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INTRODUCTION
It has long been recognized that the interindividual variability of 
aerobic performance and the ability to become an elite endurance 
athlete have a strong genetic basis. A large body of evidence suggests 
that genetic markers may explain, in part, an interindividual vari-
ability of aerobic performance characteristics in response to endurance 
training [1-4]. With genotyping becoming widely available, a large 
number of genetic studies evaluating candidate gene variants have 
been published with largely unconfirmed associations with elite ath-
lete status [5,6]. 

Case-control studies remain the most common study design in 
genomics of aerobic capacity and endurance and generally involve 
determining whether one allele of a DNA sequence (gene or non-
coding region of DNA) is more common in a group of elite endurance 
athletes than it is in the general population, thus implying that the 
allele boosts performance [7–10]. To avoid false-positive results case-
control studies should have at least one replication with additional 
athletic and non-athletic cohorts from different populations [6, 11,12]. 
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Since endurance and power are located at opposite extremes of the 
muscle performance continuum, the comparison of allelic frequencies 
between endurance and power athletes is also the way to identify 
endurance/power markers [13,14]. 

Cross-sectional association studies are another type of study design 
in sports genomics and examine whether athletes with one genotype 
(or allele) of a particular DNA sequence show different measures of 
a trait (e.g. ·VO2max, percentage of slow-twitch muscle fibres, cardiac 
size, lactate, etc.) compared to the rest of the sample [15–20]. 

A genome-wide association study (GWAS) is a new approach that 
involves rapidly scanning several hundred thousand (up to 5 millions) 
markers across the complete sets of DNA of many people to find 
genetic variations associated with a particular trait. One of the advan-
tages of the GWAS approach is that it is unbiased with respect to 
genomic structure and previous knowledge of the trait (hypothesis-free), 
in contrast to candidate gene studies, where knowledge of the trait is 
used to identify candidate loci contributing to the trait of interest [21]. 
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The aim of the study was to investigate the association between 
multiple single-nucleotide polymorphisms, aerobic performance and 
elite endurance athlete status in Russians.

MATERIALS AND METHODS 
Ethical approval. The study was approved by the Ethics Committee 
of the Physiological Section of the Russian National Committee for 
Biological Ethics. Written informed consent was obtained from each 
participant. The study complied with the guidelines set out in the 
Declaration of Helsinki. The experimental procedures were conduct-
ed in accordance with the set of guiding principles for reporting the 
results of genetic association studies defined by the STrengthening 
the REporting of Genetic Association studies (STREGA) Statement.

Study participants
The study involved 449 Russian athletes (267 males and 182 females) 
stratified into 3 groups according to type, intensity, and duration of 
exercise. The first group (‘group I’, n = 158) included long and mid-
dle endurance athletes (race duration > 5 min; rowers  
(n = 33), 3-10 km runners (n = 15), biathletes (n = 28), 5-10 km 
skaters (n = 3), cross-country skiers (n = 38), marathon runners (n 
= 2), 5-25 km swimmers (n = 14), 800-1500 m swimmers 
(n = 7), race walkers (n = 8), triathletes (n = 10). The second group 
(‘group II’, n = 61) comprised athletes involved in short endurance 
events (race duration 45 s – 5 min; 200-400 m swimmers  
(n = 10), 800-1500 m runners (n = 15), 1500-3000 m skaters 
and short-trackers (n = 15), 1000 m kayakers and canoers 
(n = 14), 1-4 km track cycling (n = 7). Overall, the athletes of long, 
middle and short endurance groups were considered as endurance 
athletes (n = 219). The third group (‘group III’ or ‘power group’; 
n = 230) included sprinters, strength and explosive power athletes 
with predominantly anaerobic energy production (arm-wrestlers  
(n = 3), 50-100 m swimmers (n = 26), 200 m kayakers and cano-
ers (n = 19), decathletes (n = 3), sprint cyclers (n = 22), 100-400 
m runners (n = 29), 500-1000 m skaters and short-trackers 
(n = 20), track and field jumpers (n = 23), heptathletes (n = 2), 
powerlifters (n = 16), throwers (n = 10) and weightlifters (n = 57)). 

There were 234 athletes classified as ‘elite’ (prize winners of ma-
jor international competitions). There were 168 athletes classified as 
‘sub-elite’ (participants in international competitions). The other ath-
letes (n = 47) were classified as ‘non-elite’ athletes, being regional 
competitors with at least four years of experience participating in their 
sports. 

Eighty endurance athletes (long endurance athletes: 19 biathletes, 
13 cross-country skiers; middle and short endurance athletes:  
29 rowers, 11 kayakers and 8 speed skaters) participated in the 
study of aerobic performance. All athletes were members of the 
National teams (46 males and 34 females) and 10 of them were 
prize winners of the Olympic Games.

Russian controls were 192 (141 males and 51 females) unrelated 
citizens of Russia without any competitive sport experience (all Cau-

casians of Eastern European descent). Data of European controls  
(n = 1367) were used from open sources (Illumina_iControl_DB).

Genotyping
Molecular genetic analysis was performed with DNA samples obtained 
from leukocytes (venous blood). Four ml of venous blood were col-
lected in tubes containing EDTA (Vacuette EDTA tubes, Greiner Bio-
One, Austria). Blood samples were transported to the laboratory at 
4°C and DNA was extracted on the same day. DNA extraction and 
purification were performed using a commercial kit according to the 
manufacturer’s instructions (Technoclon, Russia) and included chem-
ical lysis, selective DNA binding on silica spin columns and ethanol 
washing. Extracted DNA quality was assessed by agarose gel elec-
trophoresis at this step. HumanOmni1-Quad BeadChips (Illumina 
Inc, USA) were used for genotyping of 1,140,419 SNPs in Russian 
athletes and controls. The assay required 200 ng of DNA sample as 
input with a concentration of at least 50 ng · µl-1. Exact concentrations 
of DNA in each sample were measured using a Qubit Fluorometer 
(Invitrogen, USA). All further procedures were performed according 
to the instructions of Infinium HD Assay.

Analysis of hematological parameters
Whole blood of 61 endurance athletes (41 males and 20 females) 
was collected and tested in hematological analyzer Sysmex ХЕ-2100 
(Sysmex Corporation, Japan) to assess hemoglobin content and the 
total number of erythrocytes, reticulocytes, leukocytes with sub-sub-
populations (neutrophils, eosinophils, basophils, monocytes and 
lymphocytes).  
 
 ·VO2max measurement
Maximal oxygen consumption rate ( ·VO2 max) in rowers was determined 
using an incremental test to exhaustion on a PM 3 rowing ergometer 
(Concept II, Morrisville, Vermont, USA). The initial workload was 
150 W. The duration of exercise at each workload was 3 minutes, 
with a 30 s rest period between increments of 50 W. ·VO2 was de-
termined breath by breath using a MetaMax 3B gas analysis system 
(Cortex, Leipzig, Germany). Using the MetaMax system, O2 and CO2 
contents were measured using an electro-chemical cell and non-
dispersive infrared sensor, respectively, and air flow was measured 
using a turbine transducer (Triple V). Two-point gas calibrations (first 
gas – 15% O2, 5% CO2; second gas – ambient air) were performed 
daily. A one-point gas calibration with ambient air was performed 
before each test as well as a flow transducer calibration using a 3 L 
syringe (Hans Rudolph, Kansas City, USA). The criteria used to con-
firm a maximal test were a decrease in power of more than 30 W 
from the target power despite strong verbal encouragement and  
a respiratory exchange ratio greater than 1.1 before cessation of 
exercise. ·VO2max was recorded as the highest mean value observed 
over a 30 s period.
·VO2max in kayakers was determined using an incremental test to 

exhaustion on a kayaking ergometer (Efremov, Moscow, Russia). The 
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initial workload was 8 kg for men and 5 kg for women. The duration 
of exercise at each workload was 2 minutes, with a 30 s rest period 
between increments of 1 kg. ·VO2max was determined breath by breath 
using a MetaLyzer II gas analysis system (Cortex, Leipzig, Germany).   
 ·VO2max was recorded as the highest mean value observed over a 30 s 
period.
·VO2max in speed skaters was determined using a ramp test to 

exhaustion on an electromagnetic cycle ergometer Ergoselect 200K 
(Ergoline, Germany). The initial workload was 60 W, the increment 
was 15 W · min-1, and the target cadence was 60-70 rpm. ·VO2max 
was determined breath by breath using a MetaMax 3B gas analysis 
system. The criteria used to confirm a maximal test were a decrease 
in cadence of less than 50 rpm despite strong verbal encouragement 
and a respiratory exchange ratio greater than 1.1 before cessation of 
exercise.  ·VO2max was recorded as the highest mean value observed 
over a 30 s period. 
·VO2max in biathletes and cross-country skiers was determined us-

ing an incremental test to exhaustion on a treadmill HP Cosmos 
(Germany). The initial speed was 7 km · h-1, the increment was 
0.1 km · h-1 every 10 seconds. ·VO2max was determined breath by 
breath using a MetaMax 3B-R2 gas analysis system. ·VO2max was 
recorded as the highest mean value observed over a 30 s period. 

Calculation of total genotype score 
To quantify the combined influence of polymorphisms associated 
with endurance athlete status, an algorithm [22] was used to incor-
porate all favourable genotype scores for any given individual in a 
simple additive model. The total score was then transformed math-
ematically to lie within the range 0–100 and labelled the ‘total 
genotype score’ (TGS). A TGS of 100 represents a ‘perfect’ poly-
genic profile for endurance and a TGS of 0 represents the ‘worst’ 
possible profile for endurance. 

Statistical analysis
Linear regression analysis of a quantitative trait ( ·VO2max) with GWAS 
data of five discovery cohorts of athletes (all athletes, female athletes, 
male athletes, long endurance athletes, middle and short endurance 
athletes) was performed using PLINK software. The squared correla-
tion coefficient R2 was used as a measure of explained variance. 
Differences in phenotypes between groups were analysed using 
ANOVA or unpaired t tests (when variables of two genotypes were 
compared). All data are presented as mean (standard deviation). 

Genotype distribution and allele frequencies between athletes and 
controls were compared using χ2 tests. P values < 0.05 were con-
sidered statistically significant. It has been estimated that the sample 
size required in this study to obtain a statistical power of 80% was 
sufficient. Statistical analyses were conducted using GraphPad InStat 
software (GraphPad Software, Inc., USA).

RESULTS 
GWAS for  ·VO2max. As expected, long endurance athletes had 
significantly greater values of relative ·VO2max than middle and short 
endurance athletes of both genders. Furthermore, male athletes had 
greater aerobic capacity than female athletes (Table 1). We thus 
performed GWASes of five discovery cohorts of athletes (all athletes, 
female athletes, male athletes, long endurance athletes, middle and 
short endurance athletes) and identified fifteen suggestive ‘endurance 
alleles’ with P < 1 · 10-5 – 10-8. For those 15 SNPs we subsequent-
ly performed correlation analyses with all subgroups of athletes and 
remained six SNPs which were replicated in at least 1 female and  
1 male subgroup (Table 2). 

The C allele of one of the most significant SNPs, NFIA-AS2 
rs1572312 (discovery P = 1.66 · 10-6), was associated with high   
 ·VO2 max in female long endurance athletes (AC genotype: 54.4 ± 2.5, 
CC genotype: 59.9 ± 3.3 ml · min-1 · kg-1; P = 0.0164), male (AC: 
55.3 ± 7.5, CC: 61.0 ± 4.5; P = 0.0279) and female (AA/AC: 
50.1 ± 4.8, CC: 56.9 ± 5.8; P = 0.0278) middle and short endur-
ance athletes, all male (AC: 55.3 ± 7.5, CC: 64.4 ± 6.4; P = 0.0051) 
and all female (AA/AC: 51.5 ± 4.5, CC: 58.5 ± 4.7; P = 0.0005) 
athletes. Male long endurance athletes were excluded from the anal-
ysis since there were no carriers of the A allele.

Case-control studies
To validate obtained results, we further performed case-control stud-
ies by comparing the frequencies of the six most significant SNPs 
between 218 endurance athletes (or 100 elite endurance athletes) 
and opposite cohorts (192 Russian controls, 1367 European controls, 
and 230 Russian power athletes). We assumed that ‘endurance allele’ 
should be under-represented in at least one opposite cohort (Russian 
controls or Russian power athletes) when compared to endurance 
athletes. This approach resulted in remaining three SNPs (NFIA-AS2 
rs1572312 C, TSHR rs7144481 C, RBFOX1 rs7191721 G) associ-rs7191721 G) associ-
ated with endurance athlete status (Table 3). In particular, the fre-
quency of the NFIA-AS2 rs1572312 C allele was significantly higher 

Characteristics Long endurance athletes Middle and short endurance athletes

Males Females Males Females

N 15 17 31 17

Age, years 21.3 ± 4.1 23.5 ± 3.5 22.9 ± 4.4 20.4 ± 3.6

 ·VO2max ml · kg -1· min-1 70.4 ± 4.6* 58.9 ± 3.8** 60.1 ± 5.4* 54.5 ± 6.3**
Note: Values are mean ± SD. *P<0.0001, significantly different between male subgroups of athletes; **P=0.019, significantly different between 
female subgroups of athletes.

TABLE 1. Characteristics of aerobic performance groups
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in elite endurance athletes (95.5%) in comparison with non-elite en-
durance athletes (89.8%, P = 0.0257), Russian (88.8%, P = 0.007) 
and European (90.6%, P = 0.0197) controls and power athletes 
(86.2%, P = 0.0005). Furthermore, all of prize winners of the Ol-
ympic Games amongst endurance athletes (n = 20) were carriers of 
the rs1572312 CC genotype (100 vs. 78.6%, P = 0.0214 in com-
parison with Russian controls).

Polygenic analyses
Three significant SNPs (NFIA-AS2 rs1572312, TSHR rs7144481, 
RBFOX1 rs7191721) in combination explained 24.6 and 48.8% of 
the variation in ·VO2max of male and female endurance athletes, re-
spectively. We also determined the total genotype score (TGS) com-
posed from three SNPs in athletes and controls. The mean TGS was 
significantly higher in endurance athletes (58.9 ± 18.2) than in Rus-
sian controls (54.2 ± 15.7, P = 0.0059) or power athletes 
(53.6 ± 18.4), P = 0.0022). Elite endurance athletes had even 
higher TGS (59.4 ± 17.2); P = 0.01 in comparison with Russian 
controls). Compared with carriers of 0-4 ‘endurance alleles’, the odds 
ratio (OR) of being an endurance athlete in carriers of 5-6 ‘endurance 
alleles’ was 2.23 (95% confidence interval (CI): 1.215-4.091,  
P = 0.0084). Of note, none of controls had the ideal combination 
of genotypes (i.e. 6 ‘endurance alleles’), while there were four endur-
ance athletes with such combination (OR = 8.03, P = 0.06).

NFIA-AS2 rs1572312 genotype and hematological parameters
Since NFIA-AS2 gene may be involved in the regulation of erythropoi-
esis and granulopoiesis, we hypothesized that variation in this gene 
is associated with hematological parameters of endurance athletes 
(41 males and 20 females). Male athletes with NFIA-AS2 CC genotype 
had greater hemoglobin content (161.7 ± 7.8 vs. 153.2 ± 7.6 g · l-1, 
P = 0.0467), number of erythrocytes per liter (5.17 ± 0.26 · 1012 
vs. 4.86 ± 0.38 · 1012, P = 0.0403) and number of reticulocytes per 
liter (62.7 ± 22.4 · 109 vs. 30.0 ± 14.1 · 109, P = 0.0072) than car-
riers of the rare A allele. On the other hand, male CC homozygotes 
had lower number of neutrophils (3.17 ± 1.1 · 109 vs. 5.1 ± 1.8 · 109, 
P = 0.0029) and lower leukocyte/erythrocyte ratio (P = 0.0332) 
than A allele carriers. The same interrelationship was observed in 
female athletes, but only as a tendency due to small sample size. 
Overall, these results indicate that NFIA-AS2 rs1572312 C allele is 
associated with activation of erythropoiesis, while A allele with acti-
vated granulopoiesis.

DISCUSSION 
This is the first study to demonstrate that polymorphisms of NFIA-
AS2, TSHR and RBFOX1 genes are associated with aerobic perfor-are associated with aerobic perfor-
mance and elite endurance athlete status. Importantly, these results 
were obtained by two-stage approach using GWAS, which has been 
successfully used to identify genetic markers associated with relevant 

Discovery and replication cohorts SNP Gene 'Endurance allele' P value

All athletes (MLE, MA, FA) rs7144481 T/C TSHR C 8.92 · 10-8

All athletes (FLE, MMSE, FMSE, MA, FA) rs1572312 C/A NFIA-AS2 C 1.66 · 10-6

Male athletes (MLE, MMSE, FMSE) rs12893597 C/T ESRRB T 7.44 · 10-6

Middle and short endurance athletes (MMSE, FMSE) rs9922134 C/T CDH13 C 8.85 · 10-6

Middle and short endurance athletes (MMSE, FMSE, FA) rs296000 G/T SLIT3 G 1.66 · 10-5   

Middle and short endurance athletes (MMSE, FMSE, FA) rs7191721 G/A RBFOX1 G 1.73 · 10-5

TABLE 2. Summary of most significant SNPs identified by GWAS in different cohorts of athletes

Note: MLE, male long endurance athletes; FLE, female long endurance athletes; MMSE, male middle and short endurance athletes; FMSE, female 
middle and short endurance athletes; MA, male athletes; FA, female athletes.

Frequency of 'endurance allele' 
in endurance cohorts, %

Allelic frequencies in opposite cohorts, %

Russian controls European controls Power athletes

NFIA-AS2 rs1572312 C 88.8 90.6 86.2

Endurance (92.4) P = 0.0737 P = 0.2164 P = 0.0028*

Elite endurance (95.5) P = 0.007** P = 0.0197** P = 0.0005**

TSHR rs7144481 C 17.4 15.7 20.7

Endurance (23.4) P = 0.0337* P < 0.0001* P = 0.3389

Elite endurance (25.7) P = 0.0323** P = 0.0014** P = 0.3389

RBFOX1 rs7191721 G 56.3 63.3 53.7

Endurance (60.8) P = 0.1964 P = 0.316 P = 0.0322*

Elite endurance (58.6) P = 0.6008 P = 0.1868 P = 0.2473

Note: *P < 0.05, in comparison with endurance athletes; **P < 0.05, in comparison with elite endurance athletes.

TABLE 3. Allelic frequencies of three most significant SNPs identified by comparison between Russian endurance athletes and opposite 
cohorts (Russian and European controls, and Russian power athletes)
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to athletic performance human traits like height, lean body mass and 
response to endurance training [1,2,23,24].

The most significant SNP (rs157231) was found in the nuclear 
factor I A antisense RNA 2 (NFIA-AS2) gene (localized to chromo-
some 1). More specifically, the CC genotype was associated with 
high  ·VO2max in three subgroups of athletes (male and female middle 
and short endurance athletes; female long endurance athletes). Ad-
ditionally, the frequency of the C allele was significantly higher in elite 
endurance athletes in comparison with non-elite endurance athletes, 
Russian and European controls and power athletes.

The NFIA-AS2 gene encodes long non-coding RNA (lnc-RNA) with 
undescribed function. Genes of antisense long non-coding RNAs are 
transcribed from either the same genomic site or a site distant from 
the gene locus where the sense transcript counterpart is produced. 
Antisense lnc-RNAs repress - and in some cases can also activate 
- transcription of the targeted protein coding genes via mechanisms 
such as DNA methylation and chromatin modification at the ge-
nomic loci of the targeted genes [25]. lncRNAs can also act as a 
sponge for microRNAs that affect differentiation programs [26]. 
Therefore, one might suggest that NFIA-AS2 is involved in the regu-
lation of expression of the nuclear factor I A (NFIA) gene or erythroid/
myeloid specific RNAs. NFIA, as a transcription factor, induces eryth-
ropoiesis, whereas its silencing drives granulopoiesis [27]. Indeed, 
in the present study, we have shown that NFIA-AS2 rs1572312 C 
allele is associated with activation of erythropoiesis (high level of 
hemoglobin, high number of reticulocytes and erythrocytes), while 
A allele with activated granulopoiesis (high number of neutrophils 
and greater leukocyte/erythrocyte ratio). Thus, it is probably partly 
via associations with erythropoiesis (factor influencing aerobic capac-
ity) that the NFIA-AS2 gene rs1572312 polymorphism contributes 
to a small but perhaps important component of the ability to perform 
at a high level in endurance events. 

On the other hand, the discovered association might be explained 
by linkage disequilibrium (LD) in a functional variant of the same or 
a different gene. For instance, NFIA-AS2 rs1572312 is in a strong 
(100%) LD with rs17304036 SNP. The use of the HaploReg (version 2) 
online program predicted the change of transcription factor-binding 
motifs in the rs17304036 locus of the NFIA-AS2 gene for HOXA5 
and MEF2A transcription factors. HOXA5 encodes a DNA-binding 
transcription factor which may regulate gene expression, morpho-
genesis, and differentiation, while MEF2A is involved in several cel-
lular processes, including muscle development (it promotes the 
transformation of type II fast glycolytic fibres into type I slow oxida-
tive fibres), neuronal differentiation, cell growth control, and apopto-
sis [28,29].

The rs7144481 polymorphism seems to be a significant predictor 
of elite endurance performance too (discovery P value - 8.92 · 10-8). 
That is, rs7144481 C allele in the present study was associated with 
greater aerobic capacity in three subgroups of athletes (male long 
endurance athletes; all male and all female athletes). The significance 
of this SNP was confirmed in case-control studies (higher frequency 

of the C allele in elite endurance athletes in comparison with Russian 
and European controls). The rs7144481 polymorphism is located in 
the 3’-untranslated region of the thyroid stimulating hormone recep-
tor (TSHR) gene (location: 14q31). The protein encoded by this gene 
is a membrane receptor for thyrothropin (produces thyroid hormones) 
and thyrostimulin (activates TSHR), and therefore, a major controller 
of thyroid cell metabolism. Thyroid hormones are known as determi-
nants of metabolic and contractile phenotype of skeletal muscle [30]. 
TSHR also mediates the effect of thyrothropin on angiogenesis via 
cAMP-mammalian target of rapamycin signaling [31]. Although further 
in vitro functional studies are needed, one might speculate that the 
rs7144481 C allele is associated with greater expression of TSHR 
gene and increased angiogenesis and/or metabolic rate – factors that 
directly influence aerobic performance. 

RNA binding protein, fox-1 homolog (C. elegans) 1 (RBFOX1) is 
an important splicing factor regulating developmental and tissue-
specific alternative splicing in heart, muscle, and neuronal tissues [32]. 
Since RNA-binding proteins are key regulators of gene expression, 
Rbfox1 knockdown leads to the inhibition of muscle differentiation 
[33]. RBFOX1 (location: 16p13.3) is implicated in multiple medical 
conditions, including muscular dystrophies, cancers, neurodevelop-
mental and neuropsychiatric disorders [33,34]. We therefore specu-
late that RBFOX1 rs7191721 G allele may be favourable for muscle 
function of endurance athletes. Indeed, our data show that middle 
and short endurance athletes of both genders, as well as all female 
endurance athletes with G allele have greater aerobic capacity. Ad-
ditionally, the G allele is over-represented in endurance athletes when 
compared to power athletes.

The limitation of the study is the sample size of our discovery cohort 
with  ·VO2max data (n=80). Relatively small cohort did not allow to reach 
genome-wide significance level which was set at P = 4.38 · 10-8 (i.e. 
0.05/1,140,419 SNPs). However, we believe that using additional 
approaches (validation of results in different gender groups, case-
control study, biochemical study) had minimized false-positive results.

Our current progress towards understanding the molecular basis 
of athletic performance represents only the first steps. The next decade 
will be an exciting period for sports genomics, as we apply the new 
DNA technologies (whole genome sequencing, GWAS, epigenomic, 
transcriptomic and proteomic profiling etc.) and bioinformatics to 
further dissect and analyze the genetic effects on human physical 
ability [6]. Efforts to perform GWAS in the cohorts of athletes are 
presently underway (at least athletes from Australia, Canada, Ethiopia, 
Finland, Germany, Greece, Italy, Jamaica, Japan, Kenya, Poland,  
Russia and USA).

CONCLUSIONS 
In conclusion, our data show that the NFIA-AS2 rs1572312, TSHR 
rs7144481 and RBFOX1 rs7191721 polymorphisms are associated 
with aerobic performance and elite endurance athlete status, but 
further replication studies using different ethnic cohorts are war-
ranted.
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