarkers.

In this paper, we investigate whether circulating miRNAs can serve as biomarkers for erythropoiesis-stimulating agent
abuse. To this end, we analyzed miRNA levels in plasma by miRNA microarrays and quantitative real-time polymerase chain
reaction (PCR). Plasma samples are derived from a clinical study with healthy subjects injected with erythropoiesis-stimulating
agent (C.E.R.A.).

Based on microarray results, we observed a significant difference in the levels of miRNAs in plasma after C.E.R.A. injec-
tion. We demonstrated that a specific miRNA, miR-144, exhibit a high increase that lasts 27 days after C.E.R.A. stimulation.
Considering the fact that miR-144 is an essential erythropoiesis agent in different organisms, these findings suggest the
possibility of using miR-144 as a sensitive and informative biomarker to detect C.E.R.A. abuse. Copyright © 2011 John

Wiley & Sons, Ltd.
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Introduction

In the last two decades, a family of short (19 to 25 nucleotides) en-
dogenous RNAs have been identified."! These small, non-protein
coding transcripts are called microRNAs (miRNAs). These molecules
possess a single strand with a hairpin structure and are known to
regulate gene expression post-transcriptionnaly.” Nearly a thou-
sand miRNA have now been identified in tissues. Many studies have
demonstrated that miRNAs are mainly active for down-regulating
gene expression by imperfect base pairing of messenger RNAs
(mRNAs) which reduces the protein output. Some studies have also
showed that they are active for up-regulating gene expression by
enhancing translation under specific condition.>*

Since 2008, miRNAs have been found in a number of cell-free
body fluids such as urine, saliva, serum, and plasma.”’ This new
kind of miRNAs is called ‘circulating miRNAs'. Although the phys-
iological role played by circulating miRNAs is poorly understood,
a function of hormone-like molecule is hypothesized.!

It has been shown that these extracellular RNAs are very stable,
resistant to plasma RNases, remain stable after boiling, subject to
high/low pH or after freeze-thaw cycles.”™

In addition to being stable, present in lot of body fluid, and
easily testable, the expression of miRNAs can be deregulated in
case of cancer and organ injuries.®'®"3 A number of publica-
tions have examined the possibility of using the circulating miR-
NAs as biomarkers.['¥

The fight against doping is mainly based on direct detection of
a prohibited substance in an athlete’s biological sample. Some
methods also use indirect markers. The hematological passport
is an example where blood markers are used to highlight any

modification of erythropoiesis."> Another example is the use of
methods based on proteins as an indirect marker for the detec-
tion of exogenous recombinant human growth hormone (GH)
abuse (rhGH).['®

As miRNAs can be use for medical diagnosis, they
may be used for the detection of doping. In comparison with
protein markers, miRNAs are less complex molecules and ampli-
fication by polymerase chain reaction (PCR) can increase their
detection sensitivity.

Recent research has highlighted the function of miRNAs in
erythropoiesis and in hemoglobin synthesis.'*'>?!

This study investigates whether circulating miRNAs can be used
as biomarkers for an erythropoiesis stimulating agent (CER.A.)
abuse. The purpose was to highlight a difference in the expression
of specific miRNAs in plasma samples after C.ER.A. injection. In
order to investigate this modification, miRNA expression profiling
was performed using microarray screening. In a second step,
quatitative real-time PCR (qRT-PCR) was performed on plasma
samples from a clinical study conducted with healthy subjects
who received a single C.ERA. injection.”?*

[8,10,14,17-20]
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Materials and methods

Study protocol

Details related to participants and plasma samples collection time
in the study have been described elsewhere.!* Briefly, six healthy
Caucasian men having a mean age of 23.0years (SD 2.97) and a
mean body mass index (BMI) of 23.3kg/m? (SD 1.48) received a
single subcutaneous or intravenous injection of 200 ug C.E.RA.
(MIRCERA®, Roche Pharma AG, Reinach, Switzerland). Plasma
samples were stored at —20 °C. In order to test hemolysis in plasma,
hemoglobin concentration was quantified using plasma/low Hb
photometer (HemoCue®, HemoCue AG, Wetzikon, Switzerland). A
complete red blood cell count was performed, and the reticulocyte
cell population was quantified using a Sysmex analyzer (XT-2000i
analyzer, Sysmex, Norderstedt, Germany).

MicroRNA microarray

Total RNA, including miRNAs, was isolated from 200 pl plasma by
using the miRNeasy kit (Qiagen) as described,** with minor mod-
ifications. After elution with 35l of Rnase-free water, eluat was
concentrated to 10 pl with speedVac (UNIVAPO 150 ECH system)
with a speed of 1250 rpm, a temperature of 20 °C for 15 min to in-
crease the concentration of circulating miRNAs. In total, 700 ng RNA
of each sample was labelled according to the Agilent’'s miRNA
Microarray System protocol as described elsewhere.” The labelled
RNAs were hybridized to Agilent human miRNA microarrays
(Human miRNA Microarray Kit version 2 #G4470B, Agilent Technol-
ogies, Inc. (Santa Clara, CA, USA) according to the protocol. Signal
intensities were scanned with an Agilent G2565BA fluorescent
scanner and processed by Agilent Feature Extraction Software
(version 10.7.1.1). Total Gene Signal from Agilent GeneView data
files were imported into R (version 2.12.2, http://www.R-project.
org). MicroRNAs not detected in at least one sample were discarded
and data were log2 transformed after adding a small constant of
8 to avoid negative values. Then, data were normalized using an
invariants-based method described previously.”® Briefly, standard
deviation (SDs) across all samples were calculated for each miRNAs
and the population of miRNAs that vary the less was identified by
fitting normal mixture models on the SDs, using the R package
‘mclust’'*”) Here, we did not remove lowly expressed miRNAs prior
to the invariants selection. Normalization coefficients were com-
puted by robust regression using the invariants miRNAs and each
array were scaled according to the regression coefficients. Differen-
tial expressed miRNAs were identified using ‘limma™®® using a
linear model with the day post-injection and the subject as factors.
P values were adjusted for multiple testing with the Benjamini and
Hochberg method to control the false discovery rate (FDR).

MicroRNAs RT-qPCR

Extraction of miRNAs was performed as above without the con-
centration step. Real-time PCR for miRNAs was performed using
the mercury LNA™ Universal RT microRNA PCR system (Exiqon,
Vedbaek, Denmark) according to the manufacturer’s instructions.
For qPCR, 4 pl of eluted RNA was used in a 20 pl RT reaction. The
resulting cDNA was diluted 20x and 8 pl used in 20 pul PCR ampli-
fication reactions run on a Roche LightCycler 480 real-time PCR
system. Non-template control was added to verify specificity of
the gRT-PCR. PCR efficiency and dynamic range of quantification
were similar for every tested sample. Primer set for hsa-miR-144
and hsa-miR-923 were from Exiqon library. Primers sets target

the following sequence: hsa-miR-144- 5' — uacaguauagaugau-

]

guacu - 3" and hsa-miR-923-5"- 5’ - gucagcggaggaaaagaaacu - 3'.

Statistics

Statistical analysis was performed with 2-tailed Student’s t-test.
Quantitative data are expressed as mean + SEM. A P value less
than 0.05 was considered significant.

Results and discussion

The changes of plasma miRNA concentration after a single high-
dose injection of erythropoiesis-stimulating agent (ESA) were
investigated to study the potential of circulating miRNAs in
anti-doping. The performance of this technology was evaluated
using a clinical study that involved subjects receiving C.ERA.*
The goal was to identify miRNAs candidates as potential long-term
biomarker to detect ESA abuse. Total RNA extraction was
performed with 200 pul of plasma’s volunteers as depicted in
Figure 1A and described in the Material and method section.
Agilent microarrays were used to profile circulating miRNAs,
2 day and 20 days after a single injection of C.E.R.A.

The hybridization intensity of circulating miRNAs was calcu-
lated and most miRNAs were either not expressed or expressed
at very low levels. Indeed, out of 961 miRNAs measured, only
167 non-control miRNAs were called ‘present’ in at least one sam-
ple and 63 miRNAs were commonly detected in all samples. This
number of detectable circulating miRNAs is consistent with a pre-
vious study.””® Subjects A and B were injected intravenously or
subcutaneously, respectively. The number of present miRNAs is
higher for the late time points, suggesting that the number of dif-
ferent circulating miRNAs increases after stimulation (Figure 1B).
No significant change was observed between intravenous and
subcutaneous administration routes. Among the miRNAs show-
ing at least 2-fold change between late and early time points
and a false discovery rate (FDR)< 5%, miR-144 showed the
largest and most significant fold change (9.4-fold; P < 0.0005)
(Figure 1C, Table 1 and supplementary Table 1). MiR-144 is an in-
teresting candidate, because it has been shown to be essential in
erythropoiesis in different organisms such as zebrafish, mice, and
humans.?>3%31 MiR-451 has also been shown to respond to
erythropoiesis stimulation and is another potential biomarker with
a 2-fold change increase at day 20 after CERA. injection.??>3
However, miR-451 was not significant (FDR=0.30). Human
miR-923 was the most expressed circulating miRNA and it pre-
sented only a moderate non-significant change (Figure 1C). The
high plasmatic expression of miR-923 was reported previously.”
Since miR-923 had also a low coefficient of variation across all
samples (0.031), it was considered as invariant and used as an
internal control for RT-qPCR validation of microarray results.

Plasma hemoglobin was measured in the samples to ensure
that hemolysis did not influence miR-144 concentration in
plasma. We observed no difference in hemolysis between the
samples (data not shown). Different time points after C.E.R.A. in-
jection were analyzed by RT-gPCR to validate microarray results
for miR-144. An increase of the miR-144/miR-923 ratio was
observed up to 27 days after C.E.R.A. single injection (Figure 2A).
At Day 27, the miR-144/miR-923 ratio showed an average
increase of 5.13-fold (P <0.05) compared to Day 0 (day prior to in-
jection). The variation of miR-144 measurement was quite large,
which was caused by different degrees of response to CE.RA.

wileyonlinelibrary.com/journal/dta
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Figure 1. (A) Strategy for extracting circulating miRNAs from plasma. (B) Number of miRNAs detected by the Agilent microarray platform from plasma
of the two subjects tested. Values are shown in duplicate. (C) Log-fold change versus mean expression for the 167 non-control miRNAs called ‘present’ in
at least one sample. Fold changes are log2 differences between expression at Day 20 and Day 2 after ESA stimulation. Normalized expression of the
8 microarray samples is averaged to calculate the mean. Significant miRNAs are indicated with the closed circles. Fold change and mean of expression

are based on microarray hybridization intensity.

administration among different individuals as observed in other
studies."®?% In comparison, hematological biomarkers such as
the percentage of reticulocytes showed a pick at 6-8 days and
a return to the baseline 16 days after C.E.R.A. injection (Figure 2B).

Table 1. List of most affected miRNAs by C.E.R.A. stimulation. FC=Fold
change (log2) injected/control; Mean Exp. = mean expression. Mean of
expression are based on microarray hybridization intensity. FDR = false
discovery rate. Selected MicroRNAs were detectable in every sample
miRNA name FC Mean Exp. P Value FDR
hsa-miR-144 2.84 7.52 0.0023 0.0218
hsa-miR-19b 1.85 6.38 0.0004 0.0065
hsa-miR-106b 1.71 6.16 0.0001 0.0049
hsa-miR-93 1.68 4.79 0.0002 0.0064
hsa-miR-101 1.68 543 0.0005 0.0068
hsa-miR-185 1.64 5.27 3.22E-05 0.0026
hsa-miR-19a 1.51 493 0.0004 0.0067
hsa-miR-1246 1.29 6.77 0.0693 0.1645
hsa-miR-140-3p 1.26 4.29 0.0003 0.0064
hsa-miR-142-5p 1.19 4.58 0.0008 0.009
hsa-miR-25 1.16 5.61 0.0004 0.0065
hsa-miR-29¢ 1.07 5.03 0.0006 0.0073
hsa-miR-92a 1.06 7.67 2.93E-05 0.0026
hsa-miR-17 1.05 4.18 0.0041 0.0333
hsa-miR-451 1.03 10.7 0.1937 0.3028
hsa-miR-874 —1.66 873 0.004 0.0333

No significant hemoglobin concentration change was observed
throughout this study (data not shown). These data further sug-
gested that specific circulating miRNAs, such as miR-144, might
be more sensitive indirect biomarkers than the current hemato-
logical parameters such as the reticulocyte count.

To investigate the utilization of circulating miR-144 as a long-
term biomarker to detect erythropoiesis-stimulating agents
(ESA) abuse with more statistical significance, we assessed miR-
144 expression in 18 individuals in early and late time points after
C.E.R.A. injection (Figure 3A). MiR-144 showed an average of 3.5-
fold change compared to control days (P < 0.01). In contrast, no
significant difference of quantitative cycle (Cq) was observed
for miR-923 that demonstrate that miR-923 is an ideal endoge-
nous control (Figure 3B). Taken together, miR-144 represents a
potential long-term biomarker to detect CE.RA. abuse from
plasma samples.

Besides being recognized as key molecules in intracellular reg-
ulatory networks for gene expression, the spectra and levels of
some MiRNAs are emerging as biomarkers for various pathologi-
cal conditions.*¥ In recent years, some findings suggest that cir-
culating miRNAs may be plasma biomarkers for cancer diagnosis
and organ injuries.®%1*1772% |n this study, we hypothesized
that circulating miRNAs in plasma could be very specific and sen-
sitive for the detection of ESA agent abuse in the anti-doping
field. This report demonstrates circulating miRNAs changes of in
plasma resulting from ESA injection. We used plasma from
healthy volunteers as a model system and showed changes in
spectra and levels of circulating miRNA as a result of a single in-
jection of CE.R.A. As the same samples were used in other study
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Figure 2. (A) Levels of miR-144 in plasma samples collected from
healthy volunteers after injection of C.E.R.A. The collection days are indi-
cated on x-axis. The relative change of miR-144 level is compared with
day 0. Data were normalized to miR-923, which remained unchanged af-
ter CE.R.A. injection. The values of miRNA fold change are the average of
6 independent samples from each time point, values are presented as
mean + SEM. *P<0.05 versus day 0. (B) Percentage of reticulocytes was
determined after CERA injection. The collection days are indicated on
x-axis. Blood samples are the same than collected plasma in (A). Values
are presented as mean £ SEM. *P<0.05 and **P<0.01 versus day 0.

that described a direct assay to detect C.ERA. in serum,’*® the
detection window can now easily be compared with this report.
In that study, the pick of C.E.R.A. concentration in serum in sub-
jects was between 3 to 5days after injection and the detection
window around 15 days for the most of volunteers. In addition,
the highest level of reticulocytes was observed 8 days after C.E.
R.A. injection (Figure 2B). In our study, we were able to detect a
change of a specific miRNA 27 days after C.E.R.A. injection. Due
to the high level of specific of miRNA at this time point, it is likely
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that the detection window could be longer. Thus, the level of a
specific plasma miRNA is more sensitive than the current markers
for detecting C.E.R.A. abuse in athletes.

Previous studies reported a general increase of detectable
miRNA after drug injection or in leukemic patient compared to
control.l"*2% We observed the same trend in our study where
the number of miRNAs called present is higher in all the late time
point samples compared to early time points.

The highest observed increase microRNA following C.E.R.A. injec-
tion was the circulating miR-144. Interestingly, miR-144 has been
shown to be essential in erythropoiesis in different organisms such
as zebrafish, mice, and humans.*>*®3" |n addition, miR-451 that
increases 2-fold in our study was demonstrated to be a key mole-
cule in normal human erythroid differentiation.*>** Indeed, the
results of our in vivo study could enhance the understanding in
human hematopoiesis field. C.E.R.A. injection induces a significant
change in the expression levels of a number of miRNAs in plasma.
For this study, we focused on miR-144 due to its highest change.
However, characterization of other CERR.A. stimulated-circulating
miRNAs is under investigation in our laboratory.

The lack of a standard house-keeping miRNA for normalization
is a major technique issue in the quantification of circulating miR-
NAs. A common strategy is to use spiked exogenous control from
C.elegans origin.®®! Previously, a study showed that normalizing
results to those of spiked exogenous control miRNAs was not op-
timal.®> Reproducibility studies emphasized the importance of
choosing an endogenous control to counteract the physiological
variance between individuals. Circulating miR-16 has been used
to normalize the results of miRNAs of interest in many studies.!"
However, this miRNA was shown to be particularly susceptible to
hemolysis.**! In our study, miR-923 was chosen as endogenous
control to normalize data, due to its highest plasmatic quantity™™
and its low coefficient of variation across all samples. This low var-
iation was confirmed with RT-qPCR (Figure 3B). Thus, miR-923 could
be considered as potential internal control in the future.

The development of minimally invasive test for the detection
of forbidden substance in blood could greatly help the fight
against doping in general.

In this paper, our results lay the foundation for the development
of microRNAs as a novel class of blood-based doping biomarkers.
Experience from Athlete’s hematological passport shows the neces-
sity to use a combination of different biomarkers to detect doping
in sport. In this line, circulating miRNAs could serve as additional
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Figure 3. (A) Level of miR-144 between early time points (day 0-2) after C.E.R.A. injection compared to late time points (day 20-27). Circulating miR-923
is used as internal control. The values of miRNA fold change are the average of 15 independent samples, value are presented as mean + SEM. **P<0.01
versus early times points. B. Level of miR-923 between early time points (day 0-2) after CERA injection compared to late time points (day 20-27).
Average Cq (quantification cycle) values is used for miR-923 comparison. NS =non-significant change.
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genomic biomarkers to optimize the fight against doping. How-
ever, influence of different parameters such as high altitude train-
ing, effort and robustness on miR-144 have to be tested.

Circulating miRNAs may be excellent biomarkers in anti-doping
compared to proteins. MiRNAs are not known to undergo any
post-processing modifications and due to their size, their chemical
composition is much less complex than most other biological
molecules. Detecting specific miRNA species, although somewhat
challenging, is inherently a much easier task than detecting
proteins.*®! A synthetic complementary oligonucleotide should
deliver sufficient specificity, and a standard qRT-PCR assay can be
used for amplification to increase the detection sensitivity.

Circulating miRNAs can be directly detected in less than 1 pl of
serum by RT-gPCR."” Thus, smaller volumes of plasma sample
need to be collected during a doping control. In addition, it
has been demonstrated that miRNAs could be detected in
urine.”272% The use of urinary miRNAs to detect ESA abuse is un-
der investigation in our laboratory.

Our results, although preliminary, strongly suggest that circu-
lating miRNAs could be applicable in many doping trends such
as autologous blood transfusion or growth hormone abuse.

Conclusion

In summary, this study showed an increase of a specific circulat-
ing miRNA, miR-144, in plasma samples after a single CERA.
injection. Moreover, this increase indicated that the miRNA
method might be use for long-term detection.
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