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Abstract
Loss of genomic DNA methylation has been found in a variety of common human age-related
diseases. Whether DNA methylation decreases over time as individuals age is unresolved. We
measured DNA methylation in 1,097 blood DNA samples from 718 elderly subjects between 55–92
years of age (1–3 samples/subjects), who have been repeatedly evaluated over an 8-year time span
in the Boston area Normative Aging Study. DNA methylation was measured using quantitative PCR-
Pyrosequencing analysis in Alu and LINE-1 repetitive elements, heavily methylated sequences with
high representation throughout the human genome. Age at the visit was negatively associated with
Alu element methylation (β=−.12 %5mC/year, p=0.0005). A weaker association was observed with
LINE-1 elements (β=−.06 %5mC/year, p=0.049). We observed a significant decrease in average Alu
methylation over time, with a −0.2 %5mc change (p=0.012) compared to blood samples collected
up to 8 years earlier. The longitudinal decline in Alu methylation was linear and highly correlated
with time since the first measurement (β=−.089 %5mC/year, p<0.0001). In contrast, average LINE-1
methylation did not vary over time [p=0.51]. Our results demonstrate a progressive loss of DNA
methylation in repetitive elements dispersed throughout the genome.

INTRODUCTION
DNA methylation is a mechanism of epigenetic regulation that is heritable through cell division
and, in mammals, involves the addition of methyl groups to cytosine to form 5-methyl-cytosine.
In-vitro and animal models have shown genomic DNA methylation loss in association with
cellular senescence and organism aging (Hoal-van Helden & van Helden, 1989; Wilson &
Jones, 1983; Wilson et al., 1987). In humans, lower genomic DNA methylation, including
DNA hypomethylation measured in blood DNA samples (Castro et al., 2003; Guz et al.,
2008; Hsiung et al., 2007; Moore et al., 2008), has been found in a variety of age-related
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diseases (Fraga et al., 2005), but little information is available on methylation changes during
normal aging (Bjornsson et al., 2004).

Genomic DNA hypomethylation is likely to result from demethylation in transposable
repetitive elements, which plays a crucial role in gene regulation and genomic stability. More
than 90% of all genomic 5-methylcytosines lies within CpG islands located in transposable
repetitive elements, including the Alu and LINE-1 sequences, which are those most common
and well-characterized. Measurements of Alu and LINE-1 methylation have been used to
estimate genomic DNA methylation (Yang et al., 2004). The presence of 5-methylcytosine
limits the ability of retro-transposons to be activated and transcribed, and Alu and LINE-1
demethylation could result in increased retro-transposon activity and propagation of aberrant
methylation to other genes (Asada et al., 2006).

In the present study, we determined whether DNA methylation in Alu and LINE-1 repetitive
elements: i) was associated with age of the study participants; ii) decreased over time in aging
individuals. DNA methylation was measured through highly quantitative PCR-
Pyrosequencing (Weisenberger et al., 2005; Yang et al., 2004) in peripheral blood DNA from
718 subjects who have been repeatedly evaluated as part of the Normative Aging Study (NAS),
a longitudinal study of aging in the greater Boston area.

MATERIALS AND METHODS
Subjects

Our study population consisted of 718 white males, evaluated between January 1999 and June
2007, as part of the Normative Aging Study (NAS), a longitudinal study of aging established
in 1963 by the U.S. Veterans Administration (Bell et al., 1999). The NAS participants are
recalled for examination every 3–5 years and at each visit all study subjects are asked to donate
a 7 ml blood sample. Of all the 718 study subjects, 339 had DNA methylation measured in
only one blood sample, 321 in two blood samples, and 29 in three blood samples taken at
different visits, for a total of 1,097 samples. Due to some visits that were done earlier than
scheduled, and to missing blood samples from some intermediate visits, we had blood samples
that were taken 2–8 years apart (average 4 years). This study was approved by the Institutional
Review Boards of all participating Institutions and all participants gave written informed
consent to the study.

Blood Collection
7 ml of whole blood were collected by venous phlebotomy in EDTA tubes. Blood cell count
was performed on fresh blood using automated methods (Coulter Cell Counter, Abbott or
Bayer) within 3 hours from the time of blood drawing. Buffy coat was extracted and stored in
cell lyses solution until DNA extraction. All samples were coded and frozen at –20°C.

DNA Extraction and Bisulfite Treatment of the DNA
DNA was extracted from stored frozen buffy coat of 7 mL whole blood, using the QiAmp DNA
blood kits (QIAGEN, Hilden, Germany). 500 ng DNA (concentration 50 ng/µl) was treated
using EZ DNA Methylation-Gold™ Kit (Zymo Research, Orange, CA, USA) according to the
manufacturer’s protocol. Final elution was performed with 30 µl of M-Elution Buffer.

Repetitive Element PCR and Pyrosequencing
Analysis of repetitive element DNA methylation was performed using previously published
methods (Bollati et al., 2007; Yang et al., 2004), with minor modifications. PCR primers were
designed towards a consensus Alu or LINE-1 sequence and allowed the amplification of a
representative pool of repetitive elements to serve as a surrogate for global DNA methylation
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changes. The Alu element PCR was used for Pyrosequencing-based methylation analysis. For
Alu repetitive elements, a 50 µl PCR was carried out in 25 µl of GoTaq Green Master mix
(Promega, Madison, WI, USA), 1 pmol of the biotinylated forward primer (biotin-
TTTTTATTAAAAATATAAAAATT), 1 pmol of the reverse primer
(CCCAAACTAAAATACAATAA), 50 ng of bisulfite-treated genomic DNA and water. PCR
cycling conditions were 96°C for 90 s, 43°C for 60 s and 72°C for 120 s for 40 cycles. For
LINE-1 repetitive element, a 50 µl PCR was carried out in 25 µl of GoTaq Green Master mix
(Promega, Madison, WI, USA), 1 pmol of the forward primer
(TTTTGAGTTAGGTGTGGGATATA), 1 pmol of the biotinylated reverse primer (biotin-
AAAATCAAAAAATTCCCTTTC), 50 ng of bisulfite-treated genomic DNA and water. PCR
cycling conditions were 95°C for 30 s, 50°C for 30 s and 72°C for 30 s for 40 cycles.

The biotin-labelled primers were used to purify the final PCR product using Sepharose beads.
The PCR product was bound to Streptavidin Sepharose HP (Amersham Biosciences, Uppsala,
Sweden) and the Sepharose beads containing the immobilized PCR product were purified,
washed, denatured using a 0.2 M NaOH solution, and washed again using the Pyrosequencing
Vacuum Prep Tool (Pyrosequencing, Inc., Westborough, MA), as recommended by the
manufacturer. Then, 0.3 µM pyrosequencing primer (AATAACTAAAATTACAAAC for Alu
and AGTTAGGTGTGGGATATAGT for LINE-1) was annealed to the purified single-
stranded PCR product and pyrosequencing was performed using the PSQ HS 96
Pyrosequencing System (Pyrosequencing, Inc.). The degree of methylation was expressed for
both Alu and LINE-1 as percentage of methylated cytosines divided by the sum of methylated
and unmethylated cytosines (%5mC). We used built-in controls to verify bisulfite conversion
efficiency. Every sample was tested three times for each marker to confirm reproducibility and
increase precision of our results. The average of the three replicates was used in statistical
analyses.

Statistical Analysis
We first evaluated the association between age at visit and DNA methylation in Alu and LINE-1
repetitive elements. Because our study included repeated measures of DNA methylation for
many participants, we fitted a mixed effects model (PROC MIXED in SAS V9.0) assuming:

[1]

where Yit is the level of DNA methylation in either LINE-1 or Alu in subject i at time t, bo is
the overall intercept, and ui is the separate random intercept for subject i. In the above X1it—
Xpit are the covariates, which were included only in multivariable models. These models
capture the correlation among measurements within the same subject. In multivariable models,
we adjusted for the determinants of either LINE-1 or Alu methylation that were identified in
exploratory univariate analyses, i.e., body mass index, systolic and diastolic blood pressure,
fasting blood glucose, percent lymphocytes and neutrophils in blood count, statin use, and
season of the visit, as previously reported. (Baccarelli et al., 2008, in press)

In the above model, the coefficient of age reflects both the longitudinal change in each subject
over time, as well as the cross-sectional difference between subjects, based on their age. If
DNA methylation is associated with survival, the latter coefficient is likely to underestimate
the true rate of change with time. Differences in DNA methylation in samples collected for the
same subjects over time were tested using paired t-test. Thanks to the longitudinal design of
our study, we were able to estimate both associations simultaneously in a second model by
fitting mixed-models which included both: i) age at the first visit (baseline); and ii) years
elapsed since the first visit:
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[2]

Where βaBaseline fits age at first visit to estimate the cross-sectional effect of age and
βbYearsit fits years elapsed since the first visit to estimate the longitudinal effect of age. This
model allows discrimination of the cross-sectional from the longitudinal effects of aging, at
the cost of some power (since two variables are used to represent age).

For all models, we show regression coefficients (β) and their standard errors representing the
change in DNA methylation for each year of age. As a sensitivity analysis, we performed a
second complete set of analyses after excluding the 29 DNA methylation measurements
obtained on blood samples collected during a third visit on the same study subject. Such
exclusion produced only minor changes to the results (data not shown). Also we repeated all
analysis by adjusting for smoking (never, former, current) and obtained results that are similar
to those shown throughout the paper.

All tests were two-tailed. P<0.05 were considered statistically significant. All analyses were
performed in SAS 9.1 (SAS Institute Inc., Cary, NC).

RESULTS
The characteristics of the study population are shown in Table 1. The study subjects were
elderly male individuals between 55 and 92 of age (mean age 73.2 years, SD=6.6). Blood DNA
methylation levels, expressed as %5mC (percentage of cytosines that are methylated), were
equal to 77.2 (SD=2.2) for LINE-1 and 26.2 (SD=1.2) for Alu. DNA methylation ranged from
66.2 to 84.6 for LINE-1 elements and from 22.5 to 32.4 for Alu elements.

Association between Age at the Visit and Methylation (Cross-sectional Association)
DNA methylation in both Alu and LINE-1 elements was negatively associated with age at the
visit (Figure 1). In unadjusted models, DNA methylation decreased significantly in Alu
elements (β=−.023 %5mC/year, p<0.0001), while the decrease in LINE-1 elements was not
statistically significant (β=−.015 %5mC/year, p=0.10).

In multivariable models adjusting for season, body mass index, systolic and diastolic blood
pressure, statin use, fasting blood glucose, percent lymphocytes and neutrophils in differential
blood count, DNA methylation decreased significantly both in Alu (β=−.022 %5mC/year,
p=0.0005) and LINE-1 elements (β=−.019 %5mC/year, p=0.049).

Correlation between Measurements of Alu and LINE-1 Methylation Taken at Different Visits
DNA methylation was measured at least twice in 339 subjects. The time between the two first
measurements varied between 2 and 8 years (mean=4.0 years, SD=1.4). The correlation
between the first and the second measurement was moderate (r=.44, p<0.0001 for Alu; r=.55,
p<0.0001, for LINE-1). (Figure 2)

In the second set of measurements, the greatest losses in DNA methylation compared with the
first set of measurements were −5.3 %5mC for Alu elements and −5.41 %5mC for LINE-1
elements, whereas the greatest gains were +5.6 %5mC for Alu elements and +4.2%5mC for
LINE-1 elements. The decreases observed in Alu elements were >1 %5mC in 60 subjects
(18%), >2 %5mC in 25 subjects (7%) and >3 %5mC in 8 subjects (2.4%), whereas the increases
observed were >1 %5mC in 38 subjects (11%), >2 %5mC in 6 subjects (1.8%) and > 3 %5mC
in 3 subjects (0.9%), hence showing a tendency towards a methylation loss in the second set
of measurements.
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LINE-1 elements showed a decrease in methylation as an increase, with 138 subjects (41%)
showing a change of at least 1 %5mC in either directions (67 [20%] and 71 [21%] subjects
showing a decrease and an increase, respectively), 64 subjects (19%) showing a change of at
least 2 %5mC (34 [10%] and 30 [9%] subjects showing a decrease and an increase,
respectively), and 21 subjects (6%) showing a change of 3 %5mC or more (11 [3%] and 10
[3%] subjects showing a decrease and an increase, respectively).

Changes in Alu and LINE-1 Methylation over Time (Longitudinal Association)
Among the 339 individuals who had DNA methylation measured at least twice, average Alu
methylation in the second measurement (26.2 %5mc, 95% CI 26.0–26.3) was significantly
decreased, compared to the first measurement (26.4 %5mc, 95% CI 26.2–26.5) taken in average
4 years earlier (p=0.012). In contrast, average LINE-1 methylation in the second sample (77.4
%5mc, 95% CI 77.2–77.5) was similar to that found in the first measurement (77.3 %5mc,
95% CI 77.1–77.5) [p=0.94].

Only twenty-nine subjects had DNA methylation measured three times. Among these subjects,
Alu methylation showed a progressive decrease over time, with average levels of 26.5 (95%
CI 26.1–26.9) in the first measurement, 26.3 (95% CI 25.9–26.7) in the second measurement,
and 24.7 (95% CI 24.2–25.1) in the third measurement (p<0.001, test for trend across
measurements). Again, average LINE-1 methylation did not show significant changes over
time (79.0 %5mc, 95% CI 78.0–80.0 in the first measurement; 79.1 %5mc, 95% CI 78.7–79.5
in the second measurement; 79.2 %5mc, 95% CI 78.2–80.2 in the third measurement; p=0.82
for trend across measurements).

Discrimination of Age and Time effects on DNA Methylation
If a marker changes gradually over time as individuals age, that marker will also be associated
with age at a given time in a cross-sectional analysis. However, the cross-sectional association
may also be influenced by selection of the study participants by survival, as values for older
subjects will represent a selected sample, including only those who survived up until that age.
(Munoz & Gange, 1998) Taking advantage of the availability of measures of DNA methylation
on a large sample of individuals that included a subset of measures repeated over time, we used
a second set of statistical models (see statistical methods for details on modelling) that
differentiated the cross-sectional effect of age (i.e, baseline effect) from the longitudinal effect
(i.e, effect of years elapsed since the first visit) [Table 2]. In this model, the estimates for cross-
sectional and longitudinal effects would be similar if the association between age and
methylation were exclusively due to decreases occurring in the study subjects over time.

When our model was fit to Alu methylation, the estimate for longitudinal changes showed a
stronger effect than the cross-sectional estimate (Table 2). In particular, we estimated an
unadjusted −.082 %5mC decline per each year since the first examination (longitudinal effect)
and a −.016 %5mC decrease per a one-year increase in baseline age in the model (cross-
sectional effect). Although both effects were statistically significant (p<0.0001 for the
longitudinal effect, p=0.007 for the cross-sectional effect) the longitudinal effect was
approximately five-fold larger than the cross-sectional. The results were confirmed in analysis
adjusted for season, body mass index, systolic and diastolic blood pressure, statins use, fasting
blood glucose, percent lymphocytes and neutrophils in differential blood count (Table 2)

When fit to LINE-1 methylation, our model was not able to identify any significant association
with either cross-sectional or longitudinal effects (Table 2) possibly due to insufficient
statistical power.
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As a sensitivity analysis, we tested for non-linear effects in a set of models in which the cross-
sectional and longitudinal effects of age were fitted using non-linear terms, i.e, penalized
splines with varying degrees of freedom (from 1 to 10). Our results showed that the linear
models had a better fit for both the cross-sectional and longitudinal effects of age compared to
any of the models with penalized splines, suggesting that the decreases in DNA methylation
associated with the cross-sectional and longitudinal effects of age were linear.

DISCUSSION
Our results on an elderly population in Boston showed a gradual decrease through aging in
repetitive element DNA methylation, particularly in Alu sequences. We showed that Alu
element methylation was associated with age both cross-sectionally and longitudinally in
repeated measures taken up to 8 years apart. In contrast, average LINE-1 methylation did not
vary over time.

Genomic 5-methyl-cytosine content has been shown to decrease with age in most vertebrate
tissues (Mays-Hoopes et al., 1986; Rath & Kanungo, 1989; Romanov & Vanyushin, 1981;
Vanyushin et al., 1970; Vanyushin et al., 1973b; Wilson et al., 1987) and in in-vitro models
(Wilson & Jones, 1983), and has been associated cross-sectionally with age in human tissues
(Drinkwater et al., 1989; Fraga et al., 2005; Fuke et al., 2004; Golbus et al., 1990; Vanyushin
et al., 1970; Vanyushin et al., 1973a; Vanyushin et al., 1973b; Wilson & Jones, 1983; Wilson
et al., 1987). However, data from cross-sectional studies on the association of age with Alu
and LINE-1 methylation (Asada et al., 2006; Bariol et al., 2003; Chalitchagorn et al., 2004;
Cho et al., 2007; Iacopetta et al., 2007; Roman-Gomez et al., 2005), which have been largely
used to estimate global methylation (Yang et al., 2004), are conflicting. While several works
have evaluated LINE-1 and Alu element DNA methylation in relation with age in cancer tissues
(Cho et al., 2007; Roman-Gomez et al., 2005; Tangkijvanich et al., 2007), just a few studies
analyzed the association with age in normal tissues. Chalitchagorn et al. (Chalitchagorn et al.,
2004) observed that methylation of LINE-1 measured with combined bisulfite restriction
analysis PCR in normal leukocytes was independent of age. However, the number of subjects
(16 women and 16 men) was likely too small to have sufficient power to detect a significant
correlation between age and LINE-1 methylation. Iacopetta et al. (Iacopetta et al., 2007)
showed that older age was associated with a borderline significant trend (p=.069) for lower
levels of LINE-1 methylation in normal colonic mucosa, confirming a previous report in which
the level of demethylation in the normal colonic mucosa, measured by analyzing the methyl-
accepting capacity of DNA, correlated with advancing age of the individual (Bariol et al.,
2003).

The human genome comprises approximately 1.4 million copies of Alu repetitive elements
(Lander et al., 2001; Yang et al., 2004), and repetitive element methylation has been shown to
correlate with total genomic methylation content (Weisenberger et al., 2005; Yang et al.,
2004). Our findings suggest that genome-wide losses of methylation through aging may
account, at least in part, for the increased rates of common diseases through aging (Bjornsson
et al., 2004; Jiang et al., 2004; Petronis, 2001). Although future follow-up studies will be needed
to determine the impact of methylation losses on disease incidence and survival, our analysis
indirectly showed that lower Alu element methylation in blood DNA may predict reduced life-
expectancy. Using statistical modelling of our data, we were able to separate the cross-sectional
from the longitudinal decline in Alu element methylation, and found a considerably larger
longitudinal decline. If the association between age and methylation were only due to decreases
occurring over time as the individuals age, the estimates for cross-sectional and longitudinal
effects in this model would be similar. This difference suggests that Alu methylation was
associated with censoring from the cohort over time, which in the Normative Aging Study
cohort was predominantly from mortality or disabling illness.
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A recent article published in JAMA (Bjornsson et al., 2008) showed that, among 111
individuals between the ages of 70 and 82 years, 63% of the participants had a 0.05% or greater
absolute change in the percentage of global genomic methylation compared to DNA
methylation in blood samples taken approximately 10 years earlier. In that study, roughly the
same number of participants showed a decrease in methylation as an increase, with a population
average of DNA methylation substantially unchanged over time.

When compared with the recent results by Bjornsson and collaborators (Bjornsson et al.,
2008), who found no decrease over time in DNA methylation as measured by the LUMA assay,
our results indicate that age-related losses of DNA methylation are limited to specific
components, albeit vastly represented, of the human genome. In our results, we also found that
aging was more strongly associated with decreases in Alu methylation, while results for LINE-1
methylation were less consistent. In experimental investigations, LINE-1 methylation was
shown to be regulated by mechanisms that are different from those controlling Alu elements
(Ferguson-Smith & Surani, 2001; Jones & Baylin, 2002). However, the identification of the
mechanisms that appear to make Alu elements more sensitive to age-related changes need to
be identified. The LUMA assay measures specific methylation sequences (CCGG) that are
found in gene promoters and may control gene expression. Alu element methylation has been
attributed roles beyond gene regulation, including stabilization of chromosomal structures, as
well as control of retrotransposon sequences and mutational event rates (Barbot et al., 2002;
Mays-Hoopes et al., 1986; Ono et al., 1989; Wilson et al., 2007). Alternatively, the larger
sample size of our population might have provided our study with added statistical power to
detect the effects of aging on DNA methylation.

The finding of a negative association –albeit borderline significant – between LINE-1 and age
in our study, with no change of LINE-1 over time, may also have resulted from greater statistical
power to test the association of DNA methylation with age at the visit, as this analysis was
based on more than 700 subjects with nearly 1,100 samples, whereas only approximately 350
subjects had repeated measures over time.

In our data, the decrease in DNA methylation of Alu element over time was relatively small,
particularly if compared with the wide between-subject variability in DNA methylation, as
well as with the changes in either direction that we observed in the same subjects over time.
Our findings, along with the large variation in the degree of methylation among individuals of
comparable ages that has also been observed in previous investigations (Bjornsson et al.,
2008), suggest that risk factors for common diseases other than aging, such as dietary, lifestyle,
environmental, and genetic factors, may contribute to the variability in DNA methylation and
define individual phenotypes (Issa, 2002; Yuasa, 2002). However, at least part of the changes
in DNA methylation we observed over time may have resulted from assay variability or other
random variation.

In our study, we used Pyrosequencing methodology, a quantitative analysis of DNA
methylation which is highly reproducible and accurate at measuring DNA methylation. In
addition, we repeated DNA methylation analysis three times on each sample and used the
replicate average to minimize the assay variability. Even if in the present study unfractionated
peripheral blood was used as a source of DNA, all the analysis were adjusted for percent
lymphocytes and neutrophils in blood count to minimize the effect on methylation caused by
potential shifts in blood cell subpopulations during aging. Although we had a unique
opportunity to evaluate DNA methylation changes in repeated measurements taken over time
in an elderly population, the number of years covered after the first measurement was limited
(<=8 years). As our results can be generalized only to an aged population that consists of older
males who are almost all white, the age-related changes in women and younger populations,
as well as different ethnic groups, should be addressed in future studies.
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In conclusion, our results from a longitudinal study of elderly individuals demonstrated that
repetitive element methylation decreases through aging, particularly in Alu element. Our data
provide new insights into the molecular events related to biological aging and features in
complex diseases that are not accounted for by DNA sequence-based genetics (Petronis,
2001).
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Figure 1.
Association between Age and Methylation in Alu (A) and LINE-1 (B) repetitive elements. The
graphs show the decrease of methylation (change in % 5Methyl-cytosine [%5mC]/year) in
relation to the subject’s age at time of visit. Regression lines and data points represent the
unadjusted values. Adjusted and unadjusted Regression coefficients (β) and p-values shown
are obtained from unadjusted models and from models adjusted for body mass index, systolic
and diastolic blood pressure, fasting blood glucose, percent lymphocytes and neutrophils in
blood count, statin use, season of the visit.
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Figure 2.
Correlation between the first and the second measurement of Alu (A) and LINE-1 (B) repetitive
element methylation taken 2–8 years apart on the same subjects.
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Table 1

Characteristics of the study population in the Normative Aging Study [mean ± SD or n (%)]. This table includes
data collected at each visit for all measurements on all subjects

Variable All Visits, n=1,097

Age, years (SD) 73.2 (6.6)

Body mass index, Kg/m2 (SD) 28.2 (4.1)

Smoking status, n (%)

   Never smoker 338 (30.8)

   Former smoker 45 (4.1)

   Current smoker 714 (65.1)

Pack years of smoking,* pack × year (SD) 30.8 (26.7)

Fasting blood glucose, mg/dL (SD) 108.5 (26.6)

Diabetes, n (%) 215 (19.6)

Treatment with statins, n (%) 434 (39.6)

Systolic Blood Pressure, mmHg (SD) 130.3 (17.4)

Dyastolic Blood Pressure, mmHg (SD) 75.5 (9.8)

Blood count,

   White blood cells, cells/mm3 (SD) 6,638 (2,955)

   Neutrophils, % 62.2 (8.7)

   Lymphocytes, % 25.5 (8.0)

   Monocytes, % 8.6 (2.1)

   Basophils, % 0.6 (0.5)

   Eosinophils, % 3.3 (2.1)

Season of the visit, n (%)

   Spring 286 (26.1)

   Summer 300 (27.4)

   Fall 319 (29.1)

   Winter 192 (17.5)

DNA methylation, %5mC† (SD)

   LINE-1 77.2 (2.2)

   Alu 26.2 (1.2)

*
Mean and SD among ever smokers

†
Percentage of methylated cytosine
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