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A meta-analysis of the association of CKM gene rs8111989
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ABSTRACT: The muscle-specific creatine kinase (CKM) A/G variants (rs8111989) have been associated with
skeletal muscle performance in humans; they are correlated with physical performance and contribute to
differences in the maximum oxygen uptake (VO,max) responses during power or endurance training. However,
there is not enough definitive evidence to demonstrate whether the A and G allelic variants of the CKM gene
rs8111989 are indeed genetic factors that can influence human physical performance. In our study, we identified
9 articles on CKM in a literature search, and conducted two meta-analyses on the CKM rs8111989 A/G allele
or genotype differences between power or endurance athletes and general controls. We found that the power
athletes had a significantly higher frequency of the G allele (OR, 1.14; 95% Cl, 1.02-1.28, P=0.03) and GG
genotype (OR, 1.54; 95% Cl, 1.24-1.91, P<0.0001) compared to controls, but there was no significant difference
for the endurance athletes (G allele, OR, 0.95, 95%Cl, 0.85-1.06, P=0.34; GG genotype, OR, 1.00, 95%Cl,
0.78-1.27, P=1.00). The results provide additional evidence to support the notion that human physical performance
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might be influenced by genetic profiles, especially in power sports.
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TINT RO D U C T 1O N 1550

Human physical performance depends on genetics and its interaction
with environmental factors such as physical training, nutrition, and
technological support. Approximately 66% of the variance in ath-
letic status can be explained by additive genetic factors [9]. As of
2016, more than 350 genetic variants have been associated with
physical performance [1, 7, 33]. However, only about 155 of these
genetic variants have been specifically identified in athletes [1, 131.
Furthermore, for most of these genes and variants, replication stud-
ies have failed to confirm an association with physical performance,
partly due to the small sample size of the studies [4]. As the effects
of genetic polymorphisms tend to be small, large sample sizes are
needed to reliably detect such effects. Meta-analyses overcome the
limitation of small sample size by pooling results from a number of
individual studies to generate a single best estimation [23].
Among the many specific genes and sequence variants (polymor-
phisms) within genes that have been associated with performance,
the muscle-specific creatine kinase (CKM) gene is an important can-
didate gene due to its role in energy homeostasis in muscle cells [16].
Specifically, a genetic predisposition for low CKM activity could be
an advantage for endurance performance [10, 30]. The interest in

CKM as a candidate gene for exercise-related traits is not new, as it
was investigated more than 20 years ago by analysing electropho-
retic variants of the protein [5].

The CKM gene is located on chromosome 19 (19q13.2-13.3)
and has more than 260 polymorphisms [27]. The most frequently
analysed genetic variant of this gene is a polymorphism located in
the 3’-untranslated region (UTR) (rs8111989). There is evidence
that this gene is involved in skeletal muscle performance in humans,
especially during endurance training, as it has been shown to cor-
relate with physical performance and contribute to differences in the
maximal oxygen uptake (VO,max) responses during endurance train-
ing[3, 29, 36]. Moreover, the GG genotype of CKM gene rs8111989
has a higher frequency in power athletes [19]. Several studies
have shown a positive association of rs8111989 A/G variations
with endurance athlete status or power capacity [15, 19, 32],
whereas others have failed to show any significant associa-
tion [12, 17, 19, 26, 30]. This discrepancy raises the question of
whether the A and G allelic variants of the CKM gene rs8111989
are indeed genetic factors that can influence the physical
performance.
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The aim of this study is to summarize the association of CKM
polymorphisms with success in power or endurance sports by con-
ducting a systematic review and meta-analysis, which potentially
can provide more definitive evidence compared with individual reports.

MATERIALS AND METHO DS 150
Literature Search

Combinations of the key words “CKM or CKMM or muscle-specific
creatine kinase or muscle creatine kinase” and “athletes or sports or
sport or exercise or endurance or strength” and “polymorphism or
gene or genotype” were used to screen for potentially relevant stud-
ies focused on CKM among all articles in the PubMed database or
in the title or abstract of articles in the Web of Science database and
Google Scholar. We finally found 63 unique articles published up to
December 2, 2016, in these databases.

Inclusion and Exclusion Criteria

Among 63 unique citations from the PubMed database and the Web
of Science database and Google Scholar, 39 were excluded after the
first screening based on their title relevance to our study, for example,
those that involved experiments on animals, or the target population
was not athletes. Nine were excluded after the second screening
based on the abstract, such as reviews, comparisons only

CKM
Unduplicated records identified from PubMed and
Web of Science, N=63

Excluded:
Title not relevant, n=39

\
Abstract evaluation, N=24

Excluded:

Review, n=1

Comparision between althletes, n=1
Topic not relevant, n=6

No Control, n=1

Y
Full text evaluation, N=15

Excluded:

Data cannot be obtained, n=3
Topic not relevant, n=1

Data is not detailed, n=1
Genotype distribution divided from
Hardy-weinberg equilibrium, n=1

y
| Articles included: N=9

FIG. 1. Flow diagram of study selection.
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between athletes, or due to not being relevant to our analysis. After
full-text reviews of 15 papers, 3 studies were excluded because
the raw data were unavailable, and 1 study was excluded
because the genotype distribution deviated from Hardy-Weinberg
equilibrium. An additional 2 studies in which the data were not
detailed or not relevant were also excluded. Finally, 9 stud-
ies [12, 14, 15, 17, 19, 26, 30, 32, 35] were included in our
meta-analysis. A flow chart showing the study selection process is
presented in Fig. 1.

Data Extraction

We extracted the following data from the original publications of the
included studies: first author and year of publication, distribution of
CKM genotypes and allele numbers among athletes and controls,
characteristics of the study design, and the study population. Then
we separated all the athletes into two groups: endurance athletes
and power athletes.

Statistical Analysis

Hardy-Weinberg equilibrium was examined for each study using
Pearson’s chi-square test with the R package “genetics.” We used
Cochrane Review Manager (RevMan) version 5.3 to perform the
meta-analysis (Nordic Cochrane Centre, Cochrane Collaboration,
Copenhagen, Denmark) [8]. Random effects models were used for
the meta-analysis, and the degree of heterogeneity between the study
results was assessed with the I? statistic [21]. The association be-
tween polymorphisms and sport performance was estimated by odd
ratios (OR) and 95% confidence intervals (Cl), comparing athletes
to controls. RevMan was also used to construct funnel plots to ex-
amine publication bias [11]. Two meta-analyses were performed
with the endurance group and power group.

RIE'S U LTS 15000000
After excluding the overlapping results of literature searches using
the PubMed and the Web of Science databases, 63 articles focused
on CKM were identified. For the literature searches, different combi-
nations of key words were used, such as CKM OR CKMM OR “mus-
cle-specific creatine kinase” OR “muscle creatine kinase” AND (ath-
letes OR sports OR sport OR exercise OR endurance OR strength)
AND (polymorphism OR gene OR genotype).

We designed the screening and inclusion criteria to consist of three
steps for the selection process, as shown in Fig. 1. After the first
step, in which papers whose titles were not relevant were excluded,
24 abstracts were retrieved for the second step. After evaluating the
abstracts, 15 potentially relevant articles were reviewed in a more
detailed full text evaluation. Finally, we included 9 articles in our
quantitative analysis.

The identified 9 studies included a total of 1,559 athletes and
5,923 controls. The sports in the included studies were rowing,
biathlon, skating (5-10 km), cross-country skiing (5-15 km), weight-
lifting, soccer, and cycling, among others. All the athletes were
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separated into two groups (see Table 1, Table 2 and Table 3). We
considered rowing as both an endurance and a power sport, while
soccer was neither of them because it is much more complicated.
The genotypic frequencies for both the cases and the controls in all
studies were in Hardy-Weinberg equilibrium.

Fig. 2 and Fig. 3 present the OR and P values for the pooled
analyses. Power athletes had a higher frequency of the G allele and

GG genotype compared to controls (P < 0.05). The pooled OR of
the G allele compared to the A allele was 1.14 (95% CI 1.02-1.28).
The pooled OR for the GG genotype compared to the AA + AG
genotype was 1.54 (95% Cl 1.24-1.91). The heterogeneity among
all studies was small (1°=0), but there was no significance for endur-
ance athletes (95% Cl <=1, P > 0.1). There was no publication
bias (not shown).

TABLE 1. Overview of 9 case-control studies of G/A alleles and GG/AA+AG genotypes.

Study Group n AA AG GG A G x? P Value
EEA (E) 124 61 47 16 169 79
Rivera 1997 0.283
Controls 115 63 42 10 168 62
Rowers (E+P) 39 15 18 6 48 30
Cyclists (E) 50 23 23 4 69 31 0.208
Muniesa 2008  Runners (E) 52 22 28 2 72 32 '
Controls 123 43 65 15 151 95
EEA (E) 46 21 20 5 62 30
Ruiz 2009 0.372
Controls 123 43 65 15 151 95
Boat racing (E+P) 95 43 34 18 120 70
Biathlon (E) 51 26 21 4 73 29
Skating_5-10 km (E) 13 10 3 0 23 3
Jumping race (P) 68 42 20 6 104 32
Fedotovskaya -
2012 Cross-country skiing 5-15 km (E) 44 27 15 2 69 19 0.661
Weightlifting (P) 74 29 22 23 80 68
Soccer 39 19 16 4 54 24
Controls 1116 493 473 150 1459 773
Judo (P) 29 10 11 8 31 27
Wrestling (P) 79 29 35 15 93 65
Fedotovskaya ) 0.055
2013 Boxing (P) 51 19 25 7 63 39
Controls 1512 637 674 201 1948 1076
Rowers (E+P) 220 97 93 30 287 153
Eider 2015 0.364
Controls 1854 845 813 196 2503 1205
EET (E) 196 93 83 20 269 123
Grealy 2015 0.290
Controls 113 58 49 6 165 61
Endurance (E) 35 20 14 54 16
Speed Power (P) 43 19 13 11 51 35
He 2016 0.681
Uyghur Soccer 36 17 13 6 47 25
Controls 441 214 175 52 603 279
Runners (E) 175 126 49 0 301 49
Yvert 2016 0.5623
Controls 649 465 166 18 1096 202

2 test is performed between all athletes and controls for allele G and A.
EEA is short for Elite Endurance Athlete.
E is short for Endurance Sport.

P is short for Power Sport.
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TABLE 2. Overview of power sports.

Study Group n AA AG GG A G ¥? P Value
. Rowers (E+P) 39 15 18 6 48 30
Muniesa 2008 1
Controls 123 43 65 15 151 95
Boat racing (E+P) 95 43 34 18 120 70
Fedotovskaya Jumping race (P) 68 42 20 6 104 32 0.079
2012 Weightlifting (P) 74 29 22 23 80 68 '
Controls 1116 493 473 150 1459 773
Judo (P) 29 10 11 8 31 27
Fedotovskaya Wrestling (P) 79 29 35 15 93 65
] 0.055
2013 Boxing (P) 51 19 25 7 63 39
Controls 1512 637 674 201 1948 1076
. Rowers (E+P) 220 97 93 30 287 153
Eider 2015 0.364
Controls 1854 845 813 196 2503 1205
Speed Power (P) 43 19 13 11 51 35
He 2016 0.111
Controls 441 214 175 b2 603 279

y2 test is performed between all athletes and controls for allele G and A.
EEA is short for Elite Endurance Athlete.

E is short for Endurance Sport.

P is short for Power Sport.

TABLE 3. Overview of endurance sports.

Study Group n AA AG GG A G ¥? P Value
. EEA (E) 124 61 47 16 169 79
Rivera 1997 0.283
Controls 115 63 42 10 168 62
Rowers (E+P) 39 15 18 6 48 30
. Cyclists (E) 50 23 23 4 69 31
Muniesa 2008 0.208
Runners (E) 52 22 28 2 72 32
Controls 123 43 65 15 151 95
. EEA (E) 46 21 20 5 62 30
Ruiz 2009 0.372
Controls 123 43 65 15 151 95
Boat racing (E+P) 95 43 34 18 120 70
Biathlon (E) b1 26 21 4 73 29
Fedotovskaya Skating 5-10 km (E) 13 10 3 0 23 3
2012 Cross-co 0.067
ross-country
skiing_5-15 km (E) a4 27 1o 2 69 19
Controls 1116 493 473 150 1459 773
. Rowers (E+P) 220 97 93 30 287 153
Eider 2015 0.364
Controls 1854 845 813 196 2503 1205
EET (E) 196 93 83 20 269 123
Grealy 2015 0.290
Controls 113 58 49 6 165 61
Endurance (E) 35 20 14 1 54 16
He 2016 0.163
Controls 441 214 175 52 603 279
Runners (E) 175 126 49 0 301 49
Yvert 2016 0.523
Controls 649 465 166 18 1096 202

2 test is performed between all athletes and controls for allele G and A.
EEA is short for Elite Endurance Athlete.

E is short for Endurance Sport.

P is short for Power Sport.
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Athletes Control Odds Ratio Odds Ratio
a -H, Fi 5% Cl -H. Fi 5% CI
Eider 2015 1563 440 1205 3708 32.2% 1.11[0.90, 1.36]
Fedotovskaya 2012 170 474 773 2232 33.5% 1.06 [0.86, 1.30]
Fedotovskaya 2013 131 318 1076 3024 23.2% 1.27 [1.00, 1.60] =
He 2016 35 86 279 882 5.7% 1.48 [0.94, 2.33] B
Muniesa 2008 30 78 95 246 54% 0.99 [0.59, 1.68] -1
Total (95% CI) 1396 10092 100.0% 1.14[1.02, 1.28] *
Total events 519 3428
v Chi2 = = - L2 =09 I } } i
?etcterfogeneltyl.I Cfr: t.22.9—5,2dzf3 ;:’(_P0 0(?3.57), 2=0% 0.01 01 1 10 100
est for overall effect: Z = 2.23 (P = 0.03) Favours [experimental] Favours [control]
Athletes Control Odds Ratio Odds Ratio
b Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% CI M-H., Fixed, 95% CI
Eider 2015 30 220 196 1854 29.4% 1.34[0.88, 2.02] ™
Fedotovskaya 2012 47 237 150 1116 34.5% 1.59 [1.11, 2.29] =
Fedotovskaya 2013 30 159 201 1512 25.4% 1.52[0.99, 2.32] =
He 2016 11 43 52 441 5.6% 2.57 [1.22, 5.41] -
Muniesa 2008 6 39 15 123 5.0% 1.31[0.47, 3.64] -
Total (95% ClI) 698 5046 100.0% 1.54 [1.24,1.91] L 2
Total events 124 614
(T i2 = = - - 12 = 09 I T T 1
oo
est for overall effect: Z = 3.95 ( ' ) Favours [experimental] Favours [control]
FIG. 2. Meta-analysis for association studies for CKM gene and power sports.
(a) Allele G vs A. (b) Homozygotes GG vs AA+AG. Cl= confidence interval.
Athlete Control Odds Ratio Odds Ratio
a Even Even | _Weight M-H, Fixed, 95% CI M-H Fixi.g_, 95% Cl
Eider 2015 153 440 1205 3708 26.1% 1.11[0.90, 1.36]
Fedotovskaya 2012 121 406 773 2232 26.1% 0.80 [0.64, 1.01] il
Grealy 2015 123 392 61 226 8.3% 1.24[0.86, 1.78] I
He 2016 16 70 279 882 5.0% 0.64 [0.36, 1.14] T
Muniesa 2008 93 282 95 246 10.6% 0.78 [0.55, 1.12] ™
Rivera 1997 79 248 62 230 6.9% 1.27 [0.85, 1.88] I
Ruiz 2009 30 92 95 246 5.5% 0.77 [0.46, 1.28] B
Yvert 2016 49 350 202 1298 11.5% 0.88 [0.63, 1.24] ™
Total (95% CI) 2280 9068 100.0% 0.95 [0.85, 1.06] ¢
Total events 664 2772
ity- i2 = = = 12 = 0, r T T 1
1l-_ietf;ogeneltyl.l Cfl;l . 122._03,9dsf p7—(|; 340.10), 12=42% 0.01 01 1 10 100
est for overall effect: Z = 0.96 (P = 0.34) Favours [Experiment] Favours [Control]
Athlete Control Odds Ratio Odds Ratio
b Study or Subgroup __Events Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI
Eider 2015 30 220 196 1854 27.7% 1.34[0.88, 2.02]
Fedotovskaya 2012 24 203 150 1116 31.4% 0.86 [0.55, 1.37]
Grealy 2015 20 196 6 113 53% 2.03[0.79, 5.21] T
He 2016 1 35 52 441 5.7% 0.22[0.03, 1.64]
Muniesa 2008 12 141 15 123 11.3% 0.67 [0.30, 1.49] 1
Rivera 1997 16 124 10 115 7.0% 1.56 [0.68, 3.58] T
Ruiz 2009 5 46 15 123 5.6% 0.88[0.30, 2.57] B
Yvert 2016 0 175 18 649 6.1% 0.10[0.01, 1.62] ¢
Total (95% ClI) 1140 4534 100.0% 1.00 [0.78, 1.27] L 2
Total events 108 462
it Chi2 = = = . 12 = 389 I t t {
Heterogeneity: Chi? = 11.35, df =7 (P = 0.12); 1> = 38% 0.01 01 1 10 100

Test for overall effect: Z = 0.01 (P = 1.00)

Favours [experimental]

Favours [control]

FIG. 3. Meta-analysis for association studies for CKM gene and endurance sports
(a) Allele G vs A. (b) Homozygotes GG vs AA+AG. Cl= confidence interval.
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DISCUS'S 1O /N /55
These meta-analyses were performed to estimate the association of
human sport performance with CKM A/G variants (rs8111989). The
analyses involved 1,559 athletes (power and endurance) and 5,923
controls from 9 studies (Table 1). Among these studies, we can find
that it is a controversial issue whether the CKM A/G polymorphism
is indeed a genetic factor that can influence physical performance.
In terms of the two meta-analyses of power athletes and endurance
athletes, our results indicate that power athletes have a higher fre-
quency of the G allele (OR, 1.14; 95% Cl, 1.02-1.28) and GG gen-
otype (OR, 1.54; 95% ClI, 1.24-1.91) compared to general controls,
which provides significant evidence to answer this controversial ques-
tion. Rankinen could not identify a panel of genomic variants common
to elite endurance athlete groups even based on a total of 1520
endurance athletes and 2760 controls [28]. The result of our study
suggested that there was not a significant difference of the G allele
or GG genotype of CKM between endurance athletes and controls.

The CKM gene is a muscle-specific form of CK, which catalyses
the conversion of hosphor-creatine (PCr) and ADP into creatine and
ATP, as well as the reverse reaction [171]. It is also an important gene
because of its role in energy homeostasis in muscle cells [12, 16].
A genetic predisposition for low CKM activity could be an advantage
for endurance performance [10, 291.

Earlier studies have shown that a CKM single nucleotide polymor-
phism within the 3'-flanking gene region is associated with the change
in VO,max after endurance training [29, 31, 36]. Moreover, Fedo-
tovskaya found that the CKM AA genotype was associated with high
values of VO,max [14]. In addition, a tendency for individuals with
the GG and GA genotypes to reach higher VO,max levels was re-
ported [18].

The interdependence between the CKM A/G polymorphism
(rs8111989) and individual differences in the expression of human
physical performance has been shown in several studies [6, 10, 36].
The A/G variation located in the 3'-UTR of the CKM gene has been
found to be the most relevant regarding genetic testing in sport
performance [12]. It has been shown that athletes or individuals
with the CKM-Ncol AA genotype have a six-fold higher likelihood of
experiencing exertional muscle breakdown compared with the GG
and AG genotypes. It has been hypothesized that the G allele is as-
sociated with a protective mechanism against exertional muscle
breakdown [19].

Although the A/G polymorphism of the CKM gene rs8111989 is
located in the 3'-UTR and thus does not result in a functional change
in the CKM protein, deletion of the CKM 3'-UTR changes the mRNA
cellular localization signal, which is important for correct CK/PCr
shuttling [34] and may possibly result in altered expression levels of
CKM due to mRNA instability [17, 20]. There are many genes as-
sociated with sport performance, such as angiotensin-converting
enzyme (ACE), a-actinin-3 (ACTN3), and peroxisome proliferator
activated receptor alpha (PPARA). Therefore, further studies are
needed to determine whether these genes have any effects on endur-
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ance sport performance.

Case-control association studies have been widely used to iden-
tify susceptibility genes, and this study design remains the most
common in sports genomics [1, 2]. The purpose of these studies is
to determine whether one allele or one genotype of a polymorphism
is more common in a group of elite athletes than in the general
controls. However, the small sample size is one of the limitations of
this type of study. A small sample size often results in statistical
insignificance between athletes and controls, and controversial con-
clusions are often obtained in this kind of research. Yvert found that
the total genotype score (TGS) based on some previously published
endurance performance-associated polymorphisms does not influence
endurance running performance in the Japanese population [35].
Thus, an important step in the investigation of previously inconsistent
results is performing a meta-analysis [25]. loannidis and Lohmuller
combined association studies with contradictory findings (IHD ACE
(insertion/deletion)) and found that approximately 20-30% of ge-
netic association studies were statistically significant [22, 24, 25].
In our study, this limitation can be overcome by performing a meta-
analysis. Among the 9 studies considered separately, we cannot know
whether the CKM gene rs8111989 A/G polymorphism is indeed
a genetic factor that can influence physical performance. Our results
indicate that power athletes have a higher frequency of the G allele
and GG genotype compared to general controls, which provides sig-
nificant evidence to answer this controversial question.

Although the number of samples in our study was substantial,
the potential limitations of this study should be considered. First, all
the identified studies focused on the effect of a single gene; therefore,
the interaction of the CKM gene with other genes or with environment
factors needs to be investigated in future studies. Second, most of
the studies assessing the genetic factors of physical performance
have focused on endurance and power; thus, future studies should
focus on identifying genetic markers associated with other sport
phenotypes such as stability, flexibility, and coordination. Finally,
some family studies were excluded from our study, and an addi-
tional study may be needed to retrieve those data for the multi-
analysis.

CONCLU SO N S 5
In conclusion, the present study integrated and reanalysed data from
9 studies and provided additional evidence to support the findings
regarding the differences in the frequency of the GG genotype and
G allele of CKM between power athletes and general controls. We
also performed another meta-analysis between endurance athletes
and controls to demonstrate that there was no significance for endur-
ance athletes. Although there were different results from our
two meta-analyses, our findings strengthen the evidence that
human physical performance might be influenced by genetic
profiles.




CKM genetic polymorphisms influence physical performance

REE F E R E/N C ES /55000000000

1.

10.

11.

12.

13.

14.

Ahmetoy, II, Egorova ES,
Gabdrakhmanova LJ, Fedotovskaya ON.
Genes and Athletic Performance: An
Update. Med Sport Sci. 2016;61:41-54
Ahmetov Il, Fedotovskaya ON. Sports
genomics: Current state of knowledge
and future directions. Cellular and
Molecular Exercise Physiology. 2012;
1:1-22.

Baird MF, Graham SM, Baker JS,
Bickerstaff GF. Creatine-kinase- and
exercise-related muscle damage
implications for muscle performance
and recovery. J Nutr Metab.
2012;2012:960363

Bouchard C. Overcoming barriers to
progress in exercise genomics. Exerc
Sport Sci Rev. 2011 Oct;39(4):212-7.
Bouchard C, Chagnon M, Thibault MC,
Boulay MR, Marcotte M, Cote C,
Simoneau JA. Muscle genetic variants
and relationship with performance and
trainability. Med Sci Sports Exerc.
1989;21:71-77.

Brancaccio P, Limongelli FM, Maffulli N.
Monitoring of serum enzymes in sport.
Br J Sports Med. 2006;40:96-97.
Bray MS, Hagberg JM, Perusse L,
Rankinen T, Roth SM, Wolfarth B,
Bouchard C. The human gene map for
performance and health-related fitness
phenotypes: the 2006-2007 update.
Med Sci Sports Exerc. 2009;41:35-73.
Collaboration C. Review manager
(RevMan)[computer program]. 2011;
Version:

De Moor MHM, Spector TD, Cherkas
LF, Falchi M, Hottenga JJ, Boomsma
DI, De Geus EJC. Genome-wide linkage
scan for athlete status in 700 British
female DZ twin pairs. Twin Res Hum
Genet. 2007;10:812-820.

Echegaray M, Rivera MA. Role of
creatine kinase isoenzymes on muscular
and cardiorespiratory endurance -
Genetic and molecular evidence. Sports
Med. 2001;31:919-934.

Egger M, Smith GD, Schneider M,
Minder C. Bias in meta-analysis
detected by a simple, graphical test.
Brit Med J. 1997;315:629-634.
Eider J, Ahmetov Il, Fedotovskaya ON,
Moska W, Cieszczyk P, Zarebska A,
Czubek Z, Klocek T, Stepien-
Slodkowska M, Maciejewska-Karlowska
A, Sawczuk M. CKM gene
polymorphism in Russian and Polish
rowers. Genetika. 2015;51:389-392.
Eynon N, Ruiz JR, Oliveira J, Duarte JA,
Birk R, Lucia A. Genes and elite
athletes: a roadmap for future research.
J Physiol. 2011;589:3063-3070.
Fedotovskaia ON, Popov DV,
Vinogradova OL, Akhmetov II.
Association of the muscle-specific
creatine kinase (CKMM) gene
polymorphism with physical

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

performance of athletes. Fiziologiia
cheloveka. 2012;38: 105-109.
Fedotovskaya O, Eider J, Cieszczyk P,
Ahmetov I, Moska W, Sawczyn S,
Leonska-Duniec A, Maciejewska-
Kartowska A, Sawczuk M, Czubek Z,
Zychowska M, Jascaniene N.
Association of muscle-specific creatine
kinase (CKM) gene polymorphism with
combat athlete status in Polish and
Russian cohorts. Arch Budo.
2013;9:33-237.

Field ML, Khan O, Abbaraju J, Clark JF.
Functional compartmentation of
glycogen phosphorylase with creatine
kinase and Ca2+ ATPase in skeletal
muscle. Journal of theoretical biology.
2006; 238: 257-268.

Grealy R, Herruer J, Smith CLE, Hiller
D, Haseler LJ, Griffiths LR. Evaluation
of a 7-Gene Genetic Profile for Athletic
Endurance Phenotype in [ronman
Championship Triathletes. Plos One.
2015; https://doi.org/10.1371/journal.
pone.0145171

Gronek P, Holdys J, Krysciak J,
Stanislawski D. CKM Gene G (Ncoi-)
Allele Has a Positive Effect on Maximal
Oxygen Uptake in Caucasian Women
Practicing Sports Requiring Aerobic and
Anaerobic Exercise Metabolism. J Hum
Kinet. 2013;39:137-145.

He E, Li Y, Qian J, Yan H. Association of
CKMM gene A/G polymorphism and
athletic performance of
uyghurnationality. Zhongguo Ying Yong
Sheng Li Xue Za Zhi. 2016
Jan;32(1):82-6.

Heled Y, Bloom MS, Wu TJ, Stephens
Q, Deuster PA. CK-MM and ACE
genotypes and physiological prediction
of the creatine kinase response to
exercise. J Appl Physiol (1985). 2007
Aug;103(2):504-10.

Higgins JPT, Thompson SG, Deeks JJ,
Altman DG. Measuring inconsistency in
meta-analyses. Brit Med J.
2003;327:557-560.

loannidis JPA, Ntzani EE, Trikalinos TA,
Contopoulos-loannidis DG. Replication
validity of genetic association studies.
Nat Genet. 2001;29(3):306-9.

Lee YH. Meta-analysis of genetic
association studies. Ann Lab Med.
2015;35(3):283-7

Lohmueller KE, Pearce CL, Pike M,
Lander ES, Hirschhorn JN. Meta-
analysis of genetic association studies
supports a contribution of common
variants to susceptibility to common

disease. Nat Genet. 2003;33:177-182.

Lopez-Leon S, Tuvblad C, Forero DA.
Sports genetics: the PPARA gene and
athletes’ high ability in endurance
sports. A systematic review and
meta-analysis. Biol Sport. 2016;33:3-
6.

26.

27.

28.

29.

30.

31.

32.

33.

Muniesa CA, Gonzalez-Freire M,
Santiago C, Lao JI, Buxens A, Rubio JC,
Martin MA, Arenas J, Gomez-Gallego F,
Lucia A. World-class performance in
lightweight rowing: is it genetically
influenced? A comparison with cyclists,
runners and non-athletes. Br J Sports
Med. 2010;44:898-901.

Nigro JM, Schweinfest CW, Rajkovic A,
Pavlovic J, Jamal S, Dottin RP, Hart JT,
Kamarck ME, Rae PM, Carty MD, et al.
cDNA cloning and mapping of the
human creatine kinase M gene to
19g13. Am J Hum Gen. 1987; 40:
115-125.

Rankinen T, Fuku N, Wolfarth B, Wang
G, Sarzynski MA, Alexeev DG, Ahmetov,
II, Boulay MR, Cieszczyk P, Eynon N,
Filipenko ML, Garton FC, Generozov EV,
Govorun VM, Houweling PJ, Kawahara
T, Kostryukova ES, Kulemin NA, Larin
AK, Maciejewska-Karlowska A, Miyachi
M, Muniesa CA, Murakami H,
Ospanova EA, Padmanabhan S,
Pavlenko AV, Pyankova ON, Santiago C,
Sawczuk M, Scott RA, Uyba VV, Yvert T,
Perusse L, Ghosh S, Rauramaa R,
North KN, Lucia A, Pitsiladis Y,
Bouchard C. No Evidence of a Common
DNA Variant Profile Specific to World
Class Endurance Athletes. PLoS One.
2016;11:e0147330.

Rivera MA, Dionne FT, Simoneau JA,
Perusse L, Chagnon M, Chagnon Y,
Gagnon J, Leon AS, Rao DC, Skinner
JS, Wilmore JH, Bouchard C.
Muscle-specific creatine kinase gene
polymorphism and VO2max in the
HERITAGE Family Study. Med Sci
Sports Exerc. 1997;29:1311-1317.
Rivera MA, Dionne FT, Wolfarth B,
Chagnon M, Simoneau JA, Perusse L,
Boulay MR, Gagnon J, Song TMK, Keul
J, Bouchard C. Muscle-specific creatine
kinase gene polymorphisms in elite
endurance athletes and sedentary
controls. Med Sci Sports Exerc.1997;
29: 1444-1447.

Rivera MA, Perusse L, Simoneau JA,
Gagnon J, Dionne FT, Leon AS, Skinner
JS, Wilmore JH, Province M, Rao DC,
Bouchard C. Linkage between a
muscle-specific CK gene marker and
VO2max in the HERITAGE Family
Study. Med Sci Sports Exerc. 1999; 31:
698-701.

Ruiz JR, Gomez-Gallego F, Santiago C,
Gonzalez-Freire M, Verde Z, Foster C,
Lucia A. Is there an optimum endurance
polygenic profile? J Physiol. 2009 Apr
1;,587(Pt 7):1527-34.

Sarzynski MA, Loos RJ, Lucia A,
Perusse L, Roth SM, Wolfarth B,
Rankinen T, Bouchard C. Advances in
Exercise, Fitness, and Performance
Genomics in 2015. Med Sci Sports
Exerc. 2016;48:1906-1916.

a BioLoGy oF SporT, VoL. 34 No4, 2017 329



330 .

34. Wilson IA, Brindle KM, Fulton AM.

Differential localization of the mRNA of
the M and B isoforms of creatine kinase
in myoblasts. Biochem J. 1995;308(
Pt 2):599-605.

35. Yvert T, Miyamoto-Mikami E, Murakami

H, Miyachi M, Kawahara T, Fuku N.

36.

Lack of replication of associations
between multiple genetic
polymorphisms and endurance athlete
status in Japanese population. Physiol
Rep. 2016;4(20).pii e13003.

Zhou DQ, Hu Y, Liu G, Gong L, Xi Y,
Wen L. Muscle-specific creatine kinase

Chunyang Chen, Songnian Hu et al.

gene polymorphism and running
economy responses to an 18-week
5000-m training programme. Br J
Sports Med. 2006;40:988-991.




