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Although there have been no known reports of gene doping in the horseracing industry to date, the relatively rapid advances and increasing

accessibility of technologies for genetic modification may make this a reality. It is therefore prudent to investigate and develop methods to detect

such practices. Therapeutic oligonucleotides technologies may be repurposed for gene doping. A common way of improving the structural

integrity and stability of oligonucleotides to retard degradation when used for therapeutic applications is the addition of a phosphorothioated

modification. This chemical moiety was employed as a viable marker for the detection of phosphorothioated oligonucleotides, using a method

based on targeted and non-targeted spectroscopic analysis with liquid chromatography tandem mass spectrometry, including information-

dependent data acquisition with dynamic background subtraction. It is proposed that this method be further investigated for use in the detection

of equine gene doping.

Introduction

Maintaining the integrity and fairness

of competitive sports has become an
increasingly demanding effort. Since

the establishment of the International
Federation of Horseracing Authorities
(IFHA) Gene Doping Control Subcommittee
(GDCS) in March 2016 [1], several
horseracing nations have decided to work
together and invest in research to better
understand this relatively new form of
doping [2]. Although it is believed that gene
doping has not been or is currently being
misused to corrupt the sport, this investment
demonstrates the commitment of these
nations to stay ahead of potential cheating
[2]. In Japan, the Laboratory of Racing
Chemistry has been researching gene
doping detection methods since 2017 and is
currently developing nucleic acid medicine
and transgene detection methods [3].

The doping could consist of the
administration of oligomers or polymers
of nucleic acid, nucleic acid analogues,

or genetically unmodified or genetically
modified cells, resulting in the genetic
manipulation of racehorses to enhance
their performance [4,5]. Although this has
not been demonstrated in equine species,
studies in other mammalian species have
shown the feasibility of gene doping to
enhance athletic performance [6,7]. Through
its potential ability to not only affect the
genetics of an animal long-term but also
the genomes of its offspring, gene doping
threatens both horse racing and breeding
[2,4]. This was recognised by David Sykes,
the director of equine health and welfare
at the British Horseracing Authority (BHA),
who stated in April 2019 [2], “This is new
technology that is unravelling all the time;
none of us here think that there has probably
been a previous incidence of it, but that
doesn't mean that we shouldn't be looking
forward into the next five or 10 years and at
least being able to identify if it is going to
occur.”

This technology came about originally
in efforts to develop new medicines to
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treat previously undruggable, usually rare,
human diseases, such as spinal muscle
atrophy - a disease that is the most common
hereditary cause of infant mortality [4,8,9].
The development of oligonucleotide
medicines occurred in fits and starts with
much hope and many setbacks over the
last 30 years or so [10-12]. However, as the
basic biology became better understood
and chemistries improved, along with more
sophisticated delivery systems, we are now
seeing a renaissance in oligonucleotide
therapies [10-12]. Several such rationally
designed precision medicines have now
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Figure 1: Chemical structure of

phosphorothioated nucleic acids.
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Figure 2: Quadratic calibration curves of PSOs in deproteined horse plasma on Day 1 and Day 2.

been approved by the US and EU drugs
and medicines regulatory authorities (FDA
and EMA respectively) [8]. However, with
this powerful new technology comes the
potential to misuse it [4].

Detection is essential to
deterring gene doping

It is to counter of this potential abuse

in sports, particularly in horse racing,

that countries like the UK have already
implemented research programs scheduled
to span the next 5 years [2]. Genetic
technologies could be used to enhance

the performance of racehorses [4]. Genetic
expression could be manipulated to improve
muscle strength and sprinting ability,

oxygen delivery or blood flow to muscles for
enhanced endurance, energy metabolism

in muscles to resist fatigue, pain alleviation
or injury repair for post-race recovery [4,5].
Similarly, the performance of rival horses
may be diminished by impairing any of these
mechanisms through gene doping [4]. These
genetic manipulations may also be applied
to the germline of thoroughbreds, meaning

that not only the doped horse is affected
but also potentially all of its offspring [4,5].
This would massively disrupt the selective
breeding of thoroughbred horses with
pedigrees and heritage traceable for
generations, some all the way back to the
18th century when Arabian stallions were
first introduced and bred with mares in the
UK [4,13]. Moreover, as this technology is still
relatively new, there is a lot we still do not
know about its adverse effects, especially in
the long term, which may prove to be highly
detrimental and irreversible [4,5].

Although there has not yet been a gene
doping incident detected in horseracing

or breeding, the possibility of this form

of doping is very real [2]. The rapid
development of this technology may mean
the eventual availability of a do-it-yourself
gene-doping kit in the not so distant

future [2]. In order to get out in front of this
potentially deeply persistent form of doping,
it is vital that robust and reliable methods of
detection are developed and implemented
[2,4,5,14]. An analytical method has been
developed to detect oligonucleotides
synthesised for gene doping. This method

relies on the detection of a key chemical
moiety that has commonly been introduced
to improve the structural integrity and
stability of oligonucleotides, making them
more resistant than native nucleic acids

to degradation [15]. The moiety is that

of phosphorothioate (PS) modification of
nucleic acids, a modification that does not
naturally occur in animals (see Figure 1)
[14]. Liquid chromatography tandem mass
spectrometry (LC-MS/MS) was used to
analyse horse plasma, an ideal matrix for
gene doping tests, to identify and quantify
any PS oligonucleotides (PSOs) present.

Experimental

Sample preparation

To test the method developed to detect
PSOs in equine serum, samples were
prepared from equine plasma. One set of
samples would be blank samples, serving as
negative controls. Another set of samples
would be spiked with PSOs, serving as the
test samples. Horse plasma was obtained
by centrifugal separation of whole blood
collected with EDTA. The plasma was
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Figure 3: Total ion chromatogram (TIC) of non-targeted analysis of PSOs in deproteinated horse plasma with 4.5 ug/mL of oligo dT (blank sample control; left graph),
and with 100 ng/ml PSO (spiked sample containing Oligo 1; right graph).
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deproteinated by adding 30 mL acetonitrile
(LC/MS grade, Wako, Osaka, Japan) to

15 mL horse plasma in 50 mL tubes, then
mixing vigorously, storing at 4°C for 15
min, centrifuging at 3000xg for 15 min,
and collecting 40 mL of the supernatant.
Remaining solvent was removed using

an evaporator, and the final volume was
adjusted to 10 mL with Milli-Q water. The
deproteinated horse plasma samples were
then stored at —20°C until use.

For the PSO, a 22-mer antisense sequence
of exon 2 of the equine myostatin gene
(MSTN), 5-GAG ATC GGATTC CAG

TAT ACCA-3', was synthesised, with all

the nucleotides phosphorothioated
(GeneDesign,Inc. Osaka, Japan). The PSO
was purified using HPLC, then dissolved in
100 mmol/L triethylamine acetate (TEAA)
buffer at a concentration of 20 pg/mL. One
set of the equine plasma samples were then
spiked with PSO to concentrations ranging
from 1 ng/mL to 20,000 ng/mL. To evaluate
any false positives, unphosphorothioated
15-mer oligo dTs, 5-TTT TTT TTT TTT
TTT-3' (GeneDesign, Inc.), were spiked into
all the test and blank plasma samples to a
concentration of 4.5 pg/mL.

High performance liquid
chromatography

The blank and test equine plasma

samples were analysed first with HPLC

on a Prominence UFLC XR HPLC system
(Shimadzu, Kyoto, Japan) using an ACQUITY
UPLC BEH C18 column (1.7 pm, 2.1 x 30
mm, Waters, Milford, MA, USA). The column
was maintained at 60°C, with a mobile phase
consisting of Solvent A: 100 mM hexafluoro-
2-propanol [HFIP] and 10 mM triethylamine
(TEA), and Solvent B: methanol. The sample
injected in 2 pL volumes, with the elution
gradient as: 5 to 50 to 90% Solvent B in 2
and 0.01 min, then hold for 0.49 min, then
0.01 min in 5% Solvent B, then hold for 1.49

Table 1: Accuracy and reproducibility of PSO detection.

min, after pre-equilibrium for 0.5 min in 5%
Solvent B at a flow rate of 0.4 mL/min.

Targeted and non-targeted
spectroscopic analyses to
selectively detect PSOs in
equine plasma

After HPLC separation, the plasm samples
were analysed with quadrupole-time-of-
flight (Q-TOF) tandem mass spectroscopy
(MS/MS) on a TripleTOF® 6600 System
(SCIEX, Framingham, MA, USA) equipped
with a DuoSpray™ ion source.

For targeted analysis, a product ion scan was
performed for the precursor ion of mass-to-
cha rge ration (m/z) of 785.18 corresponding
to [M=9H"-, and the Q1 resolution was

set to low to transmit the isotope ions and
increase the sensitivity. Then, the product
ion of m/z 94.9362 derived from the PS
moiety was detected using high-resolution
multiple reaction monitoring (MRM*®) in high
sensitivity and enhanced ion modes, which
provided additional ion selectivity. The MS
parameters used were a scan range of m/z
70-300, Gas 1 (nebuliser gas) at 60 psi, Gas
2 (heater gas) at 80 psi, curtain gas at 25 psi,
at an ion source temperature of 600°C, an
jon spray voltage of — 4000V, a declustering
potential of — 120V, and collision energy
(CE) of = 92 V. The mass spectrometer was
calibrated with external standard solution
before acquisition.

For non-targeted analysis, information- or
data-dependent acquisition (IDA or DDA)
was used to search for the PSOs that

could produce the specific product ion of
negatively charged PS. The product ion
scan data was acquired by triggering the

10 most intense precursor ions within the
DDA criteria every 0.2 s cycle. The same MS
parameters were used as for the targeted
analysis, except the scan ranges, which
were m/z 450-2800 for the full scan and m/z

Sample Type Concentration (ng/mL) Accuracy (%)
Day 1 Day 2
0.1 103.0 108.5
0.2 103.5 934
0.5 825 82.0
1.0 89.8 86.6
Standard 2.0 91.6 94.2
5.0 98.7 90.9
10.0 113.1 117.4
2.0 114.7 117.2
100.0 104.0 109.8
200.0 97.4 95.4
Quality Control 20.0 111.5 119.3
200.0 96.1 102.4

70-2800 for the product ion scan.

The data acquisition was information- or
data-dependent (IDA or DDA). Dynamic
background subtraction (DBS) was applied
to the acquisition to minimise the collection
of MS/MS spectra on background ions,
thus increasing the identification of
low-abundance analytes in the presence

of background noise. Data acquisition,
targeted analysis, and non-targeted analysis
were performed using Analyst®TF 1.7.1,
MultiQuant™ 3.0.2, and PeakView® 2.2
software (SCIEX), respectively.

Results and Discussion

Targeted and non-targeted
spectroscopic analyses
selectively detected PSOs
in equine plasma

In the targeted spectroscopic analysis,

the MRM"R enhanced ion mode enabled

the target product ions to reach the
detector 16 times more efficiently. The
target analyte was detected with a limit of
detection (LOD) of 0.1 ng/mL. In quantitative
analysis, the calibration curves generated
using quadratic regression demonstrated
excellent linearity in the range of 0.1-200
ng/mL with a correlation coefficient (R) of

= 0.990 (see Figure 2). Accuracy measures

of 82-118% were observed and intra- and
inter-day reproducibility were confirmed (see
Table 1). The sensitivity of the quantitation
also indicates that the product ion of m/z
94.9362 could serve as a good marker for
pharmacokinetic studies of PSOs.

In the non-targeted spectroscopic analysis,
the specific product ion of m/z 94.9362

was detected in the PSO-spiked plasma
and not in the blank samples (see Figure

3). Therefore, the detected product ion

of m/z 94.9362 did not originate from the
endogenous components of the plasma.
The PSO analyte was detected at a
concentration of 100 ng/mL at a retention
of approximately 1.4 minutes. No interfering
peaks were detected at or around 1.4
minutes in the blank samples. Moreover,
when filtered to the product ion of m/z
94.936, peaks were detected in the spiked
samples, while no peaks were detected in
the blanks (see Figure 4). Phosphorothioated
oligomers were thus selectively detected

in a heavy biological matrix containing a

45 times higher concentration of a non-PS
oligomer without any sequence information.

A marker-based test
proposed for the detection
of gene doping

These findings indicate that the product ion
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plasma with 4.5 ug/mL oligo dT (blank sample), and with 10 ppm mass tolerance of 100 ng/mL PSOs in deproteinated plasma with 4.5 ug/mL oligo dT (spiked sample).

of m/z 94.9362 would be a good marker for
detecting and monitoring PS compounds,
such as those that may potentially be used
in the gene doping of racehorses. The
analytical method described may be of

use in the testing of racehorses for gene
doping, particularly as it can be applied
using either a targeted or non-targeted
analysis. This is especially pertinent as

the oligonucleotides being used for gene
doping may not be certified, and comprise
unknown genetic sequences depending on
the gene being manipulated, or any number
of nucleic acids or nucleic acid analogues,
making it difficult to identify the analyte for
a targeted analysis. Another key factor for
this methodology is the need for adequately
rapid spectroscopic scan speeds, as well

as the capability to capture comprehensive
data with an information-dependent
acquisition (IDA) and dynamic background
subtraction (DBS). Therefore, the scan was
able to identify all 95 phosphate groups
without missing any detectable analytes,
thus forming a complete study. The use of
the SCIEX TripleTOF® system was therefore
critical to the study design and the feasibility
and overall success of this study.

Although it has yet to be investigated, this
method may also perhaps be adapted

for use in the detection and monitoring

of gene doping in other sports, such as
athletics, since PS compounds also do

not naturally occur in humans. The direct
detection of PSOs would also be a useful
method to develop but until then, the use

of this method to detect the PS moiety as

a surrogate marker for actual PSOs should
be of some value. Further validation studies
will need to be performed on samples from
horses that have been doped in vivo but it
is hoped that this would not be necessary
because gene doping will not be realised in
the sport of horseracing.

In conclusion, LC-MS/MS is a useful method
for the detection of known and unknown
compounds such as PSOs that may be

used for doping, and the product ion of
m/z 94.9362 is an effective marker for the
detection of PSOs in equine plasma.

For those looking for more information,
September’s Gene Doping Workshop in
Japan (https://biz.knt.co.jp/tour/2019/09/
aorc/about.html) will look further into
genetic laboratories used for gene doping
detection, along with analyst and instrument
requirements, and additional testing
methods. The workshop will be organised
and chaired by Dr Tozaki.
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