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INTRODUCTION

Telomeres are repetitive, non-coding DNA sequences 
located at the ends of each chromosome. In humans, a 
six-nucleotide motif (TTAGGG) is repeated thousands 
of times, reaching a length of 10 to 15 kb [1]. By capping 
the ends of chromosomes, telomeres protect the chro-
mosomes from degradation, end-to-end fusion, and 
atypical recombination [1]. Telomeres are progressively 
shortened during each mitotic cell division by 50 to 200 
bp because of the incomplete replication of linear chro-
mosomes by conventional DNA polymerase (also known 
as the end replication problem) [1-3]. Once telomeres be-

come critically short, they lose their protective function, 
and cellular senescence or apoptosis occurs. This pro-
gressive shortening of telomeres limits the replicative 
capacity of human somatic cell division and serves as 
a mitotic clock for somatic cells [4]. Telomere shorten-
ing is also considered one of the mechanisms of human 
aging and age-related diseases, such as heart disease 
and atherosclerosis, as well as cancer [5-7]. Telomere 
shortening can be recovered by the action of telomer-
ase. Human telomerase consists of two molecules, each 
comprising telomerase reverse transcriptase (TERT), 
telomerase RNA component (TERC), and dyskerin [8]. 
Alterations in telomerase activity are also associated 
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with a diverse range of human diseases, including can-
cer [9-11]. 

A number of recent genome-wide association studies 
(GWASs) identified single nucleotide polymorphisms 
(SNPs) related to leukocyte telomere length [12-16]. A 
number of polymorphisms in TERT and TERC can al-
ter telomerase activity and may therefore affect telomere 
length [17-19]. However, these studies were mainly con-
ducted in Caucasian populations. The effects of genetic 
polymorphisms on telomere length may differ among 
ethnic groups. Therefore, the present study was per-
formed to determine the impacts of the genetic variants 
identified in Caucasians on telomere length in a Korean 
population.

METHODS

Study population
The study population consisted of 94 randomly selected 
individuals from a pool of healthy volunteers that visit-
ed the General Health Check-Up Center of Kyungpook 
National University Hospital between January and July 
2005. All participants were ethnic Koreans residing in 
Daegu or the surrounding regions. Blood samples were 
provided by the National Biobank of Korea, which is 
supported by the Ministry of Health, Welfare, and Fam-
ily Affairs. This study was approved by the Institution-
al Review Board of the Kyungpook National University 
Hospital (approval no. KNUHBIO-09-1018).

Telomere length assessment
Genomic DNA was isolated from peripheral blood using 
the QuickGene DNA whole blood kit (Fujifilm, Tokyo, 
Japan) in accordance with the manufacturer’s protocol. 
Relative telomere length was measured using a quan-
titative polymerase chain reaction (PCR) method de-
scribed elsewhere [20,21]. The relative telomere length 
was expressed as the ratio of the telomere repeat copy 
number to the copy number of a single gene, i.e., the 
human β-globin gene. 

SNP selection and genotyping
Thirteen SNPs found to be associated with telomere 
length in five GWASs [12-16] were selected. Among these 
13 SNPs, three (rs3027234, rs6028466, and rs654128) are 

very rare in Asians (according to HapMap data, minor 
allele frequency = 0.03, 0.05, and 0.07, respectively) and 
were therefore excluded from this study. Seven SNPs 
were selected from candidate gene association studies 
[17-19] that reported associations between polymor-
phisms in TERT or TERC and telomere length. A total of 
17 polymorphisms were selected and genotyped using a 
sequenome mass spectrometry-based genotyping assay. 
Samples that could not be scored using this approach 
were re-genotyped by PCR-restriction fragment length 
polymorphism assay. For quality control, the genotyp-
ing analysis was performed in a blinded manner with 
regard to the subjects. Approximately 10% of the sam-
ples were selected randomly for repeat genotyping by a 
different investigator, and the results showed 100% con-
cordance.

Statistical analysis
Statistical analysis was performed using R version 2.15.3. 
Means and standard deviations are reported for contin-
uous variables, and numbers and percentages are re-
ported for categorical variables. Telomere lengths of the 
global, dominant, or recessive model were compared by 
one-way analysis of variance or independent t test for 
each SNP. After adjusting for age, gender, and cigarette 
pack-years (for smokers), mean telomere lengths were 
compared by analysis of covariance. 

RESULTS

The characteristics of the study population are shown 
in Table 1. The mean relative telomere length was 2.30 
(standard deviation, 0.60). The mean telomere length 
was shorter in heavy smokers (pack-years > 34) than in 
lighter smokers (pack-years ≤ 34; p = 0.05). No significant 
differences in telomere length related to age or gender 
were found (Table 1). The genotype distributions of the 
17 SNPs were in Hardy-Weinberg equilibrium. 

Among the 17 SNPs evaluated, eight were significantly 
associated with telomere length following adjustments 
for age, gender, and pack-years of smoking (Table 2). 
The rs10936599 and rs1317082 of MYNN and rs2293607 
of TERC were associated with telomere length under 
the dominant model for the variant allele of each SNP 
(p = 0.04, p = 0.03, and p = 0.04, respectively). These three 
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SNPs were within a region of approximately 15 kb on 
chromosome 3q26.2 (169482335 to 169497585 bases) and 
were in complete linkage disequilibrium (LD) (Fig. 1) 
[22]. The rs412658 of the zinc finger protein 676 (ZNF676) 

on chromosome 19p12 was also associated with telo-
mere length under the recessive model (p = 0.001). Four 
SNPs (rs2853669, rs2736098, rs2736108, and rs7705526) 
in TERT showed significant associations with telomere 

Table 1. Characteristics of the study population

Characteristic No. (%) Telomere length,  mean ± SD p value

Subject 94 2.30 ± 0.60

Age, yr (range, 38–78) 

 ≤ 62 46 (48.9) 2.34 ± 0.65 0.55

 > 62 48 (51.1) 2.26 ± 0.56

Sex

 Male 71 (75.5) 2.29 ± 0.60 0.90

 Female 23 (24.5) 2.31 ± 0.60

Smoking status

 Never 28 (29.8) 2.29 ± 0.63 0.93

 Ever 66 (70.2) 2.30 ± 0.59

Pack-yearsa in ever smokers (n = 66) 

≤ 34 33 (50.0) 2.45 ± 0.67 0.05

> 34 33 (50.0) 2.16 ± 0.48
aPacks per day × years smoked.

Figure 1. Reconstructed linkage disequilibrium (LD) plots using informative single nucleotide polymorphisms in 94 healthy 
Koreans: TERC and MYNN (A) and TERT (B). The plots were generated using Haploview according to the method proposed by 
Gabriel et al. [22]. The black boxes that do not contain numbers indicate complete LD (|D’| = 1). The numbers in the squares are 
|D’| (× 100) values. The triangles indicate haplotype blocks. 
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length under the recessive model for the variant allele 
of each SNP (p = 0.01, p = 0.03, p = 0.01, and p = 0.02, re-
spectively). The rs2853669 and rs2736098 of TERT were 
in strong LD (Fig. 1).	

We further evaluated the combined effects of eight 
SNPs associated with telomere length. Among these 
eight SNPs, three (rs10936599, rs1317082, and rs2293607) 
were in complete LD, and two (rs2853669 and rs2736098) 
were in strong LD. Therefore, five SNPs (rs10936599, 
rs412658, rs2853669, rs2736108, and rs7705526) were eval-
uated for their combined effects. Each genotype asso-
ciated with short telomere length was considered as a 
bad genotype for short telomeres. The telomere length 
decreased significantly with increasing number of bad 
genotypes (p = 1.7 × 10–5) (Table 3). 

DISCUSSION

This study was performed to validate the associations 
between 17 genetic variants previously identified in 
Caucasians and telomere length in a Korean population. 
Among the 17 SNPs evaluated, eight were significantly 
associated with telomere length in the Korean popula-
tion. Telomere length decreased significantly with in-
creasing number of bad genotypes. 

In the present study, rs10936599 and rs1317082 of 
MYNN and rs2293607 of TERC were significantly asso-
ciated with telomere length. MYNN is located on 3q26.2 
and encodes myoneurin, a member of the BTB/POZ and 
zinc finger domain-containing protein family, which is 
involved in the control of gene expression [23,24]. Myo-
neurin has been investigated in a mouse model, and its 
expression was shown to be developmentally regulated in 
mouse muscle [24]. In humans, myoneurin is expressed 
in the neuromuscular junctions and is thought to play a 

role in the control of either correct muscle attachment 
or the specificity of neuromuscular connections [24]. A 
number of studies have indicated that SNPs in MYNN 
are associated with telomere length [15,19,25,26]. Jones 
et al. [19] and Codd et al. [25] reported that rs10936599 
is associated with telomere length. Mangino et al. [15] 
and Pooley et al. [26] reported associations between 
rs1317082 and telomere length. However, rs10936599 is 
a synonymous SNP, and rs1317082 is located within an 
intronic region of MYNN. Therefore, the associations 
between rs10936599 or rs1317082 and telomere length 
may be due to LD with another true functional variant. 
In the present study, rs2293607 was found to be in com-
plete LD with rs10936599 and rs1317082. The rs2293607 
is located in the promoter region of TERC, a component 
of telomerase. Telomerase plays an important role in 
the maintenance of telomere length and prevents pro-
gressive telomere shortening during cell division [1,8]. 
Differences in TERC mRNA expression level associated 
with rs2293607 have been reported [19]. rs2293607 was 
also found to be significantly associated with telomere 
length in the present study. Therefore, the association 
between rs10936599 or rs1317082 of MYNN and telomere 
length can be due to LD with rs2293607 of TERC. 

Chromosome 19p12 is a recently identified locus as-
sociated with leukocyte telomere length variation [15]. 
This locus includes ZNF676. Zinc finger proteins are 
abundant in eukaryotic genomes and have various 
functions, including DNA recognition, RNA packaging, 
transcriptional activation, regulation of apoptosis, pro-
tein folding and assembly, and lipid binding [27]. Zinc 
finger proteins also play a role in telomere maintenance. 
By binding to telomeric DNA sequences and G-qua-
druplexes, zinc finger proteins can regulate telomere 
length [28]. Patel et al. [29] reported that telomerase ac-
tivity was inhibited by an engineered zinc finger protein 

Table 3. Combined effect of bad genotypes with telomere length

Bad genotypea Number Telomere length p value

0 8 3.01 ± 0.80 1.7 × 10–5

1 30 2.48 ± 0.43

2–3 45 2.14 ± 0.57

4–5 8 1.80 ± 0.38

Values are presented as mean ± SD.
aNumber of the rs10936599 CC or CT, rs412658 CC or CT, rs2853669 CC, rs2736108 AA, and rs7705526 AA.
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that binds to the G-quadruplex DNA structures of sin-
gle-stranded human telomeric sequences. However, the 
effect of ZNF676 on telomere length is elusive. Mangino 
et al. [15] reported that the major allele of rs412658, which 
is located near the 3’ end of ZNF676, is associated with 
short leukocyte telomere length. In accordance with this 
finding, the major allele of rs412658 was associated with 
short telomere length in a Korean population. Consis-
tent results across ethnic groups suggest that rs412658 
may play a role in telomere length regulation. Addition-
al studies, including functional studies, are required to 
establish the relationship between ZNF676 and telomere 
length. 

TERT, one of the major components of telomerase, is 
located on 5p15.33. Mutations in TERT can also alter telo-
merase activity and telomere length [30]. The rs2736108 
and rs2853669 are located in the promoter region of 
TERT. Bojesen et al. [18] reported that rs2736108 and 
rs2853669 were associated with telomere length in Cau-
casians. In the present study, rs2736108 and rs2853669 
were also shown to be associated with telomere length 
in a Korean population. It was reported that the mi-
nor allele of rs2736108, together with the minor allele 
of rs2736109, reduced TERT promoter activity [31]. Hsu 
et al. [11] reported that telomerase activity was different 
according to the rs2853669 genotype in non-small cell 
lung cancer. Therefore, rs2736108 and rs2853669 may 
regulate telomere length by altering telomerase activity.

In the present study, associations between eight of 
the 17 SNPs and telomere length were verified in a Ko-
rean population. However, the remaining nine SNPs 
did not show significant evidence of association. Al-
though replication is considered the gold standard for 
validating GWASs, non-replication of original results 
has also been reported in several subsequent studies 
[32-34]. Differences in genetic backgrounds or environ-
mental factors among ethnic groups may be one reason 
for the discordant results on telomere length. It has 
also been reported that environmental stresses, such 
as oxidative stress, ethanol, caffeine, or temperature, 
may affect telomere length [35]. Furthermore, differenc-
es in LD patterns among ethnic groups should also be 
considered. The investigated variants may be linked to 
other polymorphisms that exhibit stronger effects on 
telomere length, and diverse LD patterns across ethnic 
groups could lead to inconsistent associations. Differ-

ent minor allele frequencies should also be considered. 
The minor allele frequency of rs621559 is 0.06 in Cauca-
sians but 0.28 in Koreans. The frequency of the “A” allele 
of rs1317082 is 0.72 in Caucasians but 0.39 in Koreans. 
These differences in minor allele frequencies can also 
reduce a study’s power for replication [36]. Due to the 
relatively small sample size, the present study may not 
have had sufficient power for the detection of variants 
that exert small effects on telomere length. In particu-
lar, associations of rs398652, rs1975174, or rs2735940 with 
telomere length showed borderline significance in the 
present study. Additional studies using larger sample 
sizes are required to clarify these findings. 

Age and gender, the best known confounding fac-
tors for telomere length, were adjusted on multivari-
ate analyses in this study. Other minor factors, such as 
obesity and physical inactivity, may also be considered 
confounding factors. However, it is still controversial 
whether obesity and physical inactivity affect telomere 
length. In this study, no adjustments were made for obe-
sity or physical inactivity.

In conclusion, we identified polymorphisms associat-
ed with telomere length in a Korean population. Simi-
lar results across ethnic groups suggest that polymor-
phisms identified in the present study may play roles in 
the regulation of telomere length.
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KEY MESSAGE 

1.	 This study identified polymorphisms associated 
with telomere length in a Korean population.

2.	 The rs10936599 of MYNN, rs412658 of ZNF676, 
and three SNPs of TERT (rs2853669, rs7705526, 
and rs2736108) were associated with telomere 
length. 
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