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Telomeres are engaged in a host of cellular functions, and their length
is regulated by multiple genes. Telomere shortening, in the course of
somatic cell replication, ultimately leads to replicative senescence. In
humans, rare mutations in genes that regulate telomere length have
been identified in monogenic diseases such as dyskeratosis congenita
and idiopathicpulmonaryfibrosis,whichareassociatedwithshortened
leukocyte telomere length (LTL) and increased risk for aplastic anemia.
Shortened LTL is observed in a host of aging-related complex genetic
diseases and is associated with diminished survival in the elderly. We
report results of a genome-wide association study of LTL in a consor-
tium of four observational studies (n = 3,417 participants with LTL and
genome-wide genotyping). SNPs in the regions of the oligonucleotide/
oligosaccharide-binding folds containing one gene (OBFC1; rs4387287;
P = 3.9 × 10−9) and chemokine (C-X-C motif) receptor 4 gene (CXCR4;
rs4452212; P = 2.9× 10−8) were associatedwith LTL at a genome-wide
significance level (P < 5 × 10−8). We attempted replication of the top
SNPs at these loci through de novo genotyping of 1,893 additional
individuals and in silico lookup in another observational study (n =
2,876), and we confirmed the association findings for OBFC1 but not
CXCR4. In addition, we confirmed the telomerase RNA component
(TERC) as a gene associatedwith LTL (P = 1.1× 10−5). The identification
ofOBFC1 through genome-wide association as a locus for interindivid-
ual variation inLTL in thegeneral populationadvances theunderstand-
ingof telomerebiology inhumansandmayprovide insights intoaging-
related disorders linked to altered LTL dynamics.
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Leukocyte telomere length (LTL)undergoesprogressiveattrition
with age and is relatively short in aging-related diseases, most

notably atherosclerosis (1, 2). LTL displays high interindividual
variation at birth (3, 4) and thereafter (5–7), and it is longer in
women than inmen (8–11) and longer inAfricanAmericans than in
whites of European descent (10). Although controversy existed re-
garding the relation of LTL to survival in the elderly, recent studies
in same-sex elderly twins have found that the twin with shorter LTL
was more likely to die before the twin with longer LTL (12, 13).
LTL is a complex genetic trait; it is heritable (6, 10, 11, 14, 15)

andmodified by paternal age at conception (5, 16–18). In addition,
several environmental factors, including smoking (7, 8), sedentary
living (19), obesity (7, 10, 20), low socio-economic status (21), and
unhealthy lifestyle (9), are associated with shorter LTL. Shortened
LTL has been observed in rare syndromes, including idiopathic
aplastic anemia, idiopathic pulmonary fibrosis, and dyskeratosis

congenita (autosomal dominant and X-linked forms) (22–25).
These rare syndromes arise from mutations in genes that encode
the catalytic (protein) subunit of telomerase reverse transcriptase
(TERT), the telomerase RNA component (TERC), which is the
template for the synthesis of telomere repeats, and dyskerin
(DKC1), a telomerase regulatory protein that binds TERC.
Genome-wide screens and geneticmapping have identifiedmore

than 150 genes in yeast that are potentially involved in telomere
regulation (26, 27). A number of suggestive loci for LTL in humans
have been identified through linkage analyses (14, 15, 28) and ge-
nome-wide association (GWA) analysis (29). To date, however,
these approaches havenot identified loci other thanTERC (30) that
are associatedwithLTL in the general population at a genome-wide
level of significance. To identify genetic variants associated with
LTL, we established a consortium of four population-based cohorts
in which LTL was measured and genome-wide genotyping was
performed. We report results of the meta-analysis of GWA of LTL
coupledwith de novo genotyping and in silico replication of SNPs at
the top loci in our GWA study.

Results
Clinical Characteristics. The sample size of individuals with genome-
wide genotyping and LTL measurement was 3,417. Table 1 pro-
vides the clinical characteristics of participants in the four GWA
cohorts: the Framingham Heart Study (31), the Family Heart
Study (32), the Cardiovascular Health Study (33, 34), and the
Bogalusa Heart Study (35).

GWA Results. Results of the meta-analysis of the GWA of LTL
among the four cohorts are presented in Table 2 for SNPs with
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P< 5×10−7. For the SNPs reported inTable 2, stratified results are
provided in Table S1 for the individual cohorts and Table S2 for
men and women. In the overall meta-analysis (Table 2), genome-
wide significant associations were observed for two regions: the
oligonucleotide/oligosaccharide-binding fold containing one gene

(OBFC1; lowest P= 3.9 × 10−9 for rs4387287) and the chemokine
(C-X-C motif) receptor 4 gene (CXCR4; lowest P= 2.9 × 10−8 for
rs4452212). Fig. 1, generated with SNAP (36) (http://www.
broadinstitute.org/mpg/snap/), displays associations in the regions
of OBFC1 and CXCR4. Mean LTL values by genotype of the top

Table 1. Clinical characteristics of the genome-wide association study cohorts

Parameter Framingham Heart Study Family Heart Study Cardiovascular Health Study Bogalusa Heart Study

Number 1,146 877 1,061 333
Women (%) 51 51 62 42
Age in years (range) 59 (33–86) 62 (30–93) 75 (67–95) 35 (20–48)*
BMI (kg/m2) 28.0 ± 5.0 29.1 ± 5.6 26.6 ± 4.4 28.0 ± 6.7*

BMI, body mass index ± SD.
*These values include two timepoints for each individual.

Table 2. Meta-analysis of genome-wide association results for all SNPs with P < 5 × 10−7

SNP Chr Position Closest gene Coded allele Noncoded allele
Coded allele
frequency β SE P

rs4387287 10 105667887 OBFC1 A C 0.08 0.12 0.02 3.87E-09
rs9420907 10 105666455 OBFC1 A C 0.91 −0.11 0.02 2.01E-08
rs9419958 10 105665936 OBFC1 T C 0.08 0.11 0.02 2.08E-08
rs2487999 10 105649816 OBFC1 T C 0.05 0.13 0.02 2.69E-08
rs4452212 2 136732461 CXCR4 A G 0.65 −0.08 0.01 2.94E-08
rs4072435 2 136730371 CXCR4 T C 0.65 −0.08 0.01 2.96E-08
rs13024450 2 136731081 CXCR4 T C 0.65 −0.08 0.01 2.96E-08
rs13018756 2 136724705 CXCR4 T C 0.58 −0.08 0.01 2.99E-08
rs13004902 2 136744150 CXCR4 A G 0.36 0.08 0.01 3.71E-08
rs12691881 2 136746138 CXCR4 A G 0.35 0.08 0.01 3.76E-08
rs10883943 10 105641406 OBFC1 T G 0.58 −0.08 0.01 6.09E-08
rs10786775 10 105647306 OBFC1 C G 0.95 −0.12 0.02 6.13E-08
rs10786774 10 105634313 OBFC1 C G 0.99 −0.12 0.02 6.29E-08
rs4918068 10 105634726 OBFC1 T G 0.05 0.12 0.02 6.33E-08
rs11598840 10 105635171 OBFC1 A G 0.05 0.12 0.02 6.43E-08
rs10883942 10 105641376 OBFC1 T C 0.42 0.08 0.01 6.49E-08
rs11191849 10 105640870 OBFC1 A T 0.59 −0.08 0.01 6.50E-08
rs11191848 10 105640827 OBFC1 T C 0.42 0.08 0.01 6.52E-08
rs10883941 10 105640772 OBFC1 T C 0.58 −0.08 0.01 6.54E-08
rs2488000 10 105661099 OBFC1 T G 0.05 0.12 0.02 6.81E-08
rs2488001 10 105661122 OBFC1 A G 0.05 0.12 0.02 6.96E-08
rs911547 10 105629411 OBFC1 A G 0.90 −0.11 0.02 6.98E-08
rs1265165 10 105661517 OBFC1 T C 0.05 0.12 0.02 7.01E-08
rs2756116 10 105661794 OBFC1 T C 0.05 0.12 0.02 7.05E-08
rs11591710 10 105677622 OBFC1 A C 0.92 −0.11 0.02 7.87E-08
rs2736428 6 31951903 SLC44A4 T C 0.29 0.08 0.01 8.59E-08
rs10221893 2 136730076 CXCR4 T C 0.63 −0.08 0.02 1.12E-07
rs6430612 2 136722668 CXCR4 T C 0.65 −0.08 0.02 1.15E-07
rs1975174 19 22307091 ZNF676 T G 0.47 0.07 0.01 1.20E-07
rs9325507 10 105635612 OBFC1 T C 0.58 −0.07 0.01 1.39E-07
rs7259376 19 22299545 LOC148198 A G 0.53 −0.07 0.01 1.44E-07
rs11598018 10 105651305 OBFC1 A C 0.58 −0.07 0.01 1.44E-07
rs12765878 10 105659612 OBFC1 T C 0.43 0.07 0.01 1.45E-07
rs4954585 2 136714864 CXCR4 T C 0.75 −0.08 0.02 1.45E-07
rs2273698 10 105639148 OBFC1 A G 0.58 −0.07 0.01 1.54E-07
rs3814220 10 105637290 OBFC1 A G 0.43 0.07 0.01 1.55E-07
rs8081000 17 39070759 MEOX1 A G 0.49 0.08 0.01 1.59E-07
rs351089 4 132636028 PCDH10 T C 0.99 −0.41 0.08 2.16E-07
rs11668269 19 22305800 LOC148198 A G 0.47 0.07 0.01 2.33E-07
rs808373 19 22261073 ZNF676 C G 0.54 −0.07 0.01 2.37E-07
rs8111537 19 22327385 LOC148198 C G 0.56 −0.07 0.01 3.06E-07
rs1980653 10 105644154 OBFC1 A G 0.43 0.07 0.01 3.09E-07
rs11191841 10 105629601 OBFC1 T C 0.42 0.07 0.01 3.11E-07
rs7100920 10 105630968 OBFC1 T C 0.58 −0.07 0.01 3.25E-07
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OBFC1 and CXCR4 SNPs are provided in Table S3. OBFC1 was
associated with LTL both in men and women (Table S2). In con-
trast, CXCR4 was more strongly associated with LTL in women
than in men (Wald test for sex difference; P < 0.0001). Table 3
displays gene regions associatedwithLTL in sex-stratified analyses
at stratum-specific P < 5 × 10−7 (Wald test for sex differences; P <
0.0001 for all SNPs in Table 3). In men, a genome-wide significant
association was observed in the region of DDX18 (P = 8.2 × 10−9

for rs6712766); suggestive association was present for CCBE1,
CCDC93, and PODXL. In women, genome-wide significant as-
sociation was observed in the region ofCNTNAP5 (P=3.8 × 10−8

for rs10189889); suggestive signals were found for TNFSF4,
VPS13C, and CXCR4.
We examined GWA study results for SNPs in the regions of

TERC and TERT, two genes implicated in monogenic diseases as-
sociated with shortened LTL. We found evidence of association in
the region of TERC (rs3772190; P = 1.13 × 10−5) (Table S4); The
TERC locus was recently reported to be associated with LTL in
ameta-analysis that included theTwinsU.K. data (30).Meta-analysis
of GWA results for the TwinsU.K. top SNP (rs12696304) compared
with those from our four cohorts yielded a P value of 5.5 × 10−8. We
did not detect a signal in the region of TERT. We additionally ex-
amined associations for SNPs in the region of 18q12.2 and other
SNPs recently reported to be associated with LTL (29), but we found
no association signal (lowest P= 0.02) (Table S5).

Replication Through de Novo Genotyping. Results of the replication
genotyping of SNPs in the OBFC1 and CXCR4 loci are presented

in Table 4. For theOBFC1 locus, we genotyped three of the SNPs
most strongly associated with LTL (rs4387287, rs9419958, and
nonsynonymous rs2487999) in 1,893 additional participants in the
Family Heart Study (Table S6). A fourth SNP, rs9420907, was in
complete linkage disequilibrium with rs9419958 and therefore,
was not genotyped. We found evidence of replication for OBFC1
in whites (P = 0.013 for rs4387287 and P = 0.027 for rs9419958)
and the combined sample of whites and African Americans (P =
0.0026 for rs4387287 and P = 0.0032 for rs9419958). For the
CXCR4 locus, we genotyped rs4452212 and rs4954585 in addi-
tional samples from the Family Heart Study but were unable to
replicate the GWA findings (Table 4).

Replication Through in Silico Lookup.Replication of SNPs at our top
loci also was undertaken through lookup of results within the
LTL GWA of women from the TwinsU.K. Study (30), which had
genome-wide genotyping and LTL data for 2,876 women. Six SNPs
from the combined sex analysis of Table 2 (rs351089, rs4452212,
rs2736428, rs1975174, rs8081000, and rs4387287)were lookedup in
the TwinsU.K. Study and meta-analyzed in conjunction with the
results from the fourGWAcohorts; the total sample size was 6,293.
TheOBFC1 locus replicated (rs4387287, P=8.9× 10−4 in TwinsU.
K. Study; P = 2.3 × 10−11 in the meta-analysis of our GWA plus
TwinsU.K. Study). Table 5 summarizes these results.

Discussion
Our GWA meta-analysis identified genome-wide significant
associations of LTL with regions containing OBFC1 and CXCR4.

Fig. 1. Locus-specific association maps for LTL. Locus-specific (−log10 P values) maps in the meta-analysis of LTL for the OBFC1 (Upper) and CXCR4 (Lower)
loci. The OBFC1 locus is represented by sentinel SNP rs4387287, and the CXCR4 locus is represented by rs4452212. For each locus, the sentinel SNP (lowest P
value) is depicted by a red diamond, and pairwise linkage disequilibrium in the HapMap CEU with the sentinel SNP is indicated by the color scale. Super-
imposed on the plot are gene locations (green) and recombination rates (blue).

Table 3. Meta-analysis of genome-wide association results for men and women for SNPs with P < 5 × 10−7 in either sex

Meta-GWA study
results for women

Meta-GWA study
results for men Wald test*

SNP Chr Position Closest gene Coded allele
Coded allele
frequency β SE P β SE P T value P

rs6712766 2 118328259 DDX18 A 0.07 −0.04 0.04 3.66E-01 −0.21 0.04 8.22E-09 34.12 <0.0001
rs1791285 18 55517163 CCBE1 T 0.80 0.03 0.03 3.70E-01 −0.16 0.03 1.25E-07 28.78 <0.0001
rs13432259 2 118361546 CCDC93 A 0.04 −0.06 0.04 1.27E-01 −0.20 0.04 2.04E-07 29.27 <0.0001
rs12534413 7 131104504 PODXL T 0.17 0.02 0.03 5.96E-01 −0.15 0.03 2.21E-07 27.17 <0.0001
rs10189889 2 125161934 CNTNAP5 A 0.03 0.34 0.06 3.77E-08 −0.06 0.06 3.47E-01 31.18 <0.0001
rs11583523 1 171429823 TNFSF4 A 0.99 −0.98 0.19 1.61E-07 −0.18 0.16 2.57E-01 28.73 <0.0001
rs9920256 15 59986872 VPS13C A 0.03 0.37 0.07 2.66E-07 0.04 0.07 6.01E-01 26.79 <0.0001
rs4452212 2 136732461 CXCR4 A 0.65 −0.10 0.02 4.27E-07 −0.05 0.02 9.84E-03 32.15 <0.0001

*Men vs. women.
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Our association results for OBFC1 were replicated through de
novo genotyping of 1,893 additional individuals and through silico
analysis of 2,876 individuals with existing LTL GWA data; how-
ever, we were unable to replicate our findings forCXCR4. We also
were able to confirm a recently reported association for the TERC
locus (30). The potential implications of these findings are dis-
cussed based on the postulate that LTL dynamics (birth LTL and
its age-dependent shortening afterward) mirror telomere dy-
namics in hematopoietic stem cells (HSCs) fromwhich leukocytes
are derived (37).
Theoretical considerations suggest that genes associated with

LTL belong to two general categories (i.e., genes directly engaged
in telomere maintenance and genes that impact the turnover rate
of HSCs). Based on the biology of the genes implicated in our
study, we contend that OBFC1 and TERC fall into the former
category and CXCR4 falls into the latter category.
OBFC1 is the human homolog of yeast Stn1 (38, 39), a protein

specifically involved in the replication and capping of telomeres
(40). Yeast Stn1 regulates synthesis of the telomeric G-rich strand
by both protecting terminal telomeric DNA and negatively reg-
ulating telomerase action on telomeres (41, 42). In addition, Stn1
coordinates DNA replication of the opposing telomeric C strand.
Importantly, it has been recently shown that OBFC1 interacts and
colocalizes with telomeric proteins in human cells, suggesting that
OBFC1 regulates telomere length and/or function in humans (38,
39). Supporting this is the observation that overexpression of an
OBFC1 truncation mutation causes telomere elongation in can-
cer cells (38).
Interrogation of SNP databases revealed that two of the top

OBFC1 SNPs in our LTL GWA results are nonsynonymous and in
tight-linkagedisequilibrium(rs2487999,P=2.7×10−8; rs10786775,
P= 6.1 × 10−8; pairwise r2 = 1.0). They are predicted by PolyPhen
(http://genetics.bwh.harvard.edu/pph/) to be benign individually,
but the effects of two shared nonsynonymous amino acid sub-
stitutions in the coded protein are not known.
Because OBFC1 is a major gene that is directly engaged in

telomere biology, we genotyped the top GWA results for OBFC1
in participants from the Family Heart Study and conducted in
silico analysis with GWA results from the TwinsU.K. Study in an

effort to replicate our findings. We found evidence of replication
for OBFC1 in the genotyped individuals from the Family Heart
Study (Table 4) and in the in silico analysis of women from the
TwinsU.K. Study (Table 5). In our genotyped replication samples,
on average, the difference in LTL across OBFC1 genotypes of
rs4387287 and rs9419958 amounted to 230 bp and 290 bp in
whites, respectively (Table 4). In themeta-analysis, the mean LTL
difference across genotypes was 400 bp in men and 180 bp in
women for rs437287 (Table S3). These differences in telomere
length by genotype are substantial, given that the rate of LTL
shortening in the general population is about 20–30 bp/year (43).
Of note, the Framingham Heart Study previously reported an

association of the OBFC1 locus (rs3814219; P = 9.5 × 10−7) with
brachial-artery basal blood flow, which is a functional index of the
vascular endothelium (44). However, the top SNP in the GWA of
vascular function was weakly correlated with the topOBFC1 SNPs
in this investigation (rs3814219 and rs4387287, r2 = 0.02; other
pairwise r2 values did not exceed 0.34).
Although we were not able to replicate our CXCR4 results,

several lines of evidence point to a connection between CXCR4
and LTL-related biology. First, CXCR4 is a key regulator of the
trafficking of neutrophils between the bonemarrow and blood (45,
46). Thus, CXCR4 variants might impact HSC turnover and con-
sequently, LTL. Second, shortened LTL is associated with ath-
erosclerosis (1, 2), an inflammatory disease of the vascular
endothelium, marked by a damage-repair feedback loop between
the bone marrow (i.e., HSCs) and vascular endothelium. This
feedback is mediated by chemotactic signals and endothelial
progenitor cells.At its center are chemokines, specifically, CXCR4
and its cognate ligand CXCL12 (47, 48). Moreover, the CXCL12
locus has been found to be associatedwithmyocardial infarction at
a genome-wide level of significance (49). Despite these enticing
physiological observations, our inability to replicate the associa-
tion of CXCR4 with LTL deserves further investigation to de-
termine if the LTL association withCXCR4 in ourmeta-analysis is
a false-positive result.
Finally, mutations in TERT, TERC, and DKC1 have been

identified in relatively raremonogenic diseases that are associated
with shortened telomeres. A lookup of our association results
identified an association signal in the TERC locus (rs3772190; P=
1.1 × 10−5); this SNP is in strong linkage disequilibrium with
a newly reported GWA finding at this locus (rs12696304, P value
in our meta-analysis = 1.6 × 10−4; pairwise r2 = 0.91) (Table S4)
(30). Combining the results from the TwinsU.K. Study and our
study produced a P value of 5.5× 10−8, confirming that this locus is
associated with LTL.
Given that shortened LTL denotes susceptibility to aging-

related diseases, principally atherosclerosis, in the general pop-
ulation, the associations of LTL with OBFC1 and TERC (and
potentially, CXCR4 if replicated by other studies) bolster the te-
net that telomere biology is an important pathway in human aging.
Although many factors are at work in fashioning human LTL, our
findings are arguably a major line of evidence that genes engaged
in telomere maintenance (and perhaps, HSC turnover) are di-
rectly involved in this process and explain, in part, interindividual
variation in LTL in the general population.

Materials and Methods
The LTL Consortium includes cohorts from four studies with genome-wide
genotyping and LTL measurements: the Framingham Heart Study, the Family
Heart Study, the Cardiovascular Health Study, and the Bogalusa Heart Study
(SI Text). The consortium established a consensus on covariate selection
a priori and an analytical plan for within-study GWA and meta-analysis of
results across the studies. Each study received institutional review-board
approval of its research procedures, procedures for DNA collection, and use
for genetic research. All participants in each cohort study gave written in-
formed consent for participation in the parent study and for the conduct of
genetic research using DNA.

Table 4. Replication results for OBFC1 and CXCR4

OBFC1 genotype* 1 2 3 P

Whites of European descent (n = 1,319)
rs4387287 (C/A) 6.80 ± 0.024 6.88 ± 0.038 7.03 ± 0.083 0.013
rs9419958 (C/T) 6.80 ± 0.023 6.90 ± 0.040 7.09 ± 0.112 0.027
rs2487999 (C/T) 6.81 ± 0.023 6.92 ± 0.044 7.08 ± 0.20 0.21

African Americans (n = 574)
rs4387287 (A/C) 7.08 ± 0.042 7.03 ± 0.042 7.01 ± 0.071 0.34
rs9419958 (T/C) 7.10 ± 0.055 7.06 ± 0.042 6.96 ± 0.053 0.062
rs2487999 (C/T) 6.99 ± 0.042 7.11 ± 0.041 7.07 ± 0.073 0.33

Both races (n = 1,893)
rs4387287 (C/A) 6.89 ± 0.028 6.96 ± 0.029 7.04 ± 0.038 0.0026
rs9419958 (C/T) 6.89 ± 0.025 6.99 ± 0.029 7.06 ± 0.049 0.0032
rs2487999 (C/T) 6.91 ± 0.023 7.03 ± 0.030 7.02 ± 0.067 0.12

CXCR4 genotype*
Whites of European descent (n = 1,593)

rs4452212 (A/G) 6.85 ± 0.031 6.83 ± 0.026 6.83 ± 0.039 0.77
rs4954585 (T/C) 6.83 ± 0.027 6.84 ± 0.025 6.82 ± 0.046 0.86

African Americans (n = 597)
rs4452212 (G/A) 7.06 ± 0.036 7.02 ± 0.049 6.84 ± 0.115 0.098
rs4954585 (C/T) 7.04 ± 0.046 7.09 ± 0.039 6.95 ± 0.065 0.26

Mean LTL (kb) according to genotype.
*Genotype 1 indicates zero copies, genotype 2 indicates one copy, and ge-
notype 3 indicates two copies of the minor allele. The minor allele is listed
second next to the rs number for each SNP. Note that the minor alleles may
differ by race. P values reflect an additive genetic model.
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LTL Measurement. LTL was measured by Southern blot analysis of the mean
length of terminal restriction fragments as described previously (50, 51). The
overlay method was used for the Framingham Heart Study and the Family
Heart Study (50), whereas the standard method was used for the Cardio-
vascular Health Study and the Bogalusa Heart Study (51). These two
approaches are highly correlated (50). The laboratory measuring LTL was
blind as to the characteristics of DNA donors in all four studies.

Genome-Wide Genotyping. The platforms used for genome-wide genotyping
are provided in Table S7. All physical positions use National Center for
Biotechnology Information (NCBI) build 36.3 as the reference.
Framingham Heart Study. Genotyping was conducted on 9,274 Framingham
Heart Study participants using the Affymetrix 500K mapping array and the
Affymetrix 50K gene-focusedmolecular imprinted polymer array (SNP Health
Association Resource at http://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/
study.cgi?study_id=phs000007.v2.p1). Individuals were excluded from asso-
ciation analyses when the call rate across all genotyped SNPs was less than
97%. There were 503,551 SNPs available for analysis after exclusions. The
genotyped sample fulfilling eligibility criteria with LTL measurements and
full covariate information was 1,146 individuals. Researchers imputed the
genotype data for 2.5 million SNPs using MACH (version 1.0.15) software for
autosomal SNPs. The reference panel for the imputation was the publicly
available phased haplotypes from HapMap (release 22, build 26, CEU pop-
ulation). The final genotyping data for analysis are composed of 2,543,887
SNPs in HapMap using allele dosage (0–2) values. Because family members
were included within the offspring cohort, significance of the association
between SNPs and LTL was tested using the linear mixed-effects regression
(LME) model, which takes into consideration random individual effects
correlated within pedigree according to kinship relationships.
Family Heart Study. All subjects from the Family Heart Study were genotyped
on the Illumina HumMap 550 chip. Of these, 33 (3.3%)were excluded because
of technical errors, call rates below 98%, or discrepancies between reported
sex and sex-diagnostic markers. There was no significant plate-to-plate
variation in allele frequencies. Because the Framingham site of the Family
Heart Studywas involved in both the FraminghamHeart Study and the Family
Heart Study, subjects whowere in both studies were removed from the Family
Heart Study dataset before analysis. For the replication studies, subjects were
genotyped after excluding overlap with Framingham subjects and those
without LTL measurements or other analysis variables. There were 547,353
SNP markers available for analysis in the Family Heart Study. After exclusions
for deviations from Hardy–Weinberg equilibrium (P < 10−6), minor allele
frequency < 1%, and markers not in the HapMap, 456,293 markers were
used as a framework map for imputation. MACH (version 1.0.15) was used to
impute up to 2,543,887 SNPs using the publicly available phased haplotypes
from HapMap (release 22, build 26, CEU population) as a reference pop-
ulation. A random sample of 200 (100 males and 100 females) unrelated
individuals, excluding those with the highest rates of missing genotypes, was
used to estimate parameters that were then applied to the remaining sub-
jects. Genotype dosage was output and used in the analysis. An additive
linear-regression model using PLINK (http://pngu.mgh.harvard.edu/∼purcell/
plink/) was used for the association analysis of each SNP with LTL. Although
some of the 877 subjects were related, the correlation of P values for two
chromosomes with and without adjustment for relatedness was over 0.95
with no difference in mean P value. Therefore, no adjustment for re-
latedness was performed for the analysis of the 877 subjects. For the repli-
cation samples, which were family-based, a mixed model was used to
account for relatedness separately for whites and African Americans (52).

Cardiovascular Health Study. Genotyping was performed using the Illumina
370CNV BeadChip system on 3,980 Cardiovascular Health Study (CHS) par-
ticipants who were free of cardiovascular disease at baseline. Participants
were excluded if they had a call rate ≤95%. Because the other cohorts were
predominantly white, the African-American participants were excluded
from this analysis. To date, genotyping has been successful in 3,291 of the
attempted 3,397 white participants. A total of 1,080 samples from individ-
uals of European ancestry were available with both LTL measurements and
GWA analysis. The following exclusions were applied to identify a final set of
306,655 autosomal SNPs: call rate < 97%, Hardey-Weinberg Equilibrium P <
10−5, more than two duplicate errors or Mendelian inconsistencies (for ref-
erence Centre d’Etude du Polymorphisme Humain trios), heterozygote fre-
quency = 0, or SNP not found in HapMap. Imputation was then performed
using BIMBAM v0.99 with reference to HapMap CEU using release 22, build
36 with one round of imputations and the default expectation-maximiza-
tion warm-ups and runs. During the analysis, SNPs were excluded for vari-
ance on the allele dosage ≤0.01.
Bogalusa Heart Study. Individuals were genotyped on the Illumina Human610
Genotyping Beadchip (53, 54). Genotypes were called using the BeadStudio
clustering algorithm. Samples were filtered based on the 10th and 50th per-
centile GenCall score and overall call rates (<99%). Additionally, some related
individuals were present in the sample and were identified using Identity-by-
Descent measures in PLINK (55). Individuals were filtered such that there were
nopairswith pi-hat> 0.10. This resulted in a total of 333 individuals. SNPswere
filtered based on call rates (<90%). Cluster plots for SNPs with call rates be-
tween 90% and 95% or with cluster separation scores < 0.30 were manually
inspected. By genotyping 29 samples in duplicate (18 known replicates and 11
blind replicates), we observed reproducibility >99.99%. There were 626,145
genotyped SNPs used in the reproducibility analysis. Imputation was per-
formed with MACH (v. 1.0.16) using phased CEU haplotypes from HapMap
Phase 2 (release 22) and 550,798 genotyped SNPs. A random sample of 200
individuals was used to estimate recombination and error rates before im-
puting the entire sample. This resulted in imputing 2,543,887 SNPs. Bymasking
0.1% of the genotypes before imputation, we observed allelic error rates of
1.6% and genotypic error rates of 3.1%.

Telomere lengthwasmeasured at two timepoints for each individual in the
Bogalusa Heart Study (BHS). We modeled and tested associations between
SNPs and the two LTLmeasures using a linear mixedmodel as implemented in
thenlmeRpackage (56). A covariance structure for the two LTLmeasurements
was chosen by testing all spatial structures with the model, and the structure
that resulted in the lowest Akaike Information Criterion score was used (in
this study, the best covariance was exponential). If an SNP had been geno-
typed, the genotype value (0, 1, or 2) was used as a predictor, whereas if the
SNP was imputed, the estimated dosage was used.

GWA Analysis. In each cohort, GWAwas conducted for the continuous variable
LTL (inkbpairs) usinganadditivegeneticmodelwithadjustment forage, age2,
sex, cigarette smoking, and body mass index (BMI). GWAwas conducted with
2.5 million HapMap SNPs in conjunction with measured genotypes or allele
dose when genotypes were imputed. In the Framingham Heart Study where
family members were included within the offspring cohort, significance of
the association between SNPs and LTL was tested using the linear mixed-
effects regression (LME) model, which takes into consideration random in-
dividual effects correlated within pedigree according to kinship relationships.
Meta-analysis was performed using inverse variance weighting, and a level of
statistical significance was established at 5 × 10−8. A P value between 5 × 10−7

and 5 × 10−8 was considered strongly suggestive of association.

Table 5. Replication through in silico lookup and meta-analysis with TwinsU.K. Study

TwinsU.K. women
only (n = 2,876)

Meta-analysis of all
studies (n = 6,293)

SNP Chr Position Nearest gene Coded allele Noncoded allele β SE P β SE P

rs1975174 19 22307091 ZNF676 T G 0.02 0.02 2.40E-01 0.05 0.01 2.05E-06
rs2736428 6 31951903 SLC44A4 T C 0.02 0.02 3.64E-01 0.05 0.01 3.24E-06
rs351089 4 132636028 PCDH10 T C −0.06 0.08 4.25E-01 −0.23 0.06 2.86E-05
rs4387287 10 105667887 OBFC1 A C 0.08 0.03 8.92E-04 0.10 0.02 2.33E-11
rs4452212 2 136732461 CXCR4 A G −0.02 0.02 3.31E-01 −0.05 0.01 1.68E-06
rs8081000 17 39070759 MEOX1 A G 0.00 0.02 9.26E-01 0.04 0.01 1.43E-04
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Replication Genotyping. Genotyping was performed using MGB Taqman
probe assays from Applied Biosystems. Primer and probe sequences are
available on request. Specifically, the reaction mix in a final volume of 5 μl
included 10 ng genomic DNA, 4.5 pmol of each primer, 1.25 pmol of each
probe, 1× PCR buffer from Qiagen, 2× Q solution from Qiagen, 500 pmol
dNTP, and 0.15 units of Qiagen DNA polymerase. PCR cycling included 55
cycles of a two-step PCR (95 °C for 15 seconds and 60 °C for 1 min) after an
initial 2 min at 95 °C. PCR plates were read on an ABI PRISM 7900 HT in-
strument for genotype assignment. Duplicates of 22 DNA samples and water
controls were genotyped for quality control. The laboratory technician was
blinded as to which samples were duplicates or water controls. The order of
the DNA samples in the 384-well plates was randomized to ensure balance in
study conditions across covariates. Genotyping call rates ranged from 95%

to 99%, and duplicate concordance rates were higher than 99%. For repli-
cation analyses, a P value of 0.05 divided by the number of SNPs tested for
replication was considered statistically significant.

In Silico Replication. The TwinsU.K. Study (29, 30) conducted GWA of LTL
measured by the Southern blot method (51). Methods of genome-wide
genotyping and GWA have been summarized previously (29). For replication
purposes, in silico lookup was carried out in TwinsU.K. women for the top
SNPs from the GWA meta-analysis of the four primary cohorts of this in-
vestigation. The sample size of TwinsU.K. women for this analysis was 2,876.
These results were meta-analyzed with the primary GWA results for these
SNPs in our GWA. The total sample size for this combined analysis was 6,293.
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