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Q3 Telomere length and possible link to X chromosome

Tim S Nawrot, Jan A Staessen, Jeffrey P Gardner, Abraham Aviv

Summary

Background Because telomeres are eroded during mitosis,
telomere length indicates the replicative history of human
somatic cells. Clinical markers of ageing—such as pulse
pressure and survival—are associated with telomere length.
On the basis of findings of studies in twins, telomere length
seems to be familial, but little is known about its mode of
inheritance. We aimed to investigate the inheritance of
telomere length.

Methods We measured terminal restriction fragment (TRF)
length in white-blood-cell DNA taken from individuals from the
family-based cohort of the Flemish Study on Environment,
Genes, and Health Outcomes.

Findings We recorded no correlation in sex and age adjusted
TRF length between spouses (r=-0-05; p=0-70) nor between
fathers and sons (r=-0-16; p=0-35). By contrast, we noted
robust correlations in TRF length between fathers and
daughters (r=0-60; p<0-0001); between mothers and sons
(r=0-41; p=0-0017) and daughters (r=0-59; p<0-0001); and
among siblings (r==0-61; p<0-0004).

Interpretation X-linked inheritance of TRF length is the most
probable explanation for our findings. Pending confirmation,
our observations suggest that the process of ageing might be
an X-linked trait.
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Introduction

Telomeres consist of TTAGGG tandem repeats and
telomere binding proteins that cap chromosomes and
shield them from DNA-damage repair pathways.'
Telomeres undergo progressive attrition in cultured
somatic cells because of the so-called end-replication
problem. In utero, telomere length is similar in most
tissues,>® but during extrauterine life, telomeres
progressively shorten in proliferative somatic cells and
their length diminishes with age.*” Telomere length is
established by many factors, including cellular replicative
history and telomerase—a reverse transcriptase consisting
of an RNA component (hTR) and a catalytic protein
component (hTERT) that has the ability to add telomere
repeats to the ends of chromosomes.® Based on studies in
twins, telomere length seems to be familial, but little is
known about its mode of inheritance.*” We aimed to
investigate the inheritance of telomere length.

Methods

We enrolled into our study a random sample of families
living in a geographically defined area of northern
Belgium, who were part of the family-based cohort of the
Flemish Study on Environment, Genes, and Health
Outcomes.” We undertook our study according to the
principles outlined in the Helsinki declaration for
investigation of human participants. The ethics committee
of the University of Leuven approved the study, and
participants gave written informed consent.

We took blood samples from all participants, from
which we obtained DNA. We measured terminal
restriction fragment (TRF) length in white-blood-cell
DNA, as described.? Briefly, we digested DNA samples
with Hinfl and Rsal and resolved them on 0-5% agarose
gels. We transferred DNA to a positively charged nylon
membrane and detected telomeric DNA by Southern
hybridisation to a digoxigenin 3’-end labelled 5'-
(CCCTAA), after overnight incubation at 65°C. We
visualised labelled DNA with a digoxigenin luminescent
detection procedure and by exposure on radiograph
hyperfilm (Amersham Biosciences, Pistcataway, NJ,
USA). We measured TRF length with ImageQuant
(version 3.3; Amersham Biosciences) and SAS software
(version 8.1; SAS Institute, Cary, NC, USA) as
described.? TRF length of every participant was the mean
of duplicate measurements. If the duplicate for an
individual varied by 5% or more we repeated the
measurement and took the mean of the two that were less
than 5% apart. To control for possible variation between
batches, we ran standards on every gel. Variation between
batches was less than 3%.

We used SAS software version 8.1 for database
management and statistical analysis. We searched for
possible covariables of TRF length by a stepwise
regression procedure, with p values for independent
variables to enter and stay in the model set at 0-05. To
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ascertain intrafamilial correlations, we ran generalised
estimating equations as implemented in the PROC
GENMOD procedure of the SAS package. We calculated
correlation coefficients of TRF length between members
of the same family as a measure of concordance
(significant correlation) or discordance (non-significant
correlation). Hence, in the context of this article, the term
correlation and concordance are used interchangeably.
We adjusted for confounders, treated pairs of relatives as
clusters, and defined the working correlation matrix as
unstructured. We applied Fisher’s Z transformation to
compare correlation coefficients and to derive their
significance.

Role of the funding source

The sponsors of the study had no role in study design,
data collection, data analysis, data interpretation, writing
of the report, or in the decision to submit for publication.

Results

Our multigeneration pedigrees spanned one (n=13), two
(10), or three (8) generations and included 128 parents
and 199 offspring (83 sons and 116 daughters). Mean age
of parents and offspring was 51-7 years (SD 12-2) and
30-2 years (10-9), respectively. From the pedigrees, we
identified 34 father-son pairs, 47 father-daughter pairs,
51 mother-son pairs, and 71 mother-daughter pairs. On
the basis of ABO blood group and rhesus phenotypes, we
did not detect any cases of false paternity.

TRF length was normally distributed, with a mean
length of 6-85 kb (SD 0-68). On stepwise regression
analysis, sex, age, and smoking were significant
determinants of TRF length, accounting for 1:2%
(p=0-036), 26:5% (p<0-0001), and 1-7% (p=0-011) of
the variance, respectively. Rate of TRF length shortening
was 0-024 kb per year in men (SE 0-003; p<0-0001) and
0-019 kb per year in women (0-003; p<0-0001; figure 1).
Age-adjusted TRF length was shorter in men (n=119)
than in women (152; 6-77 kb [SE 0-05] vs 6-92 [0-05];
p=0-028). Median daily tobacco consumption was
15 cigarettes (IQR 10-25) in 39 male smokers and
15 cigarettes (10-20) in 43 female smokers. Sex and age
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Figure 1: Relation between TRF length and age in men and women

adjusted TRF length was lower in smokers (n=82) than in
non-smokers (189; 6-72 kb [0-06] @vs 6-91 kb [0-04];
p=0-014).

Both before (figure 2) and after (table) adjustment for
sex, age, and smoking, spouse-spouse and father-son
correlations were weak and not significant. By contrast,
father-daughter, mother-son, and mother-daughter
correlation coefficients were strong and significant.
Intrafamilial concordance in TRF length was significantly
higher in all mother-offspring relations than between
spouses or between fathers and sons. Furthermore, strong
concordance was noted in TRF length between offspring
(table).

To assess the effect of outliers on our results, we did a
sensitivity analysis, excluding individuals who were
younger than age 40 years and had a TRF length of less
than 6-0 kb. With adjustments applied as before, the
father-son correlation coefficient was —0-02 (p=0-90),
the father-daughter correlation was 0-38 (p=0-006),
and the mother-son and mother-daughter correlations
were 0-38 (p=0-003) and 0-49 (p<0-0001), respectively.
Furthermore, to assess whether the significant differences
between the father-son correlation coefficient and
the other parent-offspring correlations might be due
to a type I error, we randomly created fictive parent-
offspring pairs, with the RANBIN function provided by
the SAS software, with adjustments applied as before.
The fictive mother-offspring correlation coefficient was
0-:07 (p=0-22), whereas the father-daughter and father-
son correlations were 0-02 (p=0-88) and 0-06 (p=0-70),
respectively.

Discussion

The most plausible mechanism accounting for the high
concordance of TRF length we noted between mothers
and offspring and between fathers and daughters—but not
between fathers and sons and between spouses—is an
X-linked mechanism of inheritance. Findings of sensitivity
analyses, with outliers excluded or including fictive
parent-offspring pairs, suggested that our results were not
attributable to chance, but did not completely exclude this
possibility.
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Figure 2: Intrafamilial relations for TRF length

The X chromosome harbours the DKC1 gene encoding
the protein dyskerin, which is important for stable
accumulation of the hTR component of telomerase."
Cells from patients with X-linked dyskeratosis congenita,
caused by a missense mutation in the DKC1 gene, have
decreased h'TR concentrations, lower telomerase activity,
and shortened TRF length. Thus, polymorphisms in the
DKC1 gene—with less profound effects than those noted
in dyskeratosis congenita and possibly other yet unknown
genes on the X chromosome—might be determinants of
TREF length in the general population.

Oxidative stress has a role in cellular senescence and
ageing. Nitric oxide activates telomerase and delays cell

Relationship Number of pairs Partial r p
Spouse-spouse 64 -0-05* 0-70
Father-son 34 -0-16* 0-35
Father-daughter 47 0-601 <0-0001
Mother-son 51 0-41+ 0-0017
Mother-daughter 71 0-59t% <0-0001
Sister-sister 22 0-611% 0-0004
Sister-brother 25 0-71% <0-0001
Brother-brother 23 0-83% <0-0001

Correlation coefficients adjusted for sex (if applicable), age and smoking.
*ttPartial correlation coefficients of similar size.

Intrafamilial correlation coefficients for TRF length

TRF mother (kb)

senescence. Thus, nitric oxide might react with cellular
radicals and reduce oxidative stress, resulting in
telomerase activation. It is noteworthy that the gene
encoding the angiotensin II type 2 receptor (AGTR2)—
stimulation of which leads to enhanced nitric oxide
production—also maps to the X chromosome."

Mitochondrial DNA represents only a tiny fraction
of the human genome. Mitochondria are implicated
in modulation of oxidative stress and are almost
completely of maternal origin.”” However, transmission
of mitochondrial DNA would not account for the high
father-daughter concordance in telomere length.

Our finding that age-adjusted TRF length is greater in
women than in men accords with findings of previous
studies.”® White-blood-cell TRF length is closely similar
in newborn boys and girls, suggesting that sexual
dimorphism in adult TRF length arises during
extrauterine life. Several reasons might account for longer
telomeres in women than in men. First, with advancing
age, X-inactivation in heterozygous women might be
preferentially skewed to implicate the allele harbouring
the genetic code that causes short telomeres. This
occurrence was reported in carriers of X-linked
dyskeratosis congenita.” TRF length of the inactive
X chromosome is closely similar to that of the active
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X chromosome in normal newborn girls, but is shorter
than the active X chromosome in older women.? Second,
an oestrogen-responsive element is present in hTERT, so
the hormone can stimulate telomerase.”* Finally, reactive
oxygen species accelerate telomere erosion at least in
cultured cells. Women produce fewer reactive oxygen
species and might metabolise them better than men—
perhaps because of oestrogen.” In this context, the shorter
age-adjusted TRF length in smokers may also result from
higher amounts of reactive oxygen species in the blood.'®"”

Findings of several studies lend support to the idea that
TRF length indicates biological ageing and that
individuals with shorter telomeres than might be expected
based on their chronological age are prone to disease.
Indeed, TRF length was shorter in patients with
atherosclerotic heart disease than in age-matched
controls.'”® Furthermore, independent of age and mean
arterial pressure, arterial stiffness and pulse pressure were
inversely correlated with TRF length in men.’ In a study
stratified for sex and age, telomere length was a major
independent predictor of all-cause mortality."” Moreover,
the mortality rate from infectious disease was eight times
higher for individuals in the bottom 25% of the telomere
length distribution than for those in the top 75%." The
hypothesis that genetic predisposition to chronic age-
related diseases might be associated with shortened
telomeres and X-linked inheritance needs further
investigation.

In conclusion, X-linked inheritance of TRF is the
most probable explanation for our findings. Pending
confirmation, our observations suggest that the process of
ageing might be an X-linked trait.
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