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Telomeres are repetitive sequences of variable length at the ends of chromosomes involved in maintaining
their integrity. Telomere dysfunction is associated with increased risk of cancer and other age-related dis-
eases. Telomere length is an important determinant of telomere function and has a strong genetic basis.
We previously carried out a genome-wide linkage analysis of mean leukocyte telomere length, and identified
a 12 cM quantitative-trait locus affecting telomere length on human chromosome 12. In the present study we
confirmed linkage to this locus in an extended sample (380 families, 520 sib-pairs, maximum LOD score 4.3).
Fine-mapping identified a 51 kb region of association within intron 1 of the Bicaudal-D homolog 1 (BICD1,
MIM 602204) gene. The strongest association (P 5 1.9 3 1025) was with SNP rs2630578 where the minor
allele C (frequency 0.21) was associated with telomeres that were shorter by 604 (+++++204) base pairs, equival-
ent to �15–20 years of age-related attrition in telomere length. Subjects carrying the C allele for rs2630778
had 44% lower BICD1 mRNA levels in their leukocytes compared with GG homozygotes (P 5 0.004). BICD1 is
involved in Golgi-to-endoplasmic reticulum vacuolar transport. Previous studies have implicated vacuolar
genes in telomere length homeostasis in yeast. Our study indicates that BICD1 plays a similar role in humans.

INTRODUCTION

Telomeres are repetitive DNA-protein structures localized at
the ends of chromosomes and specialized in maintaining
their integrity. Since the ends of linear chromosomes can
only be partially replicated by DNA polymerase (1), telomere
maintenance requires the activity of a specialized enzymatic
complex, known as telomerase. Telomerase contains both a
highly conserved reverse transcriptase (hTERT) and a RNA
component (TERC) that provides the template for the telo-
meric repeats to be synthesized (2). Telomerase is mainly
active in germline and proliferating tumour cells (3). As a con-
sequence, telomere length declines with age in all somatic
tissues. When telomeres reach a critical length, chromosomal
instability and a consequential loss of cell viability ensue (4).
Telomere shortening, therefore, has been proposed to be the
‘mitotic clock’ that regulates cellular lifespan. Support for
this hypothesis comes from a number of studies that have
examined telomere length as a function of cellular age (5).

The impact of short telomeres on the organism has been
studied using a telomerase-deficient mouse model (6). Mice

with shorter telomeres showed an increased incidence of
tumours, indicating that telomere shortening may increase
cancer risk (7). Shorter telomeres have also been associated
with a number of human diseases linked to ageing, such as
coronary atherosclerosis and myocardial infarction (8,9),
heart failure (10), ulcerative colitis (11), and liver cirrhosis
(12), as well as several premature ageing syndromes and
cancer (3).

Wide inter-individual variation in telomere length exists at
birth (13,14) and at any subsequent age (8,15). Twin studies
and intra-familial correlation analysis have identified a
strong genetic influence on telomere length with up to 80%
being genetically determined (16,17). A quantitative-trait
locus (QTL) influencing telomere length in mice has been
mapped to chromosome 2 (18) with a DNA-helicase like
gene, the regulator of telomere length (Rtel) gene, being the
most likely cause of the effect (19).

We previously reported a QTL on chromosome 12 influen-
cing telomere length in humans and accounting for up to 50%
of the inter-individual variation (20). In the present study we
performed linkage and association analyses of an expanded
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data set with a view to identifying the gene(s) and variants that
underlie the QTL on chromosome 12.

RESULTS

We initially expanded our previous linkage analysis in 177
families (n ¼ 229 sib-pairs) (20), by measuring telomere lengths
in a further 203 families (n ¼ 291 sib-pairs) from the British
Heart Foundation Family Heart Study (BHF-FHS) (21). The
total number of subjects was 843 (72% males) with a mean age
of 61.8+7.0 years (Supplementary Material, Table S1). The
expanded analysis supported our previous finding of linkage of tel-
omere length with a locus on chromosome 12p11.2-q12 with the
LOD score at the peak marker, D12S345, increasing from 3.2 to
4.3 (Fig. 1A).

Having confirmed linkage to chromosome 12, we used family-
based association tests (FBAT) to examine the association of

microsatellites in the region underlying the linkage peak with
telomere length. Analysis of the full study population showed a
significant association with a specific allele (allele 2) of marker
D12S345 (P ¼ 5.6 � 1024). We then focused on a �700 kb
region centred on the marker D12S345 and typed an additional
eight microsatellite markers (Fig. 1B). Analysis of these also
detected an association between allele 7 of marker D12S115 and
telomere length variation (P ¼ 8.3 � 1024). Similar results
were obtained using the quantitative transmission disequilibrium
tests (QTDT) software (P ¼ 0.001 and 0.02, for D12S345 and
D12S115 respectively, after 1000 Monte-Carlo permutations).

Allele 2 of D12S345 and allele 7 of D12S115 were associ-
ated with shorter telomeres of 534+ 192 (SE) base pairs (bp)
and 701+ 224 bp, respectively, compared with all the other
alleles combined for each microsatellite (Table 1). We also
carried out a haplotype analysis on the nine typed microsatel-
lite markers. A 2-markers sliding-window approach revealed

Figure 1. Linkage and association analysis of telomere length with a locus on chromosome 12. (A) Shows the results of the linkage analysis. Microsatellite
markers are shown on the x-axis and LOD score on the y-axis. Original quantitative-trait locus (QTL) analysis [from Vasa-Nicotera et al. (20)] is represented
in blue. QTL analysis of the expanded data set is shown in black. (B) Shows the location of nine microsatellite markers analysed to initially refine the chromo-
some 12 locus through association analysis, and also provides annotation of the genes within the region. AMN1, antagonist of mitotic exit network 1;
LOC440093, histone H3-like; FLJ6052, chromosome 12 open reading frame 35; BICD1, Bicaudal-D homolog 1. The analysis identified a significant association
with telomere length for specific alleles of markers D12S345 and D12S115 (in red). Two-marker sliding-window approach revealed a haplotype 7_2 of these
microsatellites associated with telomere length variation, which is shown. The asterisk indicates the position of D12S345 relative to BICD1 gene. (C) Shows the
location in relation to BICD1 of the 40 SNPs analysed for association in relation to BICD1. The relative positions of the microsatellites described in Figure 2B
are also shown in red. Haplotype analysis identified one haplotype (CAAGG) derived from five SNPs (shown in boxes) that showed a significant association with
telomere length. A scale in kb is shown for (B) and (C).
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one haplotype (7_2), formed by the respective alleles for
markers D12S115 and D12S345, associated with mean telo-
mere length (P ¼ 6 � 1023) (Fig. 1B).

According to NCBI (Build 36), the region marked by this
haplotype contains only one gene, Bicaudal-D homolog 1
(BICD1, MIM 602204). To further investigate the role of
this region, and in particular BICD1, we analysed a set of 40
Tag-SNPs spanning the �360 kb region between D12S1114i
(the first not associated microsatellite marker) and including
the entire BICD1 gene (Fig. 1C). After correction for multiple
testing (see Materials and Methods), the strongest associated
single SNP was rs2630578 (P ¼ 1.9 � 1025) where the C
allele (frequency, 0.21) was associated with telomeres that
were shorter by 604 (+204) bp (Table 1). One further SNP
(rs1151026) also showed a significant association after
allowing for multiple testing (Table 1). Haplotype analysis
identified one haplotype (CAAGG, frequency 17%) composed
by alleles of five SNPs (rs2630578, rs2125173, rs10506083,
rs10844149 and rs1151026) all located within intron 1 of
BICD1 gene that showed positive association with telomere
length (P ¼ 1.3 � 1024) (Fig. 1C).

To further confirm that the associated SNPs are relevant to the
observed linkage of telomere length with chromosome 12p, we
investigated the covariate effect of the most significant SNP
(rs2630578) on the chromosome 12 LOD score value. Inclusion
of rs2630578 in the linkage analysis decreased the LOD score
from 4.32 to 3.11. Inclusion of all five SNPs of the haplotype
gave a similar reduction of the LOD score value (3.15). Because
all the sib-pairs analysed had coronary artery disease (CAD, see
Materials and Methods), we also examined the linkage and associ-
ation of the locus with CAD. There was no signal. Notably,
D12S345, with a LOD score of 4.32 for telomere length, has a
LOD score of 0.00 for CAD.

Given the location of rs2630578 and the associated haplotype
within intron 1 of the BICD1 gene we hypothesized that the func-
tional variants may act by influencing BICD1 expression levels.
To test this hypothesis we designed PCR primers targeting
BICD1. The forward primer was placed in the exon1–exon2
boundary and the reverse primer on the exon-2 sequence. Both
primers were designed to be specific to BICD1. Expression of
BICD1 was then measured in leukocytes of healthy adult individ-
uals (n ¼ 18) with different genotypes (CC, CG and GG) for
rs2630578. Analysis of variance showed a significant difference
in steady state BICD1 mRNA levels between the three genotypes
(Fig. 2, P ¼ 0.014). Individual comparisons (Bonferroni adjusted)
between the genotypes gave P-values of GG versus CC 0.016, GG
versus CG 0.071 and CG versus CC 1.000, suggesting a dominant

effect of the C allele. Under this model, subjects carrying the C
allele for rs2630578 had 44% (95% CI: 16–72%) lower BICD1
mRNA levels compared with GG homozygotes (P ¼ 0.004).

DISCUSSION

Our previous genome-wide analysis identified a 12 cM locus on
chromosome 12 influencing telomere length in human (20). In
this study, we provide further evidence of linkage of this locus
with telomere length and identify variants within intron 1 of
the BICD1 gene that are significantly associated with telomere
length. The findings identify BICD1 as a novel regulator of
telomere length in humans. This is the first demonstration of a
specific gene regulating telomere length in humans.

As in the previous study (20), we measured telomere restriction
fragment (TRF) length in sib-pair with CAD. This was done for
pragmatic reasons as the cohort already had genotype data avail-
able from a linkage scan of 400 microsatellite markers (21). Given
the evidence linking shorter telomeres with risk of CAD (8,22), it
was first important to rule out the possibility that our results are
spurious and related to an association of the locus with CAD.
We therefore performed both linkage and association analysis
in the complete data set using CAD as phenotype. The results
showed no statistically significant P-value at any of the markers
analysed in this study. We conclude that our results are unlikely
to reflect linkage or association with CAD. However, further
studies in other cohorts, and in particular subjects without
CAD, are required to establish the generalizability of our findings.

Although this is the first time that a protein involved in the
vacuolar traffic has been associated with telomere length
maintenance in humans, a number of yeast studies already
provide substantial evidence of a link between vacuolar
genes and shorter telomeres (23–25). In a genome-wide
screen for Saccharomices Cerevisiae deletion mutants,
Askree et al. (23) identified 173 new candidates genes that
affect telomere length. Of these, 30 are involved in vacuolar
traffic. A subsequent study to investigate the link between
vacuolar traffic and telomere length maintenance suggested
that vacuolar genes probably regulate telomere length by
effects on the telomerase and Ku pathways (25). In this
context, our finding that the same allele of SNP rs2630578
(allele C) that is associated with shorter telomeres is also
associated with significantly lower steady-state BICD1
mRNA level in leukocytes may be relevant. Lower expression

Table 1. Phenotypic effect size of markers associated with telomere restriction
fragment (TRF)a

Marker Associated
allele

Frequency FBAT
P-value�

Effect
(SE) in bp

D12S345 2 0.22 5.6 � 1024 2534 (+192)
D12S115 7 0.21 8.3 � 1024 2701 (+224)
rs2630578 C 0.21 1.9 � 1025 2604 (+204)
rs1151026 G 0.21 3.9 � 1024 2452 (+182)

aAge- and gender-adjusted.
�P-value after 1 � 109 permutations tests.

Figure 2. Relative BICD1 mRNA levels in leukocytes of healthy subjects with
different rs2630578 genotypes. Data are mean (+SD) of relative mRNA
levels (n ¼ 6 per genotype group).
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of this allele could affect the amount of BICD1 available for
vacuolar trafficking, which in turn may influence telomere
maintenance.

The associated polymorphism rs2630578 lies in a block of
highly conserved sequence. Evolutionary sequence conserva-
tion is believed to indicate regions of biological function
(26) and SNPs in non-coding sequences, such as enhancers,
repressors or chromatin structural regulators, might play a fun-
damental role in disease risk by modulating transcriptional
levels for key genes (27). In this regard, we hypothesized
that rs2630578 SNP could affect a transcription factor
binding site within one such regulatory element. Interestingly,
the region surrounding rs2630578 demonstrates trimethylation
of Histone 3 at lysine 4 (H3K4 me3), an epigenetic hallmark
of enhancers. A further analysis with R-vista (v2.0) (28),
also showed that the C allele of rs2630578 disrupts a putative
sequence for a Nuclear Factor Y (NF-Y) transcription factor.
Of note, a number of studies have demonstrated that attenu-
ation or suppression of the NF-Y function leads to cellular
ageing (29). Moreover, a recent study showed that NF-Y
removal resulted in a decrease in transcription of expressed
genes associated with H3K4me3 (30). This observation
would be consistent with our experimental data, and suggest
that rs2630578 allele C may lead to a reduction in BICD1
expression and relative telomere length shortening via disrup-
tion of NF-Y factor binding.

Several studies have shown an age-related attrition rate of
telomere length in leukocytes between 25 and 35 bp per
year (8,15,16,20,31). Viewed from this perspective, the
effect of the BICDI gene variants on telomere length
(Table 1) is substantial, as it is equivalent to between 15 and
20 years of age-related attrition in telomere length. Given
the role of telomere length in various age-related diseases
(5), it will be interesting to examine whether there is an
association of the locus with susceptibility to some of these
diseases, although it is notable that despite the evidence of
an association of shorter telomeres with increased risk
of CAD (8,22), we did not see an association of the locus
with CAD.

Inclusion of the most significant SNP in BICD1 associated
with telomere length (rs2630578) as a covariate in the linkage
analysis reduced the LOD score by 28% confirming that it is
a major contributor to the observed linkage. However, the
finding that it does not completely explain the linkage peak,
suggests that other genes and variants could play a role. There-
fore, further analysis of the locus, perhaps through a more
extensive association analysis is warranted. Notwithstanding
this, through a sequential fine mapping strategy of a linkage
peak, we report identification of a gene involved in the vacuolar
traffic regulating telomere length in humans.

MATERIALS AND METHODS

The flow of work is described in Figure 3.

Expansion of linkage analysis for telomere length

Families used to expand the linkage analysis were, as per the
previous study (20), randomly chosen from those participating
in the BHF-FHS (21) and consisted of sib-pairs both with
CAD. Further details of the families are described in Sup-
plementary Material, Table S1. White cell mean telomere
lengths were measured using Southern blotting as previously
described (8,20). Data were available on all subjects from a
previous linkage scan of 400 microsatellite markers from the
ABI-Prism Linkage Mapping set v2.5-MD10 (PE Applied
Biosystems), spaced at �10 cM and with an average hetero-
zygosity of 0.79 (21).

Fine mapping of chromosome 12 locus

To refine the chromosome 12 locus, initially an additional eight
microsatellite markers spanning a region of �700 kb around
the marker D12S345 were genotyped (Fig. 1B). Markers
D12S0619i, D12S0615i, D12S0432i, D12S1114i, D12S0231i,
D12S0590i and D12S0435i were selected from the gene diver-
sity database system (GDBS). Marker D12S115 was identified

Figure 3. Schematic of the experimental design and stages.
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from a predicted tandem repeat region in the GDBS database.
Subsequently, 40 Tag-SNPs (minor allele frequency (MAF) .
5%) were selected with the SNPbrowser software (V3.1;
Applied Biosystems), using linkage disequilibrium (LD)
database from HapMap (NCBI Build 35) and the Haplotype
R2 method. The location and characteristics of all the
SNPs are shown in Supplementary Material, Table S2 and
Figure 1C. Genotyping of the SNPs was undertaken using the
SNPlexTM Genotyping System (Applied Biosystems). The
SNP-specific ligation probes were designed on-demand by
Applied Biosystems. All the steps of the SNPlexTM assay work-
flow (allele-specific oligonucleotide ligation assay (OLA) reac-
tion; OLA purification; PCR; hybridization of PCR products to
ZipChute Probes, elution and electrophoresis) were performed
according to the manufacturer protocol. The electrophoretic
runs were analysed on a 3130xl DNA Analyser (Applied Biosys-
tems). GeneMapperw software (V. 3.7; Applied Biosystems)
was used to analyse the raw data and to call SNPs genotypes.
All genotypes (microsatellite markers and SNPs) were con-
firmed by visual inspection of chromatograms. Inheritance
within families was verified using the PEDCHECK program
(32). In case of possible inheritance errors, the complete
family was genotyped again and if the discrepancy could not
be resolved then the family for that marker was excluded.

Expression analysis of BICD1

Six subjects for each rs2630578 genotype were identified by
genotyping 338 individuals from a population-based cohort
recruited for genetic studies. Characteristics of this cohort
are described elsewhere (33). All subjects chosen (nine
males, nine females, mean age 39.4+ 3.5 years) were
healthy and not on any medication. Total RNA was extracted
from blood leukocytes using the Mini RNeasy Total RNA iso-
lation kit (Qiagen), and the concentration and purity of RNA
was determined using a ND-1000 spectrophotometer (Nano-
Drop). First-strand cDNA synthesis was performed using
SuperScriptTM III (Invitrogen) and oligo(dT)12 – 18 (Invitrogen)
according to the manufacturer’s instructions. Q-PCR was then
performed in triplicate for each sample using a 7900HT instru-
ment (Applied Biosystems) and SYBRw Green PCR master
mix (Applied Biosystems). The primer sequences used were
50-CCTCAAACAGCAGTATGATGAAC-30 and 50-CAAAT
GCCTCTTTGAGCTG-30. Thermal cycle parameters were as
follows: 958C for 10 min, 40 cycles of denaturation at 958C
for 45 s, annealing at 598C for 45 s and extension at 728C for
45 s. Dissociation curves were generated by denaturation at
958C for 15 s and annealing at 608C for 15 s followed by a
gradual increase in temperature (2% ramp rate) to 958C. Stan-
dard curves were generated for each primer pair with serial
dilutions of cDNA. Melting curve analysis was used to assess
PCR specificity. The Ct of the target gene (BICD1) was normal-
ized to that of the reference gene (GAPDH). In the relative
quantification approach used, the efficiency corrected quantifi-
cation model as described by Pfaffl (34), was applied.

Statistical analysis

For the expanded linkage analysis, two-point and multipoint
quantitative-trait linkage analysis was performed with the

sequential oligogenic linkage analysis routines (SOLAR)
package (version 1.7.3) (35). The analysis was carried out
using gender and age as covariates. Allele frequencies were
calculated using the observed genotypes. The order of the
marker loci and the recombination distances used for
multipoint linkage analysis were based on the deCODE
map (36).

Association analyses for both microsatellite markers and
SNPs were carried out using the FBAT software (V. 1.7.3)
(37) after prior adjustment for age and sex. For these analyses
we used the empirical correction to the variance (option-e)
(38) because we tested multiple sibs families under the null
hypothesis of ‘linkage, but not association’. The exact
P-values were calculated using the option ‘-p’ and 1 � 109

Monte Carlo simulations.
Haplotype analysis was carried out using the HBAT command

of FBAT. The ‘-e’ and ‘-p’ options were used for this analysis
also. The results of FBAT analysis were validated using the
orthogonal model (39) implemented in QTDT software (40),
including gender and age as covariates. In order to calculate a
global P-value adjusted for multiple testing, we used the ‘-m’
option to calculate 1000 Monte-Carlo permutations.

In the SNP association analysis, to control for multiple
testing, we used a SNP spectral decomposition method pro-
posed by Nyholt (41) and modified by Li and Ji (42). The cor-
rection was based on the spectral decomposition of matrices of
pair wise LD between SNPs and calculation of the effective
number of independent genetic marker loci along with the sig-
nificance threshold required to keep the type I error rate at 5%.
The SNP spectral decomposition approach is preferred to be a
more conservative correction which does not account for
LD-driven dependence among markers and thus may overesti-
mate the level of type I error and reduce the power to detect
associations. After spectral decomposition of the LD matrices
of the 40 analysed SNPs, the corrected threshold of statistical
significance in the single-locus association study was esti-
mated at P � 0.002.

The phenotypic effect size of significant SNPs was calcu-
lated using general estimating equations. This method uses
all available information of the analysed families, including
the uninformative pedigrees, which do not contribute to the
FBAT statistics (43). This option is available in the PBAT
(44) package (option 4 of the estimate effect size analysis
tool).

Relative BICD1 mRNA levels were compared in subjects
carrying different rs2630578 genotypes using analysis of
variance and Student’s t-test.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG Online.
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