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Introduction
Hérédité

/ (Sexe, Génétique, Epigénétique)
Performance Sportive = Trait Complexe

\ Environnement

(Entrainement, Nutrition, Facteurs Sociodémographiques...)

Atteindre Statut Influence Facteurs L
— .
Athléte Haut-Niveau . e . Environnementaux
Prioritaire
Génétique

< Role +++ === Perf, Sportive

O\

Nature Nurture
(Génétique) (Environnement)

(Antero et al. Front. Physiol. 2018)
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3 frontiers ORIGINAL RESEARCH

. . published: 18 September 2018
in Physiology doi: 10.3389/fphys.2018.01313

®

Check for
updates

A Medal in the Olympics Runs in the
Family: A Cohort Study of
Performance Heritability in the
Games History

Juliana Antero™*, Guillaume Sauliére’, Adrien Marck’ and Jean-Francgois Toussaint'23

Conclusion: Having a kinship with a former Olympic medallist is associated with a
greater probability for an Olympian to also become a medallist, the closer an athlete

is genetically to such kinship th ' ility. Once in the OG, the genetic
contribution to win a medal i§¢ estimated to be 20.5%.

,Lle.n ,Parente / —l Probabilité Gain Médailles...
Medaillé Olympique

- e yiel) Larady) By 2ia
(Antero et al. Front. PhySiOI. 2018) AP #0751 tolols0+ HolkolO+ +oL¥0obIT
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Antero et al. Performance Heritability of Elite Athletes

3 Kinship non-medallist B Different sport from a medallist kinship BSame sport of a medallist kinship

*

Méme

W N
(= =

Autre

Frequency of medallists (%)
=
o

30

20 [ T S

, b s
Grandparents - Aunt/Uncle - Parents - offspring Siblings
Granddaughter/son Niece/Nephew Progéniture Fratrie

FIGURE 1 | Frequencies (%) ( = 95% ClI) of Medallists having a grandparent, aunt/uncle, parent or siblings in the Olympic Games that were non-medallists (gray

(p < 0.001) in relation to the expected probability (20.37%).

Discipline Sportiy

Discipline Sportive

bars, dotted line) and that were Medallists (solid bars), in a different sport (red bars) or in the same sport (green bars). *$ Frequency of Medallists significantly different

TABLE 1 | Frequency of medallists according to a kinship status with a former Olympic Medallist.

(Antero et al. Front. Physiol. 2018)
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1896-1912

Prevalence of medallists

*
[ ]

1920-1936

B No kinship  BOlder sibling medallist

1948-1976
Olympic Games

Liens
* Parenté
|
Aucun Lien
Parenté
1980-2012

FIGURE 4 | Prevalence of Medallists in the Olympic Games according to four historical periods (yellow bars). The purple bars represent the frequency of Medallists
(%) (£95% Cl) among Olympians with no kinship in the Games per period. The white bars represent the observed frequency of Medallists (%) (£95% CIl) among
Olympians with a former sibling Medallist in the Olympics for each period. *The Medallist frequency was significantly different (o < 0.001) from the expected one.

(Antero et al. Front. Physiol. 2018)
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Influence Génétique / Perf. Sportive ===p Inconnue !!! | BELIEVE NO HUMAN IS LIMITED" - ELIUD

Facteurs Héreéditaires / VO2max : Environ 50% F l N ' s H

(Bouchard et al. MSSE. 1986 - 1998)

Nature Nurture Nécessaire > Perf. Sportives
(Génétique) * (Environement) Haut Niveau 2’\

\_'_I

Interaction (Georgiades et al. BMG Genom, 2017)

C Champions

Polymorphisme Génétique &)

NN VALENGIA WR DAY

— ,
O SN
Certains Aspects - s‘ 4D ‘ L. GIDEY
Exe. ou Perf. Sportives g S Ve o [
T New KTy

/2"\_
Geénes Candidats = [dentifications
> 100

(Ahmeton et al. Sc. Sport. Med., 2016) P - el e
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Figure 2. Influence of genetics and epigenetics on traits associated with elite performance. To succeed
in sport, an athlete must possess genetic and epigenetic variations that might predispose to a natural
talent trait (direct effect), and/or to enhanced response to physical training, and/or to reduced risk of
injury (indirect effect).

Pieckering et al. Genes, 2019



REVIEW ARTICLE

Genetics and the Elite Athlete: Our Understanding in 2020

Rakesh John' - ep Singh Dhijfon?
Table 3 Tigfleline of genetic testiglg i
F

- Sidak Dhillon?

John et al. Sports. Med. 2020

€ Slno. fo

Country\ I Sport \

Sports association

Test

1 f)O 1
2 2005
3 2005
4 2009
5 2009
6 2010

7 2011

8 2011
9 2012
10 2014

Australia Boxing
Australia Rugby

USA Basketball

USA American Footb
USA Baseball

USA Athletics

United Kinghc m Soccer

USA American Footbal
United King Athletics
United Kingdbm Soccer

Professional Boxing and Martial Arts
Board of Victoria

Sea Eagles (professional Rugby team
based in Manly, Sydney)

Chicago Bulls

National Football League (NFL)

Major League Baseball

National Collegiate Athletic Association

English Premier League

National Football League (NFL)

English Institute of Sport

Barclays Premier League

Compulsory genetic screening for APOE4
[75]

Tested 18 of 24 players for 11 exercise-
related genes [76]

Eddie Curry asked to undergo DNA test for
hypertrophic cardiomyopathy [77]

DNA samples analysed from NFL lines-
men—current and former [78]

DNA tested for a prospective player from
the Dominican Republic [79]

Mandatory sickle cell trait screening intro-
duced after lawsuit [80]

Players” DNA samples analysed at 100
genetic loci linked to performance and
risk of injuries [81]

Sickle cell trait and G6PD screened under
the 2011 NFL collective bargaining agree-
ment [82]

Considers genetic testing to assess injury
risk in England’s Olympic and Paralym-
pics athletes [83]

Tested DNA for 45 variants in 2 teams to

adapt individual training programmes and
prevent injuries [84]

11 2015 Uzbekistan Various (swi ng, National Olympic Committee Test for 50 gene variants to identify future
soccer, rowing, champion athletes at the molecular level
etc.) [85]
12 18 China Various Ministry of Science and Technology/Chi-  Announces complete genome sequencing
nese Academy of Sciences to identify athletes for Olympic Winter
games 2022 to be held in Beijing [86]
\ y \ V4
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Table 1. Characteristics of studies included (bold indicates gene of interest).

References Participants Study design  Genes and SNPs measured Qutcome(s)
Russian endurance athletes (n=
hmetov 219; 2 marathon runners), power NFIA-AS2 rs1572312 C/A Emiallilgiﬂgf 1:135111:;1285 12 l:slsf)zigi
athletes (n=230), Russian controls GWAS TSHR 57144481 T/C . .
etal., 2015 (n=192) and European controls RBFOX1 rs7191721 G/A with elite endurance athlete status
(n=1367) P including marathon runners.
. Israeli elite marathon runners . . .
‘;\tl:;r 2007 @79, elite power athletes (n=42) oCo:rct;l ACE I/D rs4646994 goan“:tl:&:ts:z::id with elite mara-
” and sedentary controls (n=247) '
Ethiopian elite endurance runners
(n=76), demographically matched ACE L . . .
eAtS:I 2011 controls (n=410), controls from c((:)fjre(;l 1/D rs4646994; rI\tIl(I)ma:rssocmuon with elite Ethiopian
” general Ethiopian population A22982G rs4363 '
(n=317), power athletes (n=38)
Caucasian male elite endurance ath- HIF1A
Dérin letes (n=316; 39 runners) and Cau- Case- Pro582Ser; rs11549465; Pro582 C allele of rs11549465 and
etal g201 0 casian male sedentary controls control C/T rs17099207 G/A; rs1951795 A allele of rs17099207 associated
- (n=304) C/A; 1511158358 C/G; rs2301113 with elite endurance runners.
A/C; rs11549467 G/A
PPARAGCI. (41 SNPs) - L
PPARAGCI (63 SXpy Yo, st wsciutin b
He Chinese elite endurance runners Case- PPRCII (4 SNPs); TFAM (3 SNPSs); ceptor y (PGC)-related genes and
otal 2015  (a=235)and Chinese controls contra) TFBIM (7 SNPs); TFB2M (3 SNPs); efi‘t’e en‘zurancc i gstams o
’ (0=504) NRF1 (14 SNPs); GABPA (2 SNPs); ter adjusting for multi lgc compari-
GABPA (5 SNPs); ERRa (4 SNPs); & & Justing P P
SIRT1 (7 SNPs) )
Martinez LT T S Case- C allele associated with elite perfor-
393 3 percentile and 388 lowest AQP1 51049305 C/G g, . P
et al., 2009 3" percentile finishers) control mance in Hispanic marathon runners.
Myerson Elite runners (n=91; 79 Caucasian) Case- I allele positively associated with elite
etal., 1999 and British controls (n=1906) control ACE I/D 151049305 C/G endurance running performance.
. 1,5k, 3k, 5k, and 42k m running No association between ACTN3 or
::‘Zf dlzrgit;lou times of 698 male and female Cau- Cohort AC:I:I:%II{/gm ACE I/D genotype and running perfor-
- casian endurance athletes mance at any distance.
Posthumus Caucasian male triathlon (incl. Cohort COL5A1 T allele associated with faster time to complete
etal., 2011 42.2km run) finishers (n=313) ono BstUI RFLP 1512722 T/C running component (42.2km) of triathlon.
Polish elite endurance athletes St Th T
Sawczuk e Y] et e Case- ADRAZ2A 15553668 C/T No ass'ocmtu?n with elite endurance athlete
etal., 2013 e ) control status including marathon runners.
. Male marathon runners (n=141) TTN gene is as§001ated with shorter skele-
Stebbings . . tal muscle fascicle length and conveys an
and recreationally active men Cohort TTN rs10497520 )
etal., 2018 (n=137) advantage for marathon running perfor-
mance in trained men.
. Japanese male elite endurance run- Freque:ncy.of the ACE I/D genotype was
Tobina Case- lower in elite endurance runners than con-
ners (n=37) and non-athlete con- ACE I/D rs4646994 ; .
etal., 2010 trols (n=335) control trols. The D allele was associated with
faster marathon -running speed.
ACTN3 rs1815739
AMPDI1 517602729
BDKRB2 rs1799722 BDKRB2 1s1799722, ADRB2
Tsianos Greek Mount Olympus marathon Cohort ADRB2 151042713 1s1042713 and AMPD1 rs17602729 as-
etal, 2010 runners (n=438) PPARGC1a rs8192678 sociated with endurance running perfor-
PPARa rs4253778; 1s6902123  mance.
rs1053049; rs2267668
APOE rs7412; rs429358
Wolfarth St;lll:; ssla?n=r;1:1 ée ;;“e er:isu)ra:l:; Case- NOS3 Glu298Asp rs1799983 G/T 164 bp allele of (CA)n repeats asso-
et al., 2008 ’ control  (CA)arepeats; 27-bp repeats 4B/4A  ciated with elite endurance runners.

sedentary male controls (n=299)

NFIA-AS2, nuclear factor I A- antisense RNA 2; TSHR, thyrotropin receptor precursor; RBFOX1, RNA binding protein fox-1 homolog; ACE, angiotensin-

converting enzyme; HIF 1 A, hypoxia-inducible factor 1-alpha, PPARGH isome proliferator-activated receptor gamma coactivator 1-alpha; PPARGC1p,

Cla, perox

. TImnAY

©Journal of Sports Science and Medicine (2019) 18, 559-568
http://www.jssm.org

Review article

Genes and Elite Marathon Running Perfgimance: A Systematic Review

Hannah J. Moir !
Elizabeth Opara!

irk Folkerts ', Owen Spendiff !, Cristina Pavlidis * and

Lepied) LaredgD) Byl Liall
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Table @e variants for endurance athlete status (see Ahmetov and Fedotovska

Studies with negative or
controversial results

Studies with positive
results

Total otal
number number
Endurance- Number of of studied Number of of studied
Gene Location Polymorphism related marker ,;t,@es athletes ):{dies athletes
ACE 17q23.3 Alu I/D (rs4646994) I { 16 \ 1310 / 11 \ 1263
ACTN3 11q13.1 R577X (rs1815739 C/T) 577X 3 518 \ 11 / 2382
ADRAZ2A 10924—q26  6.7/6.3 kb 6.7-kb 1 148 = -
ADRB?2 5q31—q32 Gly16Arg (rs1042713 G/A) 16Arg 2 629 - -
ADRB3 8p12—-8p11.1 Trp64Arg (rs4994 T/C) 64Arg 1 100 1 81
AQP1 7pl4 1049305 C/G 11049305 C 1 784 - -
AMPD1 1p13 GlIn12X (rs17602729 C/T) Gln12 2 231 - -
BDKRB2 14932.1- +9/-9 (exon 1) -9 2 524 1 74
4322 rs1799722 C/T 1799722 T 1 316 - -
CKM 19q13.32 A/G Ncol (rs8111989 T/C) 1803285 A 1 176 3 581
COL5A1 9q34.2— rs12722 C/T (BstUI) rs12722 T 2 385 - -
q34.3
COL6A1 21q22.3 135796750 T/C 135796750 T 1 661 - -
EPAS1 2p21-pl6 rs1867785 A/G 131867785 G 1 451 - -
(HIF24) rs11689011 C/T 11689011 T 1 451 - -

T jiol) Loadg) Lyl Ball)

(Wang et al. Advances in Genetics, 2013) 2P #7031+ Folals0r +ollkoroi facvoadirs
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Table 4.2_Gene variants for power/strength athlete status (see@tov and Fedotovs

Studies with positive result

Studies with negative
or controversial results

Power/ \_mal.numb‘(

otal number

strength- Number of of studied Number of of studied
Gene Location Polymorphism related marker A(st_u&tes athletes /-jq{dies athletes
ACE q23.3 Alu I/D (rs4646994) D / 6 \ 255 ( 5 \ 365
ACTl\yql?).l R577X (rs1815739 C/T) Arg577 11 1350 W 368
AGT 1q42.2  Met235Thr (1699 T/C) 235Thr 1 63 - -
CKM 19q13.32 A/G Ncol (rs8111989 T/C) rs1803285 G 1 74 - -
AMPD1 1p13 Gln12X (rs17602729 C/T) GIn12 2 463 - -
HIF1A  14q21- Pro582Ser (rs11549465 C/T) 582Ser 2 211 1 81
q24
ILIRN 2q14.2 VNTR 86 bp (intron 2) IL1IRN*2 1 205 - -
IL6 7p21 —174 C/G (rs1800795 C/G) rs1800795 G 1 53 1 81
MtDNA MtDNA Haplogroups constructed from F 1 60 - -
loci zier;rgell;alpll/i;?nljg hp;(s)rlrylfsmorphisms Or  504C 1 35 ~ ~
Non-L/U6 1 119 - -
MTHFR 1p36.3  A1298C (51801131 A/C) rs1801131 C 1 77 - -
MTR 1943 A2756G (rs1805087 A/G) rs1805087 G 1 77 - -

(Wang et al. Advances in Genetics, 2013)

T jiol) Laadg) Lyl Ball)
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Gene Particulier m——  ACTN3  (Sarzynski et al. MSSE, 2016)

Code
(Jacob et al. Sports, 2018)  Protéine a-actinine-3

Production Force
Role Clé¢ =y

Sarcomeres
Expression re . oys
Geéne ACTN3 D Protéine: Articule + Stabilise
Production Contraction Filament Actine SeR e
Rapides + Explosives &= Disque Z e indig domle
(Mc Arthur et al. Bio Essays, 2004) & e A
Expression a-actinine-3 : Uniquement FM Type 11 Tune A Mime e \
(Houweling et al. Hum. Mutat, 2018) i
Isoforme: a-actinine-2 (81% Identique + 91% Similaire) 5 ! “ s o
Expression Tout Types FM : P = e il ol

COMITE NATIONAL OLYMPIQUE MAROCAIN
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Table 1 List of studies exploring correlation of ACTN3 gene with

sports performance

Year Study authors Population tested ~ Number of athletes
tested (athletes/

/-\ controls)
2003 Yang [9] Australia 301/436
2005 Niemi [20] Finnish 68/120
2007 Yang [21] Ethiopia 76/198

Kenya 284/158
Nigeria 62/60
2007 Paparini [17] Italian 42/102
2008 Papadimitrio{ [16] Greek 101/181
2008 Druzhevskayg [22] Russia 486/1197
2008 Ahmetov [6] Russia 456/1211
2010 Doring [23] German, Finn- 305/292
ish and North
American

2010 Muniesa [24] Spanish 141/123
2010 Ruiz [2|5] Spanish 153/100
2010 Shang [26] China 250/450
2011 Chiu [15] Taiwan 168/603
2011 Gineviciene [27] Lithuania 193/250
2012 Kikuchi [28] apan 135/333

John et al. Sports. Med. 2020

T jiol) Loadd) Lyl al)

AP to7tet tololsot tollMololt tol¥008IIt
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Hegulsiory regicn Leding region

ACTN2 + ACTN3 : Roles Différents / Muscle Squelettique cestral saicomerc

HHH—CT1 | R
(Del Coso et al. EJAP, 2019)
| "'l alu
(North et al. Nuromuscular Dis. 1996 ; Nature Genet. 1999) l
p.R577XX (rs1815739) HH——CIIT——— <~
Polymorphisme Nucléotidique ——CGET Ty -
- 1— Tissue Expression Isoforms
[I Brain [] Alternate exon 8
Expression Géne Protéine a-actinine-3 [) sketetal muscte B Aenste exon 19
“ Cardiag muscle

u Type Il muscle Rbros

Arginine (R) == (Code Stop Prémature (X)

Ind. Homozygotes Déficit
(Génotype 577 XX) —=LLp  q-actinine-3
Ind. ACTN3 XX

Ind. RR 0u RX sy EXPression Fonctionnelle
a-actinine-3 e
L yhod) Tarado) Bindgl) Liall)

(Scott et al. MSSE, 2010; Yang et al. MSSE, 2007) % oI olol30F FolMoL8L4 40001t



European Journal of Applied Physiology

More than a “speed gene”: ACTN3 R577X genotype,
trainability, muscle damage and the risk for injuries

a-actinin-3 is a bundling a-actinin-3 is only a-actinin-3 is encoded Homozygosity for the X
protein that binds and expressed in type Il by ACTN3 gene. A allele (577XX) results
cross-links the ends of skeletal muscle fibers. common stop-codon in the absence of
F-actin filaments to the polymorphism (R577X) in a-actinin-3.

sarcomere. this gene was discovered
in humans.

o Sarcomere
RR Full expression of a-actmm-3%

" 'ZLine MLine
qH """""""" .' 'v:"- -"".' ...................
&&:wccm"‘m .
RX ~ 50% of a-actinin-3 expression ﬂﬁw B “ ; _

1
I-BAND A-BAND I-BAND

XX No expression of a-actinin-3

T jhed) Tadg) Byl Bl

(Del Coso et al. EJAB 2019) ’—QQ‘ +olL8I+ +olo[80F tollHo[OL+ +ol¥00BITH
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Chromosome 11
Research suggests that Possible
elite athletes who rely variations
on the power of (genotypes)
fast-twitch fibers in their of the ACTN3
bl muscles, like sprinters, gene. R R R
. share a common
genotype. These fibers
contain a protein
| | produced by the R allele
: (version) of the ACTN3
‘ gene.
I ACTN3 Beneficial for elite Not beneficial
' power and endurance for elite power
athletes athletes.
3 Genotype RR RX XX
r powerls;'::t sk i
— athletes and FEMALE POWER ATHLETES (35)
olite TOTAL POWER ATHLETES (107)
endurance CONTROLS (438)
athletes. TOTAL ENDURANCE ATHLETES (184)
Confidence FEMALE ENDURANCE ATHLETES (72)
intervals are 95%. ENDURANCE OLYMPIANS (18)
Sources: Stephens M. Hoth, Ph.D., Universiy of Maryland, Amencan Journal of Human Genelics AL o t‘#‘.‘f.’..i?:’;’f.’.uf;;:f’.’..’ntiﬁ.’

COMITE NATIONAL OLYMPIQUE MAROCAIN
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Composition 4 Fonction Controle > Dose

Sarcomeres M lai g
usculaire / ACTN3 Dé¢pendante

(Hogarth et al. Hum. Mol. Genet., 2016)

Sous ,
Génotype ACTN3 XX ey Ath. Elites
Représenté Spé. Puissance + Explosivité

(Huweling et al. Hum. Mutat., 2018)

Effet - - -
a-actinine-3 Fibres Muscu. II

Role Ne Peut B ] .
e Peut fre I Sur—Repr.es.entatlon
Compensée / a-actinine-2

(Baltazar-Martins et al. Sports, 2020)

-Coordinate myofiament contraction.

contraction.

~May be optimized to reduce the damage
induced to the Z line by eccentric muscle

-Found only in Type Il (Fast-Twitch) Muscle Fibres.

Strength/Power Athl E
~Majority have the R allele ~Majority have the XX
and RR and RX Genotype.
OERtgpes. -Deficiency of the ACTN3
-Expression of the ACTN3 gene.
Alpha Actinin-3 Protein ACTN3 Gene Exon 16
Member of ic inins, which are major ~
components of the Z line. o
-Connect with actin filaments. (
-

Lepied) Laredy) Ldhyl) 2ol

AP to7tet tololsot tollMololt tol¥008IIt
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20% Population » Génotype XX
Mondiale

% / Zones Géographiques

25% Asiatiques - 18% Caucasiens — 11% Ethiopiens
3% Afro-Américains - 1% Kenyans

ACTN3 rs1815739:C>T s
(Houweling et al. Hum. Mutat., 2018) 1A el i

COMITE NATIONAL OLYMPIQUE MAROCAIN
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Carence a-actinine-3 / Perfs. Sportives

Génotype Sous aeh Flites 1 Nem.E
— -
ACTN3 XX ' , th. Elites Inter. / Non-Ent.
Repreésente
(Young et al. Am J Hum Genet, 2003)
Allele R + Génotype RR =y Fréquence >>> / ;
Ath. Sprint + Sports Puissance

(Eynon et al. Sports Med, 2009-2013; Alfred et al. Hum Mutat, 2011))

Pas Fréquente : Sport Puissance + Facteurs Techniques

/ + + + Sport Puissance, Sprint...
ACTN3 Important
a-actinine-3 \
- - - Sport Puissance + Facteurs Techniques

T jhed) Tadg) Byl Bl

AP to7tet tololsot tollMololt tol¥008IIt
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Table 2 a. Case control studies with t@NB R577X polymorphism in sprit/power orient@tes and b. Case control studies with the ACTN3 R577X
polymorphism in endurance athletes.

Controls
Athletes
Sprint/Power Athletes
Genotype%
Genotype%
Country/
Gender Sport P N RR RX XX N RR RX XX Reference
Ethnicity
M . . . <0.001 72 53 39 8 134 30 54 16 Yang et al.,
Short distance Swimmers, Track cyclists>400, Rowers<2000m, Short
Australian . :
distance Skiers
F <0.01 35 43 57 0 292 30 | 54 16 2003
Finnish M&F Power oriented Track & Field athletes <0.03 23 48 52 0 120 45 46 9 Niemi & Majaama 2006
) . . . Papadimitriou et al.,
Greek M&F Power oriented Track & Field - Mainly Sprinters (100m-400m) <0.02 73 48 36 16 181 26 54 18 2008
Roth et al.,
USA M&F Bodybuilders, Powerlifters 0.005 75 31 63 7 876 38 46 16
2008
M Speed Skiers, Gymnasts, Bodybuilders , Hockey players, Powerlifters, <0.0001 363 38 56 6 524 37 47 16
. . . . Druzheveskaya et al.,
Russian Footballers, Speed Skaters; Swimmers; Sprint Track & Field athletes, 008
F Volleyball players, Weightlifters, Wrestlers 0.067 123 46 48 6 , 673 37 51 13
Eynon et al.
Israeli M&F Power oriented Track & Field athletes- Mainly Sprinters (100m-400m) <0.0001 55 38 42 20 240 20 | 62 18
2009
Italian M&F Artistic Gymnasts 0.04 35 49 49 \3/ 53 32 49 19 Massidda at al., 2009
\~4
(Houweling et al. Hum. Mutat., 2018)
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) Power oriented Track & Field athletes, Short distance Swimmers, )
Polish M&F S 0.008 178 10 52 8 254 35 49 15 Cieszczyk et al., 2011
Weightlifters
M NS 37 39 418 14 306 32 49 20 Chui
Taiwanese Short distance Swimmers
F <0.05 44 46 43 11 306 32 49 20 etal, 2011
Japanese M&F Worestlers 0.028 52 27 62 11 333 27 45 28 Kikuchi et al., 2012
M . . . NS 47 21 57 21 361 29 53 18 Hongetal.,
K Gymnasts, Sprinters, Throwers, Speed Skaters, Weightlifters and
orean Taekwondo athletes
F 0.028 37 46 51 3 361 32 50 18 2013
Japanese M Power oriented Track & Field athletes - Mainly Sprinters (100m-400m) 0.002* 134 25 58 17 649 21 53 26 Mikami et al., 2013
Kim et al.,
Korean M&F Weightlifters, Speed Skaters, Sprinters and Short distance Swimmers <0.05 121 40 48 12 854 30 51 19
2014
Yang et al.,
Chinese M&F Power oriented Track & Field athletes, Track Cyclists, Weightlifters <0.001 59 49 46 5 50 26 40 34
2017
Yang et al.,
Nigerian M&F Power oriented Track & Field athletes NS 62 87 13 0 60 83 17 3
2007
Scoot et al.,
Jamaican M&F Power oriented Track &Field athletes NS 86 75 22 3 232 75 22 2
2010
Scoot et al.,
USA M&F Power oriented Track& Field athletes NS 79 70 28 \Z/ 126 66 30 4
2010

* In Japanese cohort the statistical significant difference was detected in RR+RX sprinters vs. Control group.

(Houweling et al. Hum Mutat., 2018)




Carence a-actinine-3 == Défavorable Sport Puissance Sprint...

1 (Houweling et al. Hum Mutat, 2018)

ACTN3 : Gene Vitesse

Détenteurs + Détentrices

Allele R : Frequence >> Record Monde Sprint

(Scott et al. MSSE, 2010)

Ind. ,R.R > Valeurs Force >>
Non-Elites Volume Muscu. >>
Réponse Ent. >>/ XX

(Del Coso et al. Genes, 2019; Broos et al. EJAP, 2015;
Walsh et al. JAP, 2008; Gentil et al. JSSM, 2011)

Composition Fibres Musc. : Similaire (Norman )et al. JAF, 2014)

Section Fibres Type I1 >> RR / XX  (Broos et al. PlosOne, 2016)

Lepied) LaredgD) Byl Liall

AP to7tet tololsot tollMololt tol¥008IIt

%Y

COMITE NATIONAL OLYMPIQUE MAROCAIN



Ent. Musculation

. , — / 1 . + . . >>
Hte Intenisté Puiss. + Perf. Muscu RR / XX

(Demonico et al. A Biol. Sci. Med. Sci. 2007; Jones et al. Biol Sports, 2016;
Ind. Défficients Montgomery et al. Nature, 1998)

\ Synthése Protéique =9 _actinine-3

Ind. XX : Trés Bonne Rép. Ent. Endurance +. Force Faible Intensité

(Montgomery et al. Nature, 1998)

Ind. RR ==l Rép. Ent. Force >>

Perf. >> Sprint + Force

(Pickering et al. Front Physiol, 2017)

Ent. Spécifique : Permet-il Compensation
Diff. Perf. Anaérobies entre Génotypes ACTN3 ???

Influencent '
Perf. Sportives €= Plusieurs Facteurs 1 Cophen e et

COMITE NATIONAL OLYMPIQUE MAROCAIN
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Génotype ACTN3 : Fréquence >> Ind. Spécialistes Endurance

(Yang et al. Am J Hum Genet, 2003)

Données Récentes

Ath. Internationaux
(1/2 Fond, Fond, Marathon, Triathlon etc.)

——  ADSence
Association

(Eynon et al. Sports Med. 2009; Head et al. PlosGenet, 2015;
Friedlander et al. PlosOne, 2013; Papadimitriou et al. IJSM, 2008)

Etude / Records ¥ Fond  s——p Abse.nc.e
Papadimitriuo et al. BMC Genom, 2018 Association :
Pas

Déficience a-actinine-3 =———>p> Avantages / Endurance

A
S

T jhed) Tadg) Byl Bl
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Controls
Endurance Athletes Athletes pe% Genotype%
Country/ Gender Sport P N | RrR/| Rx N RR | RX | XX | Reference
Ethnicity
. M Long distance Swimmers, Endurance Cyclists, NS 118 % 53 19 134 30 54 16 Yang et al.,
Australian Rowers>2000m, C try ski 2003
F owers m, Lross-country skiers <0.05 75 ﬁo 50 30 292 30 50 20
Finnish M&F Endurance Track & Field athletes NS 52 |fs0 | 40 | 10 |[\1060 | 43 | 48 | 9 Niemi &
Majaama 2006
Spanish M&F Long distance Rowgrs, Long distance cyclists, Long NS 139 57 45 57 103 29 57 14 Lucia et al.,
distance runners 2006
Greek M&F Endurance Track & Field athletes — Mainly long distance NS 20 50 o5 o5 81 26 56 18 Papadimitriou
runners et al., 2008
M Race walkers, Biathletes, Endurance Cyclists, Long NGt 293 40 53 7 B2 36 47 17 Ahmetov et al
Russian distance Rowers, Long distance swimmers, Triathletes, 2010 N
F Cross-country skiers NG 163 37 59 4 6§9 37 50 13
Israeli M&F Endurance Track & Field athletes — Mainly long distance <0.006 54 19 46 35 -do 20 62 18 Eynon et al.
runners 2009
American, . . . . :
Finnish, M Blathle_tes, Triathletes, Long dls_tance cyclists, Long NS 316 29 50 21 3 30 51 18 Doring et al.,
G distance runners, Long distance rowers 2010
erman
M . ) . NS 132 37 51 12 410 35 48 17
Chinese Long distance rowers, Long dls_tance cycll_sts, Long Shang et al.,
E distance runners and Long distance swimmers <0.05 118 19 60 21 4,0 35 48 17 2010
Russian M&F Long distance Rowers, Sp_eed skaters_, Race end_urance NS 70 44 56 0 4 35 41 23 Eynon et al.
walkers, Cross country Skiers, Long distance swimmers 2012
Polish, . . .
Spanish, M&F Long distance Cyc!lsts,Long distance Rowers, Long NS 284 37 51 12 o8 32 51 18 Eynon et
RUSS| distance Runners al.,2012
ussian
M . . NS 41 46 44 10 I188 29 53 18
K Badminton Players, Table Tennis Players, Hockey Players Hong et al. ,
oreans and Handball Players 2013
F NS 25 24 48 28 / 173 32 50 18
. . . Mikami et al.,
Japanese M&F Endurance Track & Field — Mainly long distance athletes NS 165 3 54 23 649 21 53 26 2013
Estonians M&F Cross Country skiers and Biathletes NG 58 * 58 9 222 | 76 | 16 8 Mégéﬁga"'
Chinese M&F Long distance runners NS 44 32\/| 36 )l 50 26 | 40 | 34 Ya"z%f}a"’
* In Israeli cohort an Endurance athletes vs. Sprinters statistical significant detected difference (P<0.005) was detected on top o d ce athletes vs. Controls significant difference.

T In Russian cohort none of the males highly elite endurance athletes had the ACTN3 577XX genotype.

(Huweling et al. Hum. Mutat., 2018)
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Modeéle Animal

Souris ACTN3 (KO) =9 Déficit a-actinine-3
(Mac Arthur et al. Nature Genet, 2007)

X" Force << + Masse Maigre << / Souris Normales
(Seto et al. J Clin Invest. 2013)

Taille Fibres Type 11 (Quinlan et al. Hum Mol Genet. 2010; .
Mac Arthur et al. Hum Mol Genet. 2008) ' ' “/ GG

=—=p Phénotype Métab. Aérobie

, Stockage Gly. + Act. Enz. Oxy. Mitoch.

, Act. Calcineurine (Garton et al. Hum Mol Genet. 2014)

Pas de Réplication chez ’Homme
(Papadimitriou et al. Sci Rep. 2019)
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Carence a-actinine-3 / Epidémiologie Blessures

Preuves / —) Incidences
Influence Génotype ACTN3 R577X Lésions Musculaires

< Résultats Pas Clairs

Ath. Femmes Alléle R =) Proba. >>>
(Koizumi et al. J.Mol.Bio D. 2015) Blessures Musc. Sans Contact
Footl,)alleurs Elites Proba. x 3
Génotype XX Blessures Musc.
(Massida et al. CJSM 2019)
< i Plusieurs Etudes Incidence Blessures >> e '
s TNy T RS - ..\
Récentes Ath. XX /Ath. RR e R R T PN

< Role — Génotype ACTN3 XX / Blessures Musc. SS Conatct

(Clos et al. Knee Surg. Sport. Traumatol. Arthrosc. 2019;
Moreno et al. PlosOne 2020)

Mécanismes ??? = el
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Ind. XX :

- Entorse Cheville >>

- Blessures Ligamentaires >>

(Kim et al. J. Exerc. Nutr. Biochem. 2014,
Qi et al. Genet Mol Res. 2016; Shang et al. JSS 2015; )

Femmes XX : Densité Minérale Osseuse << RR

(Min et al. J. Phys. Ther. Sci. 2016 )

e
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Carence a-actinine-3 / Lésions Musc. Induites / Exe.

Contractions Exc. Hte. Int. Lésions
Contractions Conc. Grd. Vol. Muscu.
DOMS (Clarkson et al.
Myoglobin e Am. J. Phys. Med. Rehabil. 2002)
LDH

CK X" Force Musc.

: Degreé Lesions Musc., ==——==p Facteur Performance

Elongation Déchirure Rupture el Lol i) eal
* i 4 Ve 4 A o Ao



——p Resistance Fibres Musc.
/ Contractions Exc. + Conc.

Carence a-actinine-3

Ind. XX =P Marqueurs Lésions Muscu. >> Ind. Allele R
(DOMS, CK)

(Vincent et al. JAP 2010; Pimenta et al. EJAP 2012; Del Coso et al. EJAP 2019)

](;larkson TtE}I'SJS‘A‘l;(ﬁgOS) & — Pas Association
roos et al. (2019) Génotype ACTN3 / f Lésions Muscu.

Ind. XX === Récupération + Rapide =——» S’entrainer ++

(Venckunas et al. APNM 2012)

Septembre 2017
! semaines d'absence

[ |
& 4 Rupture du'tendon du biceps fémora
.y — Janvier 2018
{ semaines d’absence
g Blessure aux ischios-jambiers

Mars 201
Mai 2019 -

4 i ,
5 semaines d’absence R

C arence a—aCtinin e-3 ﬁ LéSiOﬂS MllSCll . >> Lésion musculaire au biceps fémoral DéChirure'du biceps fémoral

fémoral

Récupération + Rapide ??? D
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published: 18 December 2017
doi: 10.3389/fphys.2017.01080

ACTNS3: More than Just a Gene for

Speed

Craig Pickering ?* and John Kiely '
—

TABLE 1 | Studies examining the interaction betwe@'NS genotype and exercise adaptaticD

P
/ N\

Study

Method Sample characteristics

ain outcome

Clarkson et al., 2005a

Pereira et al., 2013

Erskine et al., 2014

Silva et al., 2015

Delmonico et al., 2007

12 weeks progressive resistance exercise training 602 (355 females) aged 18-40
on non-dominant arm. Progression from 3 sets of (n = 133 XX genotype).

12 repetitions to 3 sets of 6 repetitions, with

concurrent increase in load.

12-week high-speed power training programme. 139 Older (mean = 65.5 years)

Progression from 3 sets of 10 repetitions @ 40% Caucasian females (n = 54 XX

1RM to 3 sets of 4 repetitions @ 75% 1RM. genotype).

9-week unilateral knee extension resistance training 51 previously untrained young rjales
programme. (n = 7 XX genotype).

18-week (3 sessions per week) endurance training 206 male Police recruits (n = 33
programme, comprised primarily of 60-min running,  genotype).
individually controlled by heart rate monitor use.

10-week (3 session per week) unilateral knee 155 (n = 86 females) older (50-85
extensor strength training comprised of 4-5 sets of  years) subjects (n = 39 XX genotype).
10 repetitions.

In females, the X allele was associated with
greater absolute and relative improvements in
1RM vs. RR genotypes.

RR genotypes exhibited greater performance
improvements (maximal strength, CMJ)
compared to X allele carriers.

Responses to resistance training were
independent of ACTNG3 genotype.

At baseline, XX genotypes had greater VOo
measure scores than RR genotypes. Following
training, this difference disappeared; i.e., RR
had greater improvements than XX.

Change in absolute peak power greater in RR
XX (p = 0.07) for males. Relative peak

po change greater in RR vs. XX (o =




TABLE 2 | Studies examining the interaction betweefi ACTN3 genotype and exercise r%

N

Study Method

Pimenta et al., 2012 Eccentric-contraction based training

session.

50 maximal eccentric contractions of the
elbow flexor.

Clarkson et al., 2005b

Vincent et al., 2010 4 x 20 maximal single leg eccentric knee

extensions.

Venckunas et al., 2012 Two bouts of 50 drop jumps.

Djarova et al., 2011 Resting blood sample.

Del Coso et al., 2017b Marathon race, pre- and post-race

Counter Movement Jump (CMJ).

Del Coso et al., 2017a Triathlon competition (1.9 km swim, 75 km
cycle, 21.1 km run), pre- and post-race

CMJ.

Belli et al., 2017 37.1km adventure race (22.1 km
mountain biking, 10.9 km trekking, 4.1 km

water trekking, 30 m rope course).

Mﬁcs

Maigfoutcome

37 male professional soccer players
based in Brazil. (n = 9 XX genotype).

reater creatine kinase (CK) activity in XX genotypes
vs. RR.

No association of R577X with increases in CK and
myoglobin (Mb) following eccentric exercise.

157 male (n = 78) and female
subjects of various ethnicities
(n = 115 Caucasians; n = 48 XX
genotype).

19 healthy young males (n = 10
genotype).

XX genotypes had greater peak CK activity
post-training compared to RR genotypes, and
reported greater increases in muscle pain.

18 young males (n = 9 XX gendtype). RR showed greatest decrease in voluntary force, and

slower recovery, compared to XX genotypes.

31 South African Zulu males (n
Cricketers and n = 17 controls
XX genotypes.

14 R allele associated with lower CK levels (RR vs. RX).
No

71 experienced runners (n = 8
genotype).

X allele carriers had higher CK and Mb levels
post-race compared to RR homozygotes. X allele
carriers also had a greater reduction in leg muscle
power compared to RR genotypes.

23 healthy, experienced triathletes
(n = 19 males, n = 5 XX genotype).

X allele carriers had a more pronounced jump height
reduction compared to RR genotypes. In X allele
carriers, there was a tendency toward higher
post-race Mb concentrations (P = 0.10) and CK
concentrations (P = 0.06) compared to RR

20 well trained athletes (n = 15
males; n = 4 XX genotype).

(Pieckering & Kiely, Front. Physiol. 2017)
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TABLE 3 | Studies examining the interaction betwe

Study

Iwao-Koizumi et al.,
2015

Deuster et al., 2013

Qietal, 2016

Kim et al., 2014

Shang et al., 2015

Massidda et al., 2017

a frontiers MINI REVIEW

. . published: 18 December 2017
in Physiology doi: 10.3389/phys.2017.01080

Check for
updates

ACTN3: More than Just a Gene for
Speed

Craig Pickering?* and John Kiely '

" School of Sport and We Performance, University of Central Lancashire, Preston,
Unite - " ercise and Nutritional Genomics Researci Fit Ltd., London, United Kingdom

ACTNG genotype and sports injury.

Method Sample characteristics

Sports injury data survey. 99 female students (n = 34 XX genotype). R allele associated with an increased odds ratio
(OR) of 2.52 of muscle injury compared to X allele.

Controls—lower body exercise test. 134 controls and 47 ER patients (n = 38 XX genotypes 2.97 times more likely to be to ER

Cases—anonymous blood or tissue genotype) cases compared to R allele carriers.

sample collected after an exertional
rhabdomyolysis (ER) incident.

Ankle sprain case-control analysis. 100 patients with non-acute ankle sprain y§s.
100 healthy controls (n = 89 XX genoty,

Significantly lower frequency of RR genotype in
ankle sprain group compared to controls
(o = 0.001).

XX genotypes 4.7 times more likely to suffer an
ankle injury than R allele carriers.

Ankle injury case-control analysis. 97 elite ballerinas and 203 normal female
adults (n = 65 XX genotype).

Ankle injury case-control analysis. 142 non-acute ankle sprain patients and 28
physically active controls (n = 87 XX genoty
All military recruits.

RR genotype and R allele significantly
under-represented in the acute ankle injury group.

Case control, genotype-phenotype 257 male professional Italian soccer players
association study. and 265 non-athletic controls.

XX players were 2.6 times more likely to suffer
orts injury than RR genotypes. Severe injuges

also more likely in X allele carriers copfpared to
RR gdgotypes.




——  ACTN3

\ 4
| @ | @
R allele: R allele:
* Enhanced response to * Reduced post-exercise muscle
resistance training damage following eccentric
training
XX genotype: XX genotype:
* Reduced response to ¢ Increased post-exercise
resistance training muscle damage following

eccentric training

FIGURE 1 | A summary of the potential wider implications of ACTN3 genotype on outcomes from exercise.

O
(N

R allele:

¢ Reduced injury risk
e Possible reduction in flexibility

XX genotype:

* Increased injury risk
e Possibly enhanced flexibility

(Pieckering & Kiely, Front.
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European Journal of Applied Physiology
https:/doi.org/10.1007/500421-018-4010-0 (Del Coso et al. EJAP, 2019)

INVITED REVIEW

@ CrossMark

More than a‘speed gene’: ACTN3 R577X genotype, trainability, muscle
damage, and the risk for injuries

Juan Del Coso' @ - Danielle Hiam? - Peter Houweling? - Laura M. Pérez*> - Nir Eynon?? . Alejandro Lucia*

European Journal of Applied Physiology
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Fig.1 Localisation of a-actinin in skeletal muscle. The sarcomeric muscle contraction. a-actinins are antiparallel homodimers of more
a-actinins are essential for the contractile apparatus at the Z-line than 200 kDa, comprising an actin-binding domain (ABD), a central
because they bind and cross-link the ends of F-actin filaments from domain of four spectrin-like repeats (SR1-4), and a C-terminal calm-
adjacent sarcomeres. While the expression of a- actinin-2 is ubiqui- odulin-like domain with two pairs of EF hand motifs (EF). Adapted EReyEI) 'd_“.,oJJ‘ﬂl Lodsl) Tall
tous in all types of muscle fibers, a-actinin-3 is restricted to fast type from (Ribeiro Ede et al. 2014) M toJ3I+ tolol30+ tollHolOIt +ol¥0eBITH
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European Journal of Applied Physiology

More than a “speed gene”: ACTN3 R577X genotype,
trainability, muscle damage and the risk for injuries

s gene wa scovere:
in humans.

Sarcomere

"‘ ZLine Actie ™ Line ZLine

M RX ~ 50% of a-actinin-3 expression (8 Jows 1507 9 - e
XX No expression of a-actinin-3 i
/ XX are more prone t‘b
damage during eccentric

exercise and weight-bearing
endurance exercise.

RR Full expression of a-actinin—3%

XX and RR individuals have a
similar muscle fiber type
composition.

XX individuals have lower
values of muscle

The response to strength
and endurance training

SEEREthiangipowel is similar in XX, RX and RR.

than R-allele carriers.

(Del Coso et al. EJAP, 2019)
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Fig. 2 Most common phenotypes related to a-actinin-3 deficiency due to homozygosity for the X allele in the ACTN3 R577X polymorphism M ?c;:::; :;::g‘.:l "oﬂ:::lg&m:g::m
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Problémes du Testing Génétique dans le Sport

Probléme de Taille de Cohorte ...

Probléeme de Homogéneité de Cohorte ...
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Abstract

Background: There has been considerable growth in basic knowledge and understanding of how genes are
influencing response to exercise training and predisposition to injuries and chronic diseases. On the basis of this
knowledge, clinical genetic tests may in the future allow the personalisation and optimisation of physical activity,
thus providing an avenue for increased efficiency of exercise prescription for health and disease.

Results: This review provides an overview of the current status of genetic testing for the purposes of exercise
prescription and injury prevention. As such there are a variety of potential uses for genetic testing, including
identification of risks associated with participation in sport and understanding individual response to particular
types of exercise. However, there are many challenges remaining before genetic testing has evidence-based
practical applications; including adoption of international standards for genomics research, as well as resistance
against the agendas driven by direct-to-consumer genetic testing companies. Here We propose a way forward to

develop an_evidence-baseeapproactT 10 SU genetic testn prevention.

onclusion: Based on current knowledge, there is no current clinical application for genetic testing in the area
exerose prescription and injury prevention, however the necessary steps are outlined for the development of
ce-based clinical applications involving genetic testing.
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Figure 1. Number of companies that offer direct-to-consumer (DTC) genetic testing marketed as being
related to sport performance, exercise performance and sports injury risk. Data in 2019 has been
obtained by using the search terms “genetic”, “test”, “exercise” and “sport” in two popular search
engines (Google and Bing) replicating the procedures followed by Williams et al., in 2013 [23] and
Webborn et al., in 2015 [21].



Figure 2. Influence of genetics and epigenetics on traits associated with elite performance. To succeed
in sport, an athlete must possess genetic and epigenetic variations that might predispose to a natural
talent trait (direct effect), and/or to enhanced response to physical training, and/or to reduced risk of
injury (indirect effect).

Pieckering et al. Genes, 2019
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