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Abstract The role of epigenetics in the modulation of
longevity has not been studied in humans. To this aim,
(1) we evaluated the DNA methylation from peripher-
al leukocytes of 21 female centenarians, their 21

female offspring, 21 offspring of both non-long-lived
parents, and 21 young women through ELISA assay,
pyrosequencing analysis of Alu sequences, and quan-
tification of methylation in CpG repeats outside CpG
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islands; (2) we compared the DNA methylation pro-
files of these populations through Infinium array for
genome-wide CpG methylation analysis. We observed
an age-related decrease in global DNA methylation
and a delay of this process in centenarians’ offspring.
Interestingly, literature data suggest a link between the
loss of DNA methylation observed during aging and
the development of age-associated diseases. Genome-
wide methylation analysis evidenced DNA methyla-
tion profiles specific for aging and longevity: (1)
aging-associated DNA hypermethylation occurs pre-
dominantly in genes involved in the development of
anatomical structures, organs, and multicellular organ-
isms and in the regulation of transcription; (2) genes
involved in nucleotide biosynthesis, metabolism, and
control of signal transmission are differently methylat-
ed between centenarians’ offspring and offspring of
both non-long-lived parents, hypothesizing a role for
these genes in human longevity. Our results suggest
that a better preservation of DNA methylation status, a
slower cell growing/metabolism, and a better control in
signal transmission through epigenetic mechanisms
may be involved in the process of human longevity.
These data fit well with the observations related to the
beneficial effects of mild hypothyroidism and insulin-
like growth factor I system impairment on the modu-
lation of human lifespan.

Keywords Epigenetics . Longevity . Centenarians .

Centenarians’ offspring . DNAmethylation . Aging

Introduction

Epigenetics is destined to change across the lifespan.
Loss of global DNA methylation and promoter hyper-
methylation of several specific genes occur during
aging. Epigenetics plays an important role in cellular
senescence, human tumorigenesis, and several age-
related diseases (Fraga et al. 2007; Bollati et al.
2009; Kim et al. 2010; Choi et al. 2009; Moore et al.
2008; Rakyan et al. 2010; Chambers et al. 2007).
Indeed, epigenomic alterations are now increasingly
recognized as part of aging and its associated patho-
logic phenotype (Petronis 2010; Bellizzi et al. 2011).
However, the role of epigenetics in the modulation of
healthy aging and longevity has not been clearly stud-
ied in humans.

Subjects able to reach extreme longevity, such
as centenarians, are an extraordinary model to
study human longevity (Franceschi and Bonafè
2003; Cevenini et al. 2008). Unfortunately, there
are several disadvantages inherent in the study of
centenarians: rarity, presence of frailty due to ex-
treme age, and lack of an appropriate control
group. In the past, numerous biological parameters
measured in centenarians have been compared to a
control group of younger subjects in order to iden-
tify factors potentially involved in the longevity.
This system may be misleading for parameters
showing a clear age influence, such as DNA
methylation profile (Cevenini et al. 2008).
Centenarians’ offspring represent a new approach
to identify biological parameters which contribute
to human longevity and healthy aging, without the
disadvantages of centenarians. They appear to un-
dergo an aging process “better” than that of sub-
jects of the same age, show a lower morbidity and
higher survival, and are more numerous than cen-
tenarians. In addition, it is possible to compare
centenarians’ offspring with a demographically
matched control group (subjects matched for age,
sex, ethnicity, parent year of birth, but born from
non-long-lived parents), thus avoiding cohort
effects (Terry et al. 2004; Adams et al. 2008).

The aims of the present study were (1) to charac-
terize and compare the DNA methylation profiles from
peripheral leukocytes of female centenarians, their
female offspring, female offspring of both non-long-
lived parents, and young women and (2) to identify
epigenetically modulated genes and pathways poten-
tially involved in the process of aging, healthy aging,
and longevity.

Materials and methods

Demographic strategy for enrolment and model
description

The subjects enrolled in the present study belonged to
a large multicentric project entitled “Does parental
longevity impact on the healthy aging of their off-
spring?” funded by the Italian Ministry of University
and Scientific Research. The stringent demographic
strategy utilized to select the eligible subjects for this
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study is illustrated in supplementary Fig. S1. Briefly,
21 female centenarians (born in Northern Italy be-
tween the 1900 and 1908) and 21 of their female
offspring were recruited, with the constraint that also
the other parent was long lived (born in the same birth
cohort 1900 and 1908 and died at the age >77 years,
10 years over the average life expectancy at 15 years
of age). This selected cohort of centenarians’ offspring
was compared with 21 age-matched females (offspring
of both non-long-lived parents), with both parents
born between 1900 and 1908 but died before the
average life expectancy calculated at 15 years of age
(67 years if male and 72 years if female) by the Italian
mortality tables (see website “Human Mortality
Database” of the Max Planck Institute for Demography,
Rostock, Germany: http://www.mortality.org/). In addi-
tion, we included 21 healthy young females, randomly
recruited, with an age ranging between 17 and 34 years,
born and living in Northern Italy. The participants' ages
were defined by birth certificates or dates of birth as
stated on passports or identity cards. Exclusion criteria
were the following: presence of cancer at the time of the
interview, immunosuppressive (e.g., cyclosporin, metho-
trexate, glucocorticoids), or anticoagulant therapies.

The study protocol was approved by the Ethical
Committee of the Sant’Orsola-Malpighi University
Hospital (Bologna, Italy). After obtaining the written
informed consent, a standard structured questionnaire
was administered to collect information regarding the
health status, currently used drugs, clinical history, and
lifestyle (Skytthe et al. 2011). This questionnaire was
administered by trained staff (nurses and medical doc-
tors). The history of past and current diseases was
accurately collected checking the participants medical
documentation and the current drug therapy. Venous
blood sample was drawn between 7.30 and 9.00 a.m.

DNA extraction and bisulfite treatment of the DNA

Genomic DNA was extracted from peripheral leuko-
cytes in whole blood using the Wizard genomic DNA
purification kit (PROMEGA, Madison WI, USA).
Samples were processed for DNA isolation as follows:
3 to 5 mL of blood was incubated with a provided cell
lysis solution in order to lyse erythrocytes before the
leukocytes were isolated by centrifugation (2,000×g
for 10 min at room temperature). The pellet of leuko-
cytes was then suspended in a nuclei lysis solution and

digested with proteinase K in sodium dodecyl sulfate
buffer at 37 °C for 1 h; then, DNA was extracted by
salting out and resuspended in Tris–EDTA buffer.
Sodium bisulfite conversion of DNA (500 ng) was
performed by the EZ DNA Methylation-Gold Kit
(Zymo Research Corporation, Orange, CA) according
to the manufacturer's protocol. This assay has a con-
version efficiency exceeding 99 %.

Global DNA methylation assay

Global methylation of DNA from extracted peripheral
leukocyte DNAwas determined using theMethylamp™
Global DNAMethylation Quantification Kit (Epigentek
Group Inc., New York, NY, USA) according to the
instructions provided by the manufacturer. In this kit,
the methylated fraction of DNA is recognized by 5-
methylcytosine antibody and quantified through an
ELISA-like reaction. The amount of methylated DNA
is proportional to the optical density intensity and the
degree of DNA methylation can be calculated using the
following formula:

%Methylation ¼ OD sample� blankð Þ
2� OD positive control � blankð Þ � 100

where OD is optical density, blank is a buffer without
DNA, and positive control is a methylated DNA control
provided by the manufacturer.

Repetitive elements PCR and pyrosequencing
analyses

Alu PCRs were carried out using 20 ng of bisulfite-
treated DNA and 10 pmol forward and reverse pri-
mers, one of them being biotinylated. PCR protocols
and pyrosequencing conditions, as well as the se-
quencing primer, were previously described (Bollati
et al. 2009). DNA methylation analyses were per-
formed by PyroMark ID instrument (Biotage AB,
Uppsala, Sweden) in the PSQ HS 96 System
(Biotage), with the Pyro Gold SQA reagent kit
(Biotage AB, Uppsala, Sweden) according to the man-
ufacturer’s instructions. Raw data were analyzed using
the Q-CpG software v1.0.9 (Biotage AB, Uppsala,
Sweden) that calculates the ratio of converted to un-
converted cytosine at each CpG, giving the percentage
of methylation. For each sample, the methylation
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value represents the mean between at least two inde-
pendent PCR and pyrosequencing experiments.

Genome-wide methylation analyses

Genome-wide methylation profile of DNA samples was
evaluated through Infinium HumanMethylation27
BeadChip (Illumina, San Diego, CA, USA). This assay
determines quantitative measurements of DNA methyl-
ation for 27,578 CpG dinucleotides (20,006 CpG local-
ized in CpG islands, 7,572 CpG localized in non-CpG
islands) spanning 14,495 genes. The methylation profile
was analyzed according to the manufacturer's instruc-
tions using Illumina-supplied reagents and conditions.
In brief, after bisulfite conversion, 250 ng of DNAwas
whole-genome amplified (WGA) and enzymatically
fragmented. The bisulfite-converted WGA-DNA sam-
ples were purified and randomized again prior to hy-
bridization to the HumanMethylation27 BeadChips.
During hybridization, the WGA-DNA molecules were
annealed to locus-specific DNA oligomers which were
linked to individual bead types, one designed against the
unmethylated site and one against the methylated site.
After hybridization, allele-specific single-base exten-
sion provided another level of specificity and incorpo-
rated a fluorescent label for detection. The level of
methylation was determined at each locus by the inten-
sity of the two possible fluorescent signals, specific for
the methylated and unmethylated alleles. DNA methyl-
ation values, described as β values, were recorded for
each locus in each sample using GenomeStudio soft-
ware. β value provides a continuous measure of the
DNA methylation levels for each CpG site, ranging
from 0 in the case of completely unmethylated sites to
1 in completely methylated sites.

Quality control

As described in supplementary Fig. S1, quality control
of DNA represented an additional criteria for the
enrolment of the study population. Quality control
was organized into two steps:

1. Quality control and quantification of DNA before
and after bisulfite conversion. DNA was quantified
with NanoDrop (NanoDrop Products Thermo
Scientific Wilmington, DE), and quality was
assessed by visualization of genomic DNA on 1 %
agarose gel electrophoresis. Only DNA samples not

fragmented and with a concentration higher than
50 ng/μl were subsequently processed.

2. Postarray control step. Background-corrected β
values (as generated from the GenomeStudio soft-
ware) and built-in controls were used to evaluate
the quality of individual arrays. Samples with low
bisulfite conversion (BS) efficiency (BS control
intensity values <4,000) were excluded, as well as
other outliers that have been detected using box
plot of total intensity (unmethylated + methylated
values) and histograms of β values. We confirmed
that each sample yielded a clear bimodal distribu-
tion of methylation β values and excluded samples
where this was not the case. Samples were further
filtered according to CpG coverage, using
GenomeStudio p values of detection of signal
above background and the presence of defined β
value. The number of detected probes (p value
<0.05) was very high for all arrays and varied
between 99.3 and 100 %. We computed a matrix
demanding at least 99 % coverage per sample and
95 % of global coverage across all samples, result-
ing in a β value data matrix of dimension
27,564 CpG in 84 samples. Finally, normalization
across arrays was performed with GenomeStudio
software using a variety of strategies: (a) do-
nothing, (b) background normalization, and (c)
average normalization. The results were not influ-
enced by the type of normalization. In this manu-
script, we reported the results using method (b).

Immunophenotypic characterization

Total white blood cell count was performed by an
automated hematology analyzer (Coulter Counter,
Beckman, Milan, Italy). Identification of the ma-
jor lymphocyte subsets (B lymphocytes, T lym-
phocytes, virgin T lymphocytes, memory T
lymphocytes, and NK cells) was performed using
the following combination of monoclonal antibod-
ies: CD5/CD19 to identify B and autoreactive B
lymphocytes, CD3/CD4/CD8 to identify T lym-
phocytes subsets, CD28/CD95/CD4 and CD28/
CD95/CD8 to identify effector T helper and cyto-
toxic lymphocytes, and CD3/CD16/CD56 to iden-
tify NK cells. Phenotypical analysis of peripheral
blood lymphocytes samples was performed on
whole blood as previously described (Fagnoni et
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al. 2000; Nasi et al. 2006). A cytometric approach
with fluorochrome-labeled monoclonal antibodies
(mAbs, BD Biosciences Pharmingen, San Diego,
CA) directly conjugated to fluorescent molecules
(f luorescein isothiocyanate, phycoerythrin,
phycoerythrin-cy-crhome) staining was used.
Phenotypic analyses of cytotoxic and helper sub-
sets were performed placing an electronic gate on
CD8+ bright and CD4+ bright cells and evaluat-
ing the expression of CD28 vs CD95. A mini-
mum of 30,000 cells per sample was acquired
using a FACSCalibur (BD Biosciences) flow
cytometer, and data were analyzed with FlowJo
(Tree Star Inc., Ashland, OR) software.

Statistical analyses

The locus-by-locus differential methylation analy-
sis was performed using GenomeStudio software.
The Illumina Custom error model with false dis-
covery rate correction was applied to data after
background normalization. Differences in methyl-
ation levels between groups were considered sta-
tistically significant when |Diff Score| was >13,
corresponding to a q value <0.05. Global meth-
ylation, Alu repeats methylation percentage, and
β value mean distribution of selected clusters of
CpG probes were compared between groups by
classical ANOVA and Kruskal–Wallis test, re-
spectively, for parametric and nonparametric data.
Newman–Keuls and Dunn tests have been used
as posttests, respectively, for parametric and non-
parametric data. Bonferroni correction was ap-
plied considering the number of statistical tests
performed. Hierarchical cluster analysis was per-
formed using Illumina GenomeStudio software.
Functional gene ontology (GO) annotation of
genes of interest was performed using gene on-
tology enrichment analysis and visualization tool
http://cbl-gorilla.cs.technion.ac.il/ (Eden et al.
2009). Gene functional classification and func-
tional annotation clustering were performed to
identify functional gene groups and ontology
terms that are significantly overrepresented
among genes selected in the Illumina array. p
values were derived using hypergeometric tests.

The percentage of CpG sites linked to aging
and longevity was calculated and normalized sep-
arately for each chromosome using the following

formula:

Frequency distribution %ð Þ

¼ number of selected CpG sites

total number of CpG sites
� 100

The test for overrepresentation of significant
probes inside each chromosome has been per-
formed using the hypergeometric cumulative func-
tion, considering the total number of probes inside
all the chromosomes (NG027,564), the total num-
ber of significant probes inside all the chromo-
somes (NS0217 for longevity, 1,039 for aging),
the total number of probes in each chromosome,
and the total number of significant probes in each
chromosome.

Results

Centenarians’ offspring have a better health status

Our proposed model, described in supplementary Fig.
S1 and including female centenarians’ offspring with
both long-lived parents (mean age 69.8+1.6 years)
and female offspring of both non-long-lived parents
(72.4+1.1 years), seems to be a valid approach to
investigate the role of DNA methylation in healthy
aging and longevity. Both groups were comparable
for age and extremely different in terms of probability
to become long lived. Indeed, the prevalence of sev-
eral diseases (myocardial infarction, cancer, arrhyth-
mia, and hypertension), the proportion of people using
medications, and the number of prescribed drugs were
significantly lower in centenarians’ offspring than in
offspring of both non-long-lived parents (Table 1).

Global DNA and Alu methylation

A significant decrease in global DNA methylation
levels was observed with age, as shown by higher
methylation percentage in young controls compared
to all other groups (Fig. 1a). Interestingly, age-related
loss of DNA methylation was less pronounced in
centenarians’ offspring, as indicated by the significant
higher values of global DNA methylation (p<0.05)
observed in this group compared with offspring of
non-long-lived parents.
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A significant decrease in Alu methylation
(Fig. 1b) was observed in centenarians and off-
spring of both non-long-lived parents (both p<

0.05), while no significant change was detected
in centenarians’ offspring, as compared to young
controls. Alu methylation was significantly (p<

Table 1 Prevalence of major age-related diseases and pharmacological therapy in centenarians’ offspring (n021) and offspring of both
non-long-lived parents (n021)

Health assessment Centenarians’
offspring, n (%)

Offspring of non-
long-lived parents, n (%)

Prevalence odds
ratio (95 %C.I.)

p value

Past diseases

Myocardial infarction 0 (0.0) 5 (23.8) 0.43 (0.23–0.63) 0.048

Cancer 1 (4.8) 8 (38.1) 0.08 (0.01–0.73) 0.020

Current disease

Irregular heart rhythm 2 (9.5) 9 (42.9) 0.14 (0.03–0.76) 0.032

Hypertension 4 (19.0) 18 (85.7) 0.04 (0.01–0.20) <0.0001

COPD 0 (0.0) 1 (4.8) 0.49 (0.36–0.67) 1

Diabetes mellitus 2 (9.5) 3 (14.3) 0.62 (0.09–4.23) 1

Pharmacological therapy

Subjects taking drugs 15 (71.4) 21 (100.0) 0.42 (0.28–0.61) 0.021

Number of prescribed drugs (mean ± S.E.M.) 2.74±0.52 6.62±0.78 <0.0001

Medical history: The occurrence of major age-related diseases was collected through a standard structured questionnaire, including past
history of myocardial infarction and cancer, and current history of cardiac arrhythmia, high blood pressure, chronic obstructive
pulmonary disease (COPD), and diabetes mellitus. Data were expressed as total number of subjects who presented each health
condition. Pharmacological therapy: The drug use was determined by two parameters: proportion of subjects taking medications and
mean number of prescribed drugs

Examination of the differences between centenarians’ offspring and offspring of non-long-lived parents was performed using chi-square
and the independent samples t test analyses

*p< 0.001 vs Young controls
**p< 0.05 vs Offspring of non long-lived parents

*p< 0.05 vs Young controls
**p< 0.05 vs Centenarians' offspring

*p< 0.001 vs Young controls
**p< 0.001 vs Centenarians' offspring

***p< 0.001 vs Offspring of non long-lived parents
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Fig. 1 Global DNA methylation (a) and Alu methylation (b) in
DNA extracted from peripheral leukocytes of young women
(n021), female centenarians’ offspring (n021), female offspring
of both non-long-lived parents (n021), and female centenarians

(n021). Distribution of average (AVG) β methylation values of
CpG sites localized in non-CpG islands (c) in enrolled popula-
tions, evaluated by genome-wide array
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0.05) higher in centenarians’ offspring compared to
offspring of non-long-lived parents.

We performed genome-wide CpG methylation
analysis (Infinium HumanMethylation27 BeadChip,
Illumina) in DNA from peripheral blood leukocytes
of all enrolled subjects. CpG repeats outside CpG
islands were moderately to highly methylated
(Fig. 1c). These sites, selected according to the criteria
of Takai and Jones (2002), are highly enriched in Alu
sequences. Mean methylation levels of CpG sites lo-
calized in non-CpG islands decreased with age. It is
worthy to note that average β methylation value of
non-CpG islands was higher in centenarians’ offspring
than in offspring of non-long-lived parents (p<0.001),
confirming a better preservation of DNA methylation
status in centenarians’ offspring.

Age-dependent methylation profile

Genome-wide methylation analysis, through a locus-
by-locus approach, identified CpG sites showing the
most significant age-dependent variation in methyla-
tion in the four enrolled groups. We identified CpG
loci significantly (p<0.05) hyper- or hypomethylated
in all the three groups of old subjects (concurrently in
centenarians, centenarians’ offspring, and offspring of
non-long-lived parents) vs young controls (Fig. 2a).
Average β methylation values of this set of hyper-
methylated CpG sites (709 loci, corresponding to
607 genes, listed in supplementary Table S1) were
significantly higher in centenarians compared to cen-
tenarians’ offspring (p<0.001), offspring of non-long-
lived parents (p<0.001), and young controls (p<
0.001; Fig. 2b, d). A gene ontology analysis of these
CpG sites hypermethylated with chronological aging
showed enrichment of genes for biological processes
and molecular functions involved in the development
of anatomical structures, organs, and multicellular
organisms, in cell differentiation, and in the regulation
of transcription (Table 2). Using the same criteria, we
also detected 330 CpG loci (corresponding to 326
genes, listed in supplementary Table S2) showing a
significant loss of methylation concurrently in cente-
narians (p<0.001), centenarians’ offspring (p<0.01),
and offspring of non-long-lived parents (p<0.01)
compared to young controls (Fig. 2c, e). GO analysis
of hypomethylated CpG sites revealed significantly
enriched genes for biological processes, including the
following categories: defense response to bacterium,

regulation of respiratory burst involved in acute in-
flammatory response, positive regulation of signal
transduction/signaling process, and response to bacte-
rium (Table 2). No significant difference has been
observed between centenarians’ offspring and off-
spring of non-long-lived parents in terms of average
β values for CpG hyper- and hypomethylated with
chronological aging.

Considering the number of probes for each chro-
mosome, we observed that hyper- and hypomethylated
CpG sites associated to aging were not randomly
scattered among chromosomes. Hypermethylated loci
were mainly located on chromosomes 5 (p<0.01), 7
(p<0.05), 8 (p<0.05), 13 (p<0.05), and 18 (p<0.01),
while hypomethylated loci were more present on chro-
mosomes 1 and 20 (both p<0.01; supplementary
Fig. S2a)

Healthy aging and long-life methylation profile

In order to identify an epigenetic signature for healthy
aging and longevity, a locus-by-locus analysis of CpG
sites was performed between centenarians’ offspring
and offspring of non-long-lived parents. We selected
150 CpG loci (corresponding to 124 genes, listed in
supplementary Table S3) significantly (p<0.05)
hypermethylated in centenarians’ offspring compared
to offspring of non-long-lived parents. GO analysis of
hypermethylated CpG loci showed enrichment of
genes for biological processes, including nucleobase
metabolic process, nucleobase, nucleoside, nucleotide,
and nucleic acid biosynthetic process (Table 3). Using
the same criteria, 67 CpG loci (corresponding to 65
genes, listed in supplementary Table S4) were hypo-
methylated in centenarians’ offspring compared to
offspring of non-long-lived parents. GO analysis of
hypomethylated CpG sites revealed enrichment of bi-
ological process of “consequence of signal transmis-
sion” (Table 3). Hyper- and hypomethylated loci
associated to longevity were not randomly scattered
among chromosomes, but they were mainly located on
chromosomes 19 (both p<0.05), 21 (p<0.001, and
p<0.05, respectively) and X (p<0.001 and p<10−9,
respectively; supplementary Fig. S2b).

Using more stringent criteria (p<0.001, β value
difference of at least 0.10 between the centenarians’
offspring and offspring of non-long-lived parents),
we identified ten and two CpG loci, respectively,
hypermethylated and hypomethylated in centenar-
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ians’ offspring compared to offspring of non-long-
lived parents, corresponding to nine genes (Fig. 3).
Six of these genes (SLC38A4, SLC22A18,
MGC3207, ECRG4, ATP13A4, AGPAT2) resulted

to be hypermethylated and involved in metabolic
processes, DUSP22 is a tumor-suppressor gene,
while ZNF169 and FLJ32569 remain to be
characterized.

*p< 0.001 vs Young controls

**p< 0.001 vs Centenarians' offspring
***p< 0.001 vs Offspring of non long-lived parents

*p< 0.001 vs Young controls

**p< 0.01 vs Young controls

Young controls

Centenarians' 
offspring

Offspring of non 
long-lived parents

Centenarians

Young Controls

Centenarians' 
Offspring

Offspring of non 
long-lived parents

Centenarians0.0

0.5

1.0

0.0

0.5

1.0

b) c)

d) e)

a)
Up Methylated (709 CpG)

Down Methylated (330 CpG)

(Centenarians ' offspring Offspring of non long-lived parents) vs (Young controls)

Fig. 2 Aging-associated DNAmethylation profile. Venn diagram
(a) shows the number of CpG loci significantly hyper- and hypo-
methylated in centenarians, centenarians’ offspring, and offspring
of non-long-lived parents vs young controls. Distribution of

average (AVG) β methylation values of CpG sites over the 709
age-hypermethylated (b) and 330 age-hypomethylated (c) loci in
enrolled populations. Heat map of age-hypermethylated genes (d)
and age-hypomethylated genes (e) in the enrolled populations
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We excluded that our results are influenced by
a different blood cell distribution between groups.
White blood cell count and differential were not
different between centenarians’ offspring and off-
spring of non-long-lived parents (Table S5). In
addition, detailed analysis of the main lympho-
cyte subsets in flow cytometry has shown that
there were no significant differences in immuno-
phenotypic characterization of blood cells be-
tween both groups (data not shown).

Discussion

While it has been shown that DNA methylation pat-
tern changes with age contributing to the development
of several age-related diseases, in literature, there is no
evidence on the role of epigenetics in the modulation
of human healthy aging and longevity. Our proposed
model, including female centenarians’ offspring with
both long-lived parents and female offspring of both
non-long-lived parents, seems to be a valid approach

Table 2 Gene ontology analysis
of CpG sites hypermethylated
and hypomethylated with aging

p values were derived using
hypergeometric tests

GO term Description p value

Hypermethylated

GO:0048856 Anatomical structure development (2.31×10−24)

GO:0032502 Developmental process (1.41×10−22)

GO:0009653 Anatomical structure morphogenesis (7.14×10−20)

GO:0032501 Multicellular organismal process (6.58×10−17)

GO:0048731 System development (9.21×10−16)

GO:0048869 Cellular developmental process (1.78×10−13)

GO:0007275 Multicellular organismal development (6.11×10−13)

GO:0048513 Organ development (1.71×10−11)

GO:0048598 Embryonic morphogenesis (5.46×10−11)

GO:0003002 Regionalization (7.53×10−10)

GO:0007389 Pattern specification process (8.37×10−10)

GO:0030154 Cell differentiation (1.29×10−09)

GO:0006355 Regulation of transcription, DNA dependent (6.93×10−09)

Hypomethylated

GO:0042742 Defense response to bacterium (4.57×10−04)

GO:0060264 Regulation of respiratory burst involved in
inflammatory response

(4.90×10−04)

GO:0009967 Positive regulation of signal transduction (6.04×10−04)

GO:0023056 Positive regulation of signaling process (6.94×10−04)

GO:0009617 Response to bacterium (9.87×10−04)

Table 3 Gene ontology analysis
of CpG sites hypermethylated
and hypomethylated between
centenarians’ offspring and old
controls

p values were derived using
hypergeometric tests

GO term Description p value

Hypermethylated

GO:0009112 Nucleobase metabolic process (9.35×10−4)

GO:0034404 Nucleobase, nucleoside, and
nucleotide biosynthetic process

(9.37×10−4)

GO:0034654 Nucleobase, nucleoside, nucleotide,
and nucleic acid biosynthetic process

(9.80×10−4)

Hypomethylated

GO:0023050 Consequence of signal transmission (9.40×10−4)
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to answer this question. Both groups were comparable
for age and extremely different in terms of probability to
become long lived. In addition, a significant lower prev-
alence of several diseases was detected in centenarians’
offspring than in offspring of non-long-lived parents.

We confirmed an age-dependent decrease in ge-
nomic DNA methylation, as evidenced by the meth-
ylation analysis of global DNA, Alu sequences, and
non-CpG islands. In humans, a loss of genomic DNA
methylation has been described to occur in several
types of tissue during aging and age-related diseases
(Fraga et al. 2007; Bollati et al. 2009; Kim et al. 2010;
Choi et al. 2009; Moore et al. 2008). In addition,
global genomic hypomethylation of leukocyte DNA
has been reported to be an independent risk factor for
cancer, atherosclerosis, and cardiovascular disease
(Fraga et al. 2007; Kim et al. 2010; Choi et al. 2009;
Moore et al. 2008). DNA hypomethylation occurs
mostly in transposable DNA repetitive elements, in-
cluding the Alu and LINE-1 sequences, which play a
crucial role in gene regulation and genomic stability. If
transcribed, such elements can reinsert into DNA,
potentially moving across the genome. Therefore, the
decrease in global DNA methylation, observed during
aging, could result in increased retrotransposon activ-
ity and genomic instability (Wilson et al. 2007; Asada
et al. 2006). Hypomethylation of repeated DNA
sequences is expected to lead to the transcriptional
activation of those sequences that still contain active
promoters. This can interfere with cellular transcrip-
tion activity by disrupting the balance of transcription

factors (Wilson et al. 2007). In addition, global DNA
hypomethylation seems to increase immunogenicity of
self-DNA, contributing to the development of age-
associated diseases (Agrawal et al. 2010). Our results
showed that this deleterious process is delayed in
centenarians’ offspring. Indeed, global DNA methyla-
tion and Alu elements' methylation were higher in
centenarians’ offspring than in offspring of non-long-
lived parents, notwithstanding both groups were com-
parable for age. These data were fully supported by the
evidence of higher average β methylation values of
non-CpG islands in centenarians’ offspring than in
offspring of non-long-lived parents. Therefore, we
cannot exclude that a better preservation of DNA
methylation status, leading to an enhanced genomic
stability, a more stable transcription system, and a less
immunogenic DNA, may delay the onset of age-
related diseases and prolong survival in centenarians’
offspring. The apparent better DNA methylation pro-
file of centenarians’ offspring compared to that ob-
served in centenarians may be instead a consequence
of a significant difference in age between both groups
(about 30 years). In fact, centenarians are not free of
loss of global DNA methylation during aging, even if
this detrimental process seems to be attenuated in
long-lived subjects, at least on the basis of data ob-
served in centenarians’ offspring.

Although genome-wide levels of methylation de-
crease with age, there is a tendency for DNA methyl-
ation to increase mainly in CpG islands localized in
the promoter regions of specific genes (Rakyan et al.
2010; Grönniger et al. 2010). Rakyan et al. (2010)
recently evaluated genome-scale DNA methylation
profiling of whole blood from 93 different healthy
females ranging from 49 to 75 years of age, using
Illumina HumanMethylation27 BeadChips. The
authors reported 213 CpG sites that become more
methylated with age and 147 CpG sites that lose
methylation with age. A GO analysis of hypermethy-
lated regions showed enrichment of tissue-specific
functions, including multicellular organismal develop-
ment, sequence-specific DNA binding, transcription
factor activity, and regulation of transcription.
Hypermethylated genes resulted strongly enriched for
CpG islands and occurred predominantly at bivalent
chromatin domain promoters. This category of pro-
moters is frequently hypermethylated in tumors, point-
ing to a novel mechanistic link between aberrant
hypermethylation in cancer and aging.

Fig. 3 Average (AVG) β values of 12 CpC loci, corresponding
to nine genes, differently methylated between centenarians’
offspring and offspring of non-long-lived parents and selected
using highly stringent criteria (p<0.001 and β value difference
of at least 0.10)
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In this study, we investigated genome-wide meth-
ylation profile using Infinium HumanMethylation27
BeadChip in DNA from peripheral blood of 84
females ranging from 17 to 106 years. We confirmed
the impact of aging on DNA methylation, identifying
a pattern of 709 CpG loci, exclusively located within
CpG islands, that resulted concurrently hypermethy-
lated in all old subjects (centenarians, centenarians’
offspring, and offspring of non-long-lived parents)
compared to young controls. Similarly to Rakyan et
al. (2010), a GO analysis of these hypermethylated
CpG sites showed an enrichment of key developmen-
tal genes. In addition, we identified 330 CpG loci
hypomethylated with aging. GO analysis of these
CpG sites revealed enrichment in categories of genes
associated with inflammatory response. This suggests
a possible role of epigenetics in the modulation of
inflammatory processes in aging (inflammaging;
Franceschi et al. 2007; Salvioli et al. 2006).
Centenarians’ offspring and offspring of non-long-
lived parents had an identical methylation pattern for
genes both hyper- and hypomethylated with aging.
This last observation was not unexpected, considering
that (1) in our experimental design, both centenarians’
offspring and offspring of non-long-lived parents be-
long to the group of old subjects (see Fig. 2a) that was
compared to young subjects and (2) both centenarians’
offspring and offspring of non-long-lived parents were
comparable for age.

In order to identify an epigenetic signature for
healthy aging and longevity, we compared human
genome-wide DNA methylation of centenarians’ off-
spring with age-matched control subjects, born from
both non-long-lived parents. Through a locus-by-locus
analysis of CpG sites comparing both groups of sub-
jects, we identified a subset of 150 and 67 CpG sites,
respectively, hypermethylated and hypomethylated.
These genes may be strictly involved in the process
of healthy aging and longevity. GO analysis of hyper-
methylated CpG loci showed enrichment of genes for
few biological processes involved in DNA/RNA syn-
thesis, metabolism, and cellular signaling. In addition,
GO analysis of hypomethylated CpG sites revealed
significantly enriched biological process of conse-
quence of signal transmission. This category includes
steps whereby the downstream processes started by a
signal are brought to a conclusion. Although the
cause–effect relation is difficult to be assessed in a
cross-sectional study, we cannot exclude that a slower

cell growing/metabolism and a better control in signal
transmission through epigenetic mechanisms may be
involved in the process of longevity. This hypothesis
is supported by several previous reports:

1. Insulin-like growth factor I (IGF-I) is a potent
growth factor and positive regulator of DNA rep-
lication. In animal models, alterations of IGF-I
signaling increase the life expectancy (Barbieri et
al. 2003). In centenarians, a higher frequency of
heterozygous loss of function mutations in the
IGF-I receptor gene has been recently described
(Suh et al. 2008), suggesting a role of the IGF-I
system impairment in the modulation of human
lifespan.

2. A decreased thyroid function might be beneficial
in the elderly through its lowering effects on basal
metabolic rate and oxidative metabolism with a
consequent reduction of DNA damage reactive
oxygen species (Peeters 2009). Indeed, high levels
of TSH (Gussekloo et al. 2004) and low levels of
FT4 (van den Beld et al. 2005) are associated with
a better survival in elderly subjects. In addition,
centenarians and centenarians’ offspring have
higher levels of TSH compared with controls
(Atzmon et al. 2009a; Atzmon et al. 2009b).
Interestingly, thyroid failure may induce a sup-
pression in several processes involved in nucleo-
tide biosynthesis and DNA replication (Agocha et
al. 1997; Ledda-Columbano et al. 2006).

There are some limitations that need to be acknowl-
edged and addressed regarding the present study: (1)
We focused our study on DNA methylation profile of
leukocytes that represent an easily accessible DNA
source widely used in several studies, although DNA
methylation is a tissue-specific phenomenon.
However, recent papers reported an age-associated
hypermethylation of key developmental genes also in
skin (Grönniger et al. 2010) and buccal cells (Rakyan
et al. 2010), similarly to our data, supporting the
hypothesis that these age-related epigenetic changes
are not restricted to blood cells compartment. (2)
Leukocytes consist of several cell types that may carry
different DNA methylation profiles; however, we ex-
cluded that our results are influenced by a different
cell distribution of blood cells between groups. (3)
There is a lack of data on gene/protein expression
and (4) the number of subjects analyzed is relatively
small.

AGE (2013) 35:1961–1973 1971



In conclusion, we confirmed that aging-associated
DNA hypermethylation occurs predominantly in
genes involved in the development of anatomical
structures, organs, and multicellular organisms and in
the regulation of transcription. We have also shown
that a better preservation of DNA methylation status
during life and a specific epigenetic modulation of
genes involved in nucleobase, nucleoside, nucleotide,
and nucleic acid biosynthetic process and control of
signal transmission may contribute to explain the lon-
ger lifespan and healthy aging of centenarians’ off-
spring. This phenomenon may be considered a new
aspect of the age remodeling, a continuous adaptation
of the body to the deteriorative changes occurring over
time. However, it is not clear how relevant these
epigenetic changes are in the context of functional
changes in gene expression.

Future studies integrating complete analyses of epi-
genetic processes (DNA methylation and histone post-
transcriptional modifications, including methylation,
acetylation, ubiquitination, phosphorylation, etc.) with
gene expression profile in a wider population and in
other tissues are mandatory to confirm the role of
epigenetics in the modulation of successful aging and
human longevity.
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