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The use of DNA methylation clock in aging research
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Abstract
One of the key characteristics of aging is a progressive loss of physiological integrity, which

weakens bodily functions and increases the risk of death. A robust biomarker is important

for the assessment of biological age, the rate of aging, and a person’s health status. DNA

methylation clocks, novel biomarkers of aging, are composed of a group of cytosine-

phosphate-guanine dinucleotides, the DNA methylation status of which can be used to

accurately measure subjective age. These clocks are considered accurate biomarkers of

chronological age for humans and other vertebrates. Numerous studies have demonstrated

these clocks to quantify the rate of biological aging and the effects of longevity and anti-

aging interventions. In this review, we describe the purpose and use of DNA methylation

clocks in aging research.
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Introduction

Implementation of effective and reliable biomarkers for
aging is essential to an understanding of the means by
which to delay, halt, or even reverse the aging process.
Chronological age, despite its wide use as a measure of
aging, is not an effective biomarker for aging in that indi-
viduals of the same chronological age, especially the elder-
ly, often have different physiological features.1 Thus, an
active area of scientific pursuit has been the identification
of more reliable and predictive markers of biological aging.
Recently, studies involving both animals and humans have
suggested that biomarkers based on DNA methylation
are appropriate molecular markers of aging. DNA
methylation-based biomarkers, which are also termed
“epigenetic clocks” or “DNA methylation clocks,” can be
extracted from different tissues and cell lines throughout
the entire lifespan (antenatal to centenarian tissues).2–5 The
reversibility of DNA methylation is the most interesting
feature of epigenetic clocks, suggesting their potential use

for measurement of the efficacy of anti-aging interven-
tions.6,7 A recent systematic study compared six major bio-
markers of biological aging including, telomere length,
proteomic predictors, transcriptomic predictors, metabolo-
mic predictors, composite biomarker predictors, and DNA
methylation clocks.8 The results of that study demonstrated
DNA methylation-based biomarkers to be the most prom-
ising biomarker for aging. Herein we provide a brief over-
view of DNA methylation as well as a description of
identified epigenetic clocks in humans and animals.
Further, the utility of DNA methylation clocks as a guide
for development of anti-aging therapies is discussed.

Overview of DNA methylation

DNA methylation is a form of chemical modification of
genomic nucleotide bases, which can change gene expres-
sion without altering the DNA sequence. Cytosine-
phosphate-guanine dinucleotides (CpGs) are prime targets
for mammalian DNAmethylation modification by addition
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of methyl (-CH3) groups to cytosine forming 5-methylcyto-
sine (5mC).9 Most CpGs are irregularly distributed and rel-
atively rare in the mammalian genome.10 In some regions,
however, CpGs exist in groups or clusters known as CpG
islands (CGIs).10 Approximately 60%–70% of gene pro-
moters have associated CGIs,11 with promoters classified
based on their CpG content. Most CpGs are methylated
in mammalian genomes. However, CGIs within transcrip-
tional start sites (TSSs) of active genes are generally
hypomethylated.9

DNA methylation plays a key role in gene transcription
by suppression of certain repetitive elements,12–14

X-chromosome inactivation,15–17 and repression of
imprinted genes.18 The process of DNA methylation-
mediated gene silencing, which maintains the stability of
transposable elements and other repeated DNA sequences,
is believed to be driven by the binding of specific transcrip-
tion factors to DNA and/or in cooperation with histone
modifications.19–21

DNA methylation is catalyzed by DNA methyltransfer-
ases (DNMTs) and Ten-eleven translocation (TET)
enzymes. Mammalian DNMTs are a family of enzymes
responsible for the production and maintenance of 5mC
throughout the genome and include: DNMT1, DNMT3A,
DNMT3B, and DNMT3L.22 DNMT1 and the E3 ubiquitin-
protein ligase, UHRF1, play a critical role in the mainte-
nance of DNA methylation following replication.22

UHRF1 specifically binds hemi-methylated CpGs and
attracts DNMT1 via its ubiquitin-like domain.23,24

DNMT1 then methylates the daughter DNA strand.
Further, DNMT1 augments the activity of de novo
DNMTs.25–27 The DNMT3L enzyme, a non-catalytic
DNMT type, binds to and activates DNMT3A and
DNMT3B,25 which are both implicated in the process of
de novo DNA methylation. TET1, TET2, and TET3, which
are three members of the TET enzyme family, convert 5mC
to 5-hydroxymethylcytosine (5hmC).28–30 The establish-
ment, maintenance, and removal of 5mC by DNMTs or
TETs suggest that DNA methylation is a dynamic process
that is balanced by the addition and removal of methyl
groups.30 Even in the brain, which is composed of numer-
ous slowly proliferating or non-proliferating cells, the
methylation status of CpGs can oscillate in a circadian
rhythm.31,32 DNA methylation is also associated with the
function of enhancers.28,33 Taken together, DNA methyla-
tion is a tightly controlled and dynamic process that plays
an important role in the regulation of gene transcription.

DNA methylation clocks in animals
and humans

There is growing evidence suggesting the presence of dif-
ferentially methylated DNA regions associated with
aging.6,34–37 With aging, hypermethylated regions are pref-
erentially found in CGIs,6,37 bivalent promoters,38 and
Polycomb target genes.35,39 Whereas age-related hypome-
thylated regions are preferentially found in non-CGIs pro-
moters, enhancers, and late-replicating domains.40 DNA
methylation patterns and age-related change substantially
vary across tissue types.41 Many studies have shown that

a group of age-related CpG methylation changes are inde-
pendent of tissue type, gender, and array platform. Several
age prediction models have been developed by use of
genome-wide methylation data and supervised machine
learning (regression modeling).3,4 Age estimated by DNA
methylation, also known as epigenetic age or more precise-
ly DNA methylation age, reflects not only chronological
age, but also biological function. Due to its accuracy,
DNA methylation age is often referred to as an “epigenetic
clock” or “DNAm clock.” The definition of a DNAm clock
is drawn from genome-wide methylation data that are sig-
nificantly correlated (correlation coefficient �0.8) with
chronological age or time.42

In 2011, Bocklandt et al. published the first DNAm clock
to predict age, which was based on DNA extracted from
saliva.43 For this clock, the degree of methylation of 88 CpG
sites was found to significantly correlate with age in or
proximal to 80 genes. Drawing on these initial results,
Hannum et al. developed a highly accurate clock (r¼ 0.95)
based on 71 CpGs from blood-derived DNA extracted from
656 human subjects, aged 19 to 101. This DNAm clock is
commonly referred to as “Hannum’s clock”.3 Since this
DNAm clock was based primarily on adult blood samples,
Hannum’s clock is thought to be less accurate for chil-
dren44–46 and non-blood tissue,3 when compared to
DNAm clocks optimized for those purposes. Several
DNAm clocks were developed specifically from blood or
buccal epithelial cells of children and adolescents.45,46

These clocks performed well and exhibited a high level of
precision for prediction of chronological age. Several epi-
genetic clocks containing fewer CpGs have also been
shown to exhibit a high degree of accuracy.47–50 As an
example, a DNAm clock has been reported (Garagnani
et al.) that was composed of only a single CpG within the
ELOVL2 gene.51 However, DNAm clocks with a higher
number of CpGs are generally more accurate and robust.4

Owing to differences in DNA methylation patterns and
age-related changes between different cell types and tis-
sues,52 DNAm clocks need to be cautiously used for pre-
diction of age. As an attempt to bypass these limitations,
Horvath et al. developed a multi-tissue clock composed of
353 CpGs, with 8000 publicly available microarray data-
bases generated through analysis of over 30 different
DNA sources extracted from young children and adults.4

The methylation status of 193 CpGs was found to positively
correlate with age, with the remaining 160 CpGs negatively
correlated. In that report, ticks of this DNAm clock were
faster during growth and development. It is worth noting
that the methylation status of many of the individual CpGs
was only weakly associated with age. However, the com-
prehensive effects of 353 CpGs generated a robust biomark-
er of biological aging that conferred a high degree of
accuracy.4 While many technological platforms (e.g. micro-
arrays, pyrosequencing, and next-generation sequencing
methods) are available for the measurement of DNA meth-
ylation, Horvath’s clock is compatible with different tech-
nological platforms. For example, Horvath’s clock was
successfully used with Illumina’s 450k and 27k DNAmeth-
ylation microarrays as well as the Illumina Infinium
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MethylationEPIC array platform, despite the absence of 19
of 353 CpGs.53

Although first generation DNAm clocks exhibited a sta-
tistically significant correlation with a sizable range of age-
related conditions, the effects were at best generally small
to moderate.54 In 2018, Levine et al. developed a new clock,
known as DNAm PhenoAge, which was based on pheno-
typic age stemming from nine age-related clinical measures
instead of chronological age.54 The DNAmPhenoAge, com-
posed of 513 CpGs, vastly outperformed the first genera-
tion of DNAm clocks with regard to predicting a variety of
aging outcomes including mortality, health span, and car-
diovascular disease. Smoking, a significant risk factor for
mortality and morbidity, has been shown to correlate with
DNA methylation changes.55 Levine et al. found that age
estimated by DNAm PhenoAge significantly differed
between smokers and non-smokers. Smoking did not influ-
ence age estimated by Hannum’s or Horvath’s clocks, with
no association between smoking pack-years and DNAm
PhenoAge.54,56 Of note, a recently developed DNAm
clock, termed “DNAm GrimAge,” incorporated DNA
methylation-based surrogate biomarkers for seven plasma
proteins and smoking pack-years.57 The ability of the
DNAm GrimAge to predict risk for all cause-death and
age-related disease was found to be better than previously
described for DNAm clocks. Using different CpGs,
Hannum’s and Horvath’s epigenetic clocks were devel-
oped to simply predict actual age. In contrast, DNAm
PhenoAge and GrimAge used CpG methylation to predict
previously proposed age-related mortality and phenotypic
indicators, closely related to actual age.

Due to the success of DNAm clocks in predicting chro-
nological age in humans, DNAm clocks were developed for
other species. Within a 5-year span, several DNAm
clocks were developed for mice2,58–60 and dogs/wolves.61

Compared with human clocks, which use DNA methyla-
tion microarrays to identify subsets of CpGs, animal clocks
were developed using Reduced Representation Bisulfite
Sequencing, an efficient high-throughput sequencing tech-
nique for the analysis of methylation levels at the genomic
mononucleotide level. As mice are commonly used for
experimentation, DNAm clocks for mice were a major
endeavor for use in geroscience. Such clocks have the
potential to provide critical information about the underly-
ing mechanisms of aging related to DNA methylation.
Murine DNAm clocks have been used successfully to eval-
uate several interventions that resulted in extended life-
span and delayed aging in mice.6,62–65 In vivo, the DNAm
clocks described above have been shown to be highly accu-
rate and robust for prediction of the biological age of tissues
and organs. However, the in vitro efficiency and accuracy of
these epigenetic clocks for fibroblasts or other types of cells
in culture has been less accurate and robust. Hence, another
DNAm clock, referred to as the skin & blood clock, was
developed, which is composed of 391 CpGs from a variety
of human cell sources: fibroblasts, keratinocytes, buccal
cells, skin, blood, and saliva for in vivo and ex vivo studies.5

This DNAm clock was shown to accurately track the
dynamic aging process of cultured cells ex vivo.

The usefulness of DNA methylation clocks for
aging research

Anti-aging interventions are critical methods to identify the
underlying biological mechanisms or pathways of aging.
An effective, accurate, and widely applicable biomarker
for aging is of major importance to the evaluation of anti-
aging interventions.56 Use of DNAm clocks in the general
population can lead to identification of outliers character-
ized by a difference between DNA methylation age and
chronological age. “DNAm age acceleration” is a term
used to define those individuals with a high DNA methyl-
ation age compared to chronological age.

Internal and external DNAm age acceleration

Change in the proportion of naı̈ve and memory T cells is a
primary feature of aging with respect to blood cell compo-
sition. The age estimated by Hannum’s clock, DNAm
PhenoAge, and the GrimAge clock is influenced by varia-
tions in cell type composition. In contrast, age predicted by
Horvath’s clock is primarily undisturbed by such varia-
tions.3,4,54,57 A recent study found that the accuracy of
DNAm clocks increases with an increase in training
sample size, although prediction of mortality was lower.66

One explanation is that a near-perfect age predictor esti-
mates internal cell aging rather than disease-based external
aging dynamics. Thus, Horvath’s clock is regarded as an
estimator of internal cell aging, whereas Hannum’s clock,
DNAm PhenoAge, and DNAm GrimAge clocks measure
external aging. The discovery of the predictive utility of
intrinsic aging acceleration is biologically compelling and
points to a new frontier in aging research. Internal aging
may reflect an inherent epigenetic clock that is related to
mortality that is independent of actual age, changes in
blood cell composition, and traditional mortality risk
factors.56

DNAm age acceleration, mortality, and
age-related diseases

Age is the biggest risk factor for mortality. However, the
biological responses to aging differ among individuals. The
difference between DNA methylation age and chronologi-
cal age (DNAm age acceleration) has been proposed as an
indicator of “biological” aging associated with all cause-
mortality and age-related diseases.55,67,68

Mortality

From 2015 to the present, considerable research has focused
on correlations among DNAm age acceleration and life-
span or mortality.54,57,69–73 Many of these studies indepen-
dently demonstrated that differences between DNA
methylation age and chronological age result in increased
risk of all-cause mortality.54,57,69,70,74 A study in 2015
showed that a 5-year higher age estimate, by Hannum’s
and Horvath’s clocks, was associated with a respective
21% or 11% increase in all-cause mortality risk after adjust-
ment for chronological age and sex.69 Similar results have
been obtained in other studies.74–76 Moreover, a 1-year
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higher age estimated by DNAm PhenoAge is associated
with a 4.5% increase in the risk of all-cause mortality.54

Lu et al.57 demonstrated that DNAm GrimAge is distin-
guishable from previous clocks for prediction of all cause-
mortality associated with a number of peripheral, lifestyle,
and cardiometabolic traits. While the DNAmethylation age
estimated by Hannum’s and Horvath’s clocks related to all-
cause mortality, DNAm PhenoAge and GrimAge (adjusted
for chronological age) exhibited superior prediction of mor-
tality, as well as cancer and coronary heart disease
(CHD).54,57 Although DNA-based biomarkers have obvi-
ous advantages, they are unlikely to replace existing clini-
cal biomarker predictors for all cause-mortality in medical
practice. Rather, these epigenetic biomarkers are expected
to complement existing clinical biomarkers when assessing
the aging status of individuals.

Age-related diseases

Increasing evidence suggests that DNAm age acceleration
is a potentially useful marker for cancer risk, although exact
associations vary based on cancer type.4 For example, three
studies involving breast cancer examined the association
between DNAm age acceleration and breast cancer inci-
dence.67,68,77 Two of the studies reported a statistically sig-
nificant association between DNAm age acceleration and
the incidence of postmenopausal invasive cancers of the
breast, with no ductal carcinoma in situ association.67,68

One breast cancer study showed that DNA methylation
age estimated by DNAm GrimAge had only a weak posi-
tive association with invasive cancers.77 Two studies
involving lung cancer also showed inconsistent results.71,78

In contrast, two studies of colorectal cancer reported that
DNAm age acceleration is significantly associated with
colorectal cancer.71,79

Another research focus has been on the relationship
between accelerated DNAmethylation age and risk for car-
diovascular diseases, such as CHD and stroke. Four inde-
pendent studies reported that higher DNAmethylation age
is associated with an increase in the risk of CHD, indepen-
dent of chronological age and traditional cardiovascular
disease risk factors.54,57,80,81 However, an earlier study
reported no correlation between higher DNA methylation
age and CHD risk.82 Differences in study outcomes may be
due to the different clocks used. Three other studies
focused on different outcomes associated with ischemic
stroke and DNAm age acceleration.83–85 The first study
revealed ischemic stroke patients to have a higher DNA
methylation age estimated by both the Hannum and
Horvath clocks. The second study showed that increased
DNA methylation age was associated with poorer out-
comes 3months post-stroke, and the third study reported
that DNAm age acceleration was statistically associated
with mortality.85

Three studies of cognition in the Lothian Birth Cohort
(1936) found that greater age acceleration was associated
with poorer cognitive performance.86–88 Another study
found that DNAm age acceleration of the dorsolateral pre-
frontal cortex in Alzheimer’s disease patients correlated
with several neuropathological measurements including,

diffuse plaques, neuritic plaques, amyloid load, and with
a decline in global cognitive functioning.89 In addition, one
study reported that Huntington’s Disease status remains
highly and significantly associated with DNAm age esti-
mated by Harvath’s clock.90

Taken together, these results suggest that DNAm clocks
are molecular predictors of aging independent of current
clinical measures for all cause-mortality and age-related
diseases. However, we need to further clarify the causal
relationships among new biomarkers of aging and all
cause-mortality and age-related diseases, as well as their
underlying biological mechanism(s).

DNAm age acceleration and health
risk factors

If the acceleration of DNA methylation age reflects biolog-
ical age, it is reasonable to assume that known risk factors
for poor health will influence acceleration. An increasing
body of evidence suggests that health risk factors such as
obesity, environmental exposure, lifetime stress, and/or
genetic factors may significantly and positively correlate
with DNAm age acceleration.

Environmental exposure

There are examples of the relationship between environ-
mental factors and DNAm age acceleration. Two related
studies in the Veterans Affairs normative aging study
(NAS) found a positive correlation between particulate
matter (PM2.5) exposure and Horvath DNAm age91,92 but
not with Hannum DNAm age.92 However, another inde-
pendent study93 that used a broader and slightly different
array of NAS aging measures found that PM2.5 exposure
was inversely associated with intrinsic epigenetic age accel-
eration (IEAA). The IEAA adjusts for age and a broader set
of cell counts than does the Horvath DNAm age clock. In
addition, PM2.5 was not associated with Horvath DNAm
age or extrinsic epigenetic age acceleration (EEAA), which
can be explained as a modified Hannum DNAm age.93 In
another study (KORAF4 - Cooperative Health Research in
the Region of Augsburg) PM2.5 exposure was positively
associated with EEAA but not with IEAA or DNAm age
acceleration. These differing results may be related to dif-
ferent analysis methods and/or PM2.5 components in dif-
ferent regions. In a recent study of non-Hispanic white
women, the association with DNAm age acceleration
varied by PM2.5 component cluster.94 For example,
DNAm age estimated by the DNAm PhenoAge clock was
positively associated with two clusters. One cluster con-
tained relatively high levels of crustal elements and the
other low levels of sulfur. The DNAm PhenoAge clock
was negatively associated with a PM2.5 cluster of lower
relative nitrate concentration.

Social behavior

There are examples of relationships between education and
DNAm age acceleration. Four studies reported that educa-
tional level was negatively associated with DNA methyla-
tion age determined by Hannum’s clock,72,82,95,96 with two
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studies finding an association with EEAA.82,95 The two
other studies reported no significant association.97,98 Of
note, socioeconomic status is also an important factor in
poor health outcomes. One study reported that lower socio-
economic status in early life was associated with increased
DNAmethylation age measured by Horvath’s clock.99 Two
studies reported no significant association with DNAmeth-
ylation age.72,100 Associations between smoking or alcohol
consumption and DNA methylation age have been
assessed. One study found significant positive associations
among smoking and DNA methylation age estimated by
Horvath’s and Hannum’s clocks.72 However, five other
studies reported no such associations.82,95,98,101,102 Only
two studies of alcohol consumption found a
significant association with DNA methylation age acceler-
ation,95,102 while three studies found no such
association.72,82,103

Diet and body mass index

Three studies investigated the relationship between diet
and DNAm age acceleration.57,72,95 In an early study,
EEAA was shown to have a weak but statistically signifi-
cant correlation with fish intake as well as plasma levels of
mean carotenoids and carotene, while the IEAA did not.95

An association between accelerated DNA methylation age
estimated by the DNAm GrimAge clock and plasma levels
of carotenoids was demonstrated in a recent study.57 It is
important to understand that self-reported diet variables
are difficult to assess accurately. An earlier study found
no obvious relationship between diet and accelerated
DNA methylation age.97 Five studies found that there
was a positive correlation between body mass index
(BMI) and acceleration of DNAm age.95,104–107 It should
be noted that the correlation was inconsistent among dif-
ferent tissues with higher levels in visceral adipose tissue
(r¼ 0.29)104 and liver (r¼ 0.42),106 and lower levels in the
blood (r¼ 0.09).95 In one of these studies, these relation-
ships only existed during middle age.105

Psychological factors

The effects of psychological factors on the acceleration of
DNAm age have been assessed. Four studies examined the
relationship between accelerated DNA methylation age
and childhood trauma,108–111 with only one reporting a sig-
nificant association between accelerated DNA methylation
age and childhood sexual abuse.109 Psychological factors
may be mediated by glucocorticoids in that 85 CpG sites
of Horvath’s clock are located in glucocorticoid response
elements.108 Five studies investigated life-long post-
traumatic stress disorder (PTSD) in war veterans.110–114

Four studies found no overall correlation. However, spe-
cific PTSD symptoms and the severity of symptoms were
associated with increased DNA methylation age.113

Individual studies also investigated psychiatric symptoms
or disorders115–117 and found no overall correlation for the
entire sample but for older patients acceleration in DNA
methylation age was found after dividing the sample by
median age.117

Other factors

Other studies have been conducted in vitro. For example,
Matsuyama et al.118 reported that the progression of DNA
methylation age under hypoxia (1% oxygen) was slower
than that under normoxia (21% oxygen) indicating that
the oxygen level determined the speed of epigenetic
aging. In that study, the hypoxic concentration (1%) was
similar to that of the hematopoietic stem cell niche
(1%–2%).119 Other components of the cell culture
medium, e.g. high glucose level, also influenced DNA
methylation age in that study. The aged cells in hypergly-
cemic conditions exhibited an approximate 3-year elevation
in baseline DNA methylation age. In a subsequent study,
aged cells in hyperglycemia conditions showed baseline
DNA methylation age of about 3 years.120

In summary, health risk factors such as environmental
pollution, socioeconomic status, education, smoking, alco-
hol consumption, and BMI were found to be associated
with accelerated DNA methylation age. However, these
associations were not necessarily strong, in that single asso-
ciations were often unreliable. Further, most studies were
cross-sectional. A significant proportion of DNA methyla-
tion age is due to unknown factors, which may include
adverse early life events, health-related genetic variations,
or other unmeasured environmental factors. Many varia-
bles are self-reported, which may result in measurement
errors. Future explorations of unknown factors that explain
the temporal changes in DNA methylation age are
essential.

DNAm age acceleration and genetic factors

In addition to the above factors, genetics impacts DNA
methylation age with high heritability (h2) estimates of
approximately 40%.56,121 This is consistent with the obser-
vation that ticks of DNA methylation clocks are highly sta-
bile throughout life.122 The importance of the cell-intrinsic
factors controlling DNAmethylation age has been assessed
in a recent study of hematopoietic stem cell transplantation
(HSCT).123 DNA methylation age of the transplanted
donor’s blood cells progressed without detectable interfer-
ence from the recipient’s age, even 17 years after HSCT.123

Therefore, identifying genes that affect the rate of the DNA
methylation clock may provide insight into the underlying
mechanistic basis for the aging process. Deep-Bis DNA
methylation analysis has identified several loci associated
with DNAm age acceleration. These include MLST8,
EFCAB5, and TERT genes in the cerebellum, multiple
brain regions, and the blood, respectively.124–126 The spe-
cific functions of these genes are described in a recent
review.56 Other studies have identified several genes that
are highly correlated with DNA methylation age including
ELOVL fatty acid elongase 2 (ELOVL2) and H3K36 meth-
yltransferase (NSD1).127,128 ELOVL2 is the master controller
of poly-unsaturated fatty acid synthesis and was most sig-
nificantly related to DNA methylation age. Although the
relationship of ELOVL2 to DNA methylation clocks has
been well documented, the mechanism underlying how
age-related ELOVL2 methylation contributes to aging is
unknown. A recent report documented a dramatic increase
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in ELOVL2 methylation that was accompanied by down-
regulation of ELOVL2 expression levels in aged human
fibroblasts.128 Moreover, dysfunction of the Elovl2 protein
interferes with lipid metabolism and synthesis, increasing
endoplasmic reticulum stress and mitochondrial dysfunc-
tion, which are associated with accelerated aging. A recent
gene screening study found that DNA methylation clocks
tick more quickly in the blood of patients with Sotos syn-
drome, a familial developmental disorder caused by
inactivation mutations of NSD1.127 NSD1 is a histone meth-
yltransferase containing a SETcatalytic domain, which reg-
ulates the di-methylation of histone H3 lysine 36.127

Further, the aging process and the Sotos syndrome share
methylation changes as shown by genome-wide methyla-
tion analysis, which suggest that developmental diseases
may serve as models for the study of the mechanistic basis
for aging. P53 is considered to be one of the most important
cellular tumor suppressors, with numerous studies demon-
strating P53 mutations to strongly correlate with a slower
acceleration of epigenetic age in several types of malignan-
cies.4 P53 has been hypothesized to be part of an epigenetic
maintenance system. This hypothesis has been supported
by a recently published study showing that the P53 inhib-
itor, SV40LT, maintained or reversed DNAm age accelera-
tion in different protoculture fibroblast lines.118

DNA methylation clocks and the anti-aging
effect of caloric restriction

A significant number of interventions have been reported
to prolong the lifespan of mice. Currently, caloric restriction
(CR) and CR mimetics, such as rapamycin, are the most
studied anti-aging interventions.129 Numerous reports
have shown CR and CR mimetics to extend lifespan and
delay the aging rate of rodents and non-human primates,
with a current focus on the identification of an accurate age-
related biomarker such as DNA methylation clocks.
Petkovich et al.58 demonstrated CR to delay DNAm age
acceleration in mice. Rapamycin, an inhibitor of mTOR
activity, recapitulates the effect of calorie-restriction.
Based on the skin & blood clocks noted in the Section
“DNA methylation clocks in animals and humans,” epige-
netic aging of primary human keratinocytes was indepen-
dent of replicative senescence, somatic cell differentiation,
and cellular proliferation rate, which are delayed by rapa-
mycin.130 The effects of mTOR on DNAmethylation age are
consistent with the findings of a study that showed the
MLST8 protein, a subunit of the mTOR complex, positively
correlated with DNA methylation aging of the human cer-
ebellum.124 Hence, these experiments not only demonstrate
the power of DNAm clocks to reveal biological features at
the cellular and organismal levels, but also support the pos-
sibility that mTOR pathway signaling may be involved in
epigenetic aging.

Future prospects and recommendations

DNA methylation clocks, novel biomarkers of aging, are
considered useful for measuring chronological age, as
well as reflecting some characteristics of biological aging.

As noted above, these clocks have a unique function in
capturing differences in biological aging, and they also
have great potential in predicting changes in aging, cogni-
tive and physical function, survival rates in association
with age-related diseases, as well as identification and/or
validation of effective anti-aging interventions. Most aging
biomarkers are based on molecules, cell or animal systems,
and require strict verification in humans. An epigenetic
clock suitable for in vitro studies could be used to test the
effects of potential anti-aging drugs on lifespan and aging
in a relatively short period of time with a low cost, not
easily achieved in human cohort studies.5 However, certain
issues deserve attention with regard to the application of
DNAm clocks. Such clocks are based on differing statistical
methods, specific sample sizes, and tissue types. Each of
these must be considered for individual strengths and
weaknesses in selection of specific DNAm clocks for eval-
uation. Moreover, there is no definitive evidence support-
ing a cause-and-effect relationship between DNA
methylation age and aging. Hence, data derived from
DNAm clocks should be interpreted prudently with a thor-
ough and comparative analysis with other measures of
aging. In this manner, DNAm clocks can be effectively
used to improve animal and human health.
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85. Soriano-Tárraga C, Giralt-Steinhauer E, Mola-Caminal M, Ois A,

Rodr�ıguez-Campello A, Cuadrado-Godia E, Fernández-Cadenas I,

Cullell N, Roquer J, Jim�enez-Conde J. Biological age is a predictor of

mortality in ischemic stroke. Sci Rep 2018;8:4148

86. Marioni RE, Shah S, McRae AF, Ritchie SJ, Muniz-Terrera G, Harris SE,

Gibson J, Redmond P, Cox SR, PA, Corley J, Taylor A, Murphy L, Starr

JM, Horvath S, Visscher PM, Wray NR, Deary IJ. The epigenetic clock

is correlated with physical and cognitive fitness in the Lothian Birth

Cohort 1936. Int J Epidemiol 2015;44:1388–96
87. Gale CR, Marioni RE, Harris SE, Starr JM, Deary IJ. DNA methylation

and the epigenetic clock in relation to physical frailty in older people:

the Lothian Birth Cohort 1936. Clin Epigenetics 2018;10:101
88. Hillary RF, Stevenson AJ, Cox SR, McCartney DL, Harris SE, Seeboth

A, Higham J, Sproul D, Taylor AM, Redmond P, Corley J, Pattie A,

Hernández M, Mu~noz-Maniega S, Bastin ME, Wardlaw JM, Horvath

S, Ritchie CW, Spires-Jones TL, McIntosh AM, Evans KL, Deary IJ,

Marioni RE. An epigenetic predictor of death captures multi-modal

measures of brain health. Molecular psychiatry 2019;

89. Levine ME, Lu AT, Bennett DA, Horvath S. Epigenetic age of the pre-

frontal cortex is associated with neuritic plaques, amyloid load, and

Alzheimer’s disease related cognitive functioning. Aging (Albany NY)
2015;7:1198–211

444 Experimental Biology and Medicine Volume 246 February 2021
...............................................................................................................................................................



90. Horvath S, Langfelder P, Kwak S, Aaronson J, Rosinski J, Vogt TF,

Eszes M, Faull RL, Curtis MA, Waldvogel HJ, Choi OW, Tung S,

Vinters HV, Coppola G, Yang XW. Huntington’s disease accelerates

epigenetic aging of human brain and disrupts DNA methylation

levels. Aging (Albany NY) 2016;8:1485–512
91. Nwanaji-Enwerem JC, Colicino E, Trevisi L, Kloog I, Just AC, Shen J,

Brennan K, Dereix A, Hou L, Vokonas P, Schwartz J, Baccarelli AA.

Long-term ambient particle exposures and blood DNA methylation

age: findings from the VA normative aging study. Environ Epigenet
2016;2:dvw006

92. Nwanaji-Enwerem JC, Dai L, Colicino E, Oulhote Y, Di Q, Kloog I, Just

AC, Hou L, Vokonas P, Baccarelli AA, Weisskopf MG, Schwartz JD.

Associations between long-term exposure to PM(2.5) component spe-

cies and blood DNAmethylation age in the elderly: the VA normative

aging study. Environ Int 2017;102:57–65
93. Ward-Caviness CK, Nwanaji-Enwerem JC, Wolf K, Wahl S, Colicino E,

Trevisi L, Kloog I, Just AC, Vokonas P, Cyrys J, Gieger C, Schwartz J,

Baccarelli AA, Schneider A, Peters A. Long-term exposure to air pol-

lution is associated with biological aging. Oncotarget 2016;7:74510–25
94. White AJ, Kresovich JK, Keller JP, Xu Z, Kaufman JD, Weinberg CR,

Taylor JA, Sandler DP. Air pollution, particulate matter composition

and methylation-based biologic age. Environ Int 2019;132:105071
95. Quach A, Levine ME, Tanaka T, Lu AT, Chen BH, Ferrucci L, Ritz B,

Bandinelli S, Neuhouser ML, Beasley JM, Snetselaar L, Wallace RB,

Tsao PS, Absher D, Assimes TL, Stewart JD, Li Y, Hou L, Baccarelli

AA, Whitsel EA, Horvath S. Epigenetic clock analysis of diet, exercise,

education, and lifestyle factors. Aging (Albany NY) 2017;9:419–46
96. McCartney DL, Stevenson AJ, Walker RM, Gibson J, Morris SW,

Campbell A, Murray AD, Whalley HC, Porteous DJ, McIntosh AM,

Evans KL, Deary IJ, Marioni RE. Investigating the relationship

between DNA methylation age acceleration and risk factors for

Alzheimer’s disease. Alzheimer’s & Dementia: Diagnosis, Assessment &
Disease Monitoring 2018;10:429–37

97. Simons RL, Lei MK, Beach SR, Philibert RA, Cutrona CE, Gibbons FX,

Barr A. Economic hardship and biological weathering: the epigenetics

of aging in a U.S. sample of black women. Soc Sci Med
2016;150:192–200

98. Binder AM, Corvalan C, Mericq V, Pereira A, Santos JL, Horvath S,

Shepherd J, Michels KB. Faster ticking rate of the epigenetic clock is

associated with faster pubertal development in girls. Epigenetics
2018;13:85–94

99. Austin MK, Chen E, Ross KM, McEwen LM, Maclsaac JL, Kobor MS,

Miller GE. Early-life socioeconomic disadvantage, not current, pre-

dicts accelerated epigenetic aging of monocytes.

Psychoneuroendocrinology 2018;97:131–4

100. Simpkin AJ, Howe LD, Tilling K, Gaunt TR, Lyttleton O, McArdleWL,

Ring SM, Horvath S, Smith GD, Relton CL. The epigenetic clock and

physical development during childhood and adolescence: longitudi-

nal analysis from a UK birth cohort. Int J Epidemiol 2017;46:549–58
101. Gao X, Zhang Y, Breitling LP, Brenner H. Relationship of tobacco

smoking and smoking-related DNA methylation with epigenetic age

acceleration. Oncotarget 2016;7:46878–89
102. Irvin MR, Aslibekyan S, Do A, Zhi D, Hidalgo B, Claas SA,

Srinivasasainagendra V, Horvath S, Tiwari HK, Absher DM, Arnett

DK. Metabolic and inflammatory biomarkers are associated with epi-

genetic aging acceleration estimates in the GOLDN study. Clin
Epigenetics 2018;10:56

103. Beach SR, Dogan MV, Lei MK, Cutrona CE, Gerrard M, Gibbons FX,

Simons RL, Brody GH, Philibert RA. Methylomic aging as a window

onto the influence of lifestyle: tobacco and alcohol use alter the rate of

biological aging. J Am Geriatr Soc 2015;63:2519–25
104. de Toro-Mart�ın J, Gu�enard F, Tchernof A, Hould FS, Lebel S, Julien F,

Marceau S, Vohl MC. Body mass index is associated with epigenetic

age acceleration in the visceral adipose tissue of subjects with severe

obesity. Clin Epigenetics 2019;11:172
105. Nevalainen T, Kananen L, Marttila S, Jylh€av€a J, Mononen N, K€ah€onen

M, Raitakari OT, Hervonen A, Jylh€a M, Lehtim€aki T, Hurme M.

Obesity accelerates epigenetic aging in middle-aged but not in elderly

individuals. Clin Epigenetics 2017;9:20

106. Horvath S, Erhart W, Brosch M, Ammerpohl O, von Sch€onfels W,

Ahrens M, Heits N, Bell JT, Tsai PC, Spector TD, Deloukas P, Siebert

R, Sipos B, Becker T, R€ocken C, Schafmayer C, Hampe J. Obesity

accelerates epigenetic aging of human liver. Proc Natl Acad Sci USA
2014;111:15538–43

107. ChenM,Wong EM, Nguyen TL, Dite GS, Stone J, Dugu�e PA, Giles GG,

Southey MC, Milne RL, Hopper JL, Li S. DNA methylation-based

biological age, genome-wide average DNA methylation, and conven-

tional breast cancer risk factors. Sci Rep 2019;9:15055

108. Zannas AS, Arloth J, Carrillo-Roa T, Iurato S, R€oh S, Ressler KJ,

Nemeroff CB, Smith AK, Bradley B, Heim C, Menke A, Lange JF,

Brückl T, Ising M, Wray NR, Erhardt A, Binder EB, Mehta D.

Lifetime stress accelerates epigenetic aging in an urban, African

American cohort: relevance of glucocorticoid signaling. Genome Biol
2015;16:266

109. Lawn RB, Anderson EL, Suderman M, Simpkin AJ, Gaunt TR,

Teschendorff AE, Widschwendter M, Hardy R, Kuh D, Relton CL,

Howe LD. Psychosocial adversity and socioeconomic position

during childhood and epigenetic age: analysis of two prospective

cohort studies. Hum Mol Genet 2018;27:1301–8
110. Wolf EJ, Maniates H, Nugent N, Maihofer AX, Armstrong D,

Ratanatharathorn A, Ashley-Koch AE, Garrett M, Kimbrel NA, Lori

A, Va Mid-Atlantic Mirecc W, Aiello AE, Baker DG, Beckham JC, Boks

MP, Galea S, Geuze E, Hauser MA, Kessler RC, Koenen KC, Miller

MW, Ressler KJ, Risbrough V, Rutten BPF, Stein MB, Ursano RJ,

Vermetten E, Vinkers CH, Uddin M, Smith AK, Nievergelt CM,

Logue MW. Traumatic stress and accelerated DNA methylation age:

a meta-analysis. Psychoneuroendocrinology 2018;92:123–34

111. Boks MP, van Mierlo HC, Rutten BP, Radstake TR, De Witte L, Geuze

E, Horvath S, Schalkwyk LC, Vinkers CH, Broen JC, Vermetten E.

Longitudinal changes of telomere length and epigenetic age related

to traumatic stress and post-traumatic stress disorder.

Psychoneuroendocrinology 2015;51:506–12

112. Mehta D, Bruenig D, Lawford B, Harvey W, Carrillo-Roa T, Morris CP,

Jovanovic T, Young RM, Binder EB, Voisey J. Accelerated DNA meth-

ylation aging and increased resilience in veterans: the biological cost

for soldiering on. Neurobiol Stress 2018;8:112–9
113. Wolf EJ, Logue MW, Stoop TB, Schichman SA, Stone A, Sadeh N,

Hayes JP, Miller MW. Accelerated DNA methylation age: associations

with posttraumatic stress disorder and mortality. Psychosom Med
2018;80:42–8

114. Wolf EJ, Logue MW, Hayes JP, Sadeh N, Schichman SA, Stone A, Salat

DH, Milberg W, McGlinchey R, Miller MW. Accelerated DNA meth-

ylation age: associations with PTSD and neural integrity.

Psychoneuroendocrinology 2016;63:155–62

115. McKinney BC, Lin H, Ding Y, Lewis DA, Sweet RA. DNAmethylation

age is not accelerated in brain or blood of subjects with schizophrenia.

Schizophr Res 2018;196:39–44
116. Fries GR, Bauer IE, Scaini G, Valvassori SS, Walss-Bass C, Soares JC,

Quevedo J. Accelerated hippocampal biological aging in bipolar dis-

order. Bipolar Disord 2019.doi: 10.1111/bdi.12876.

117. Fries GR, Bauer IE, Scaini G, Wu MJ, Kazimi IF, Valvassori SS, Zunta-

Soares G, Walss-Bass C, Soares JC, Quevedo J. Accelerated epigenetic

aging and mitochondrial DNA copy number in bipolar disorder.

Transl Psychiatry 2017;7:1283

118. Matsuyama M, WuWong DJ, Horvath S, Matsuyama S. Epigenetic

clock analysis of human fibroblasts in vitro: effects of hypoxia,

donor age, and expression of hTERT and SV40 largeT. Aging (Albany
NY) 2019;11:3012–22

119. Carreau A, El Hafny-Rahbi B, Matejuk A, Grillon C, Kieda C. Why is

the partial oxygen pressure of human tissues a crucial parameter?

Small molecules and hypoxia. J Cell Mol Med 2011;15:1239–53

120. Sturm G, Cardenas A, Bind MA, Horvath S, Wang S, Wang Y, H€agg S,

Hirano M, Picard M. Human aging DNA methylation signatures are

conserved but accelerated in cultured fibroblasts. Epigenetics
2019;14:961–76

121. Jylh€av€a J, Hjelmborg J, SoerensenM,Munoz E, Tan Q, Kuja-Halkola R,

Mengel-From J, Christensen K, Christiansen L, H€agg S, Pedersen NL,

Reynolds CA. Longitudinal changes in the genetic and environmental

He et al. DNA methylation clock in aging research 445
...............................................................................................................................................................



influences on the epigenetic clocks across old age: evidence from two

twin cohorts. EBioMedicine 2019;40:710–6
122. Kananen L, Marttila S, Nevalainen T, Kummola L, Junttila I, Mononen

N, K€ah€onen M, Raitakari OT, Hervonen A, Jylh€a M, Lehtim€aki T,

Hurme M, Jylh€av€a J. The trajectory of the blood DNA methylome

ageing rate is largely set before adulthood: evidence from two longi-

tudinal studies. Age (Dordr) 2016;38:65
123. Søraas A, MatsuyamaM, de LimaM,Wald D, Buechner J, Gedde-Dahl

T, Søraas CL, Chen B, Ferrucci L, Dahl JA, Horvath S, Matsuyama S.

Epigenetic age is a cell-intrinsic property in transplanted human

hematopoietic cells. Aging Cell 2019;18:e12897
124. Lu AT, Hannon E, Levine ME, Hao K, Crimmins EM, Lunnon K,

Kozlenkov A, Mill J, Dracheva S, Horvath S. Genetic variants near

MLST8 and DHX57 affect the epigenetic age of the cerebellum. Nat
Commun 2016;7:10561

125. Lu AT, Hannon E, Levine ME, Crimmins EM, Lunnon K, Mill J,

Geschwind DH, Horvath S. Genetic architecture of epigenetic and

neuronal ageing rates in human brain regions. Nat Commun
2017;8:15353

126. Lu AT, Xue L, Salfati EL, Chen BH, Ferrucci L, Levy D, Joehanes R,

Murabito JM, Kiel DP, Tsai PC, Yet I, Bell JT, Mangino M, Tanaka T,

McRae AF, Marioni RE, Visscher PM, Wray NR, Deary IJ, Levine ME,

Quach A, Assimes T, Tsao PS, Absher D, Stewart JD, Li Y, Reiner AP,

Hou L, Baccarelli AA, Whitsel EA, Aviv A, Cardona A, Day FR,

Wareham NJ, Perry JRB, Ong KK, Raj K, Lunetta KL, Horvath S.

GWAS of epigenetic aging rates in blood reveals a critical role for

TERT. Nat Commun 2018;9:387

127. Martin-Herranz DE, Aref-Eshghi E, Bonder MJ, Stubbs TM, Choufani

S, Weksberg R, Stegle O, Sadikovic B, Reik W, Thornton JM. Screening

for genes that accelerate the epigenetic aging clock in humans reveals

a role for the H3K36 methyltransferase NSD1. Genome Biol 2019;20:146
128. Li X, Wang J, Wang L, Feng G, Li G, YuM, Li Y, Liu C, Yuan X, Zang G,

Li Z, Zhao L, OuyangH, Quan Q,Wang G, Zhang C, Li O, Xiang J, Zhu

JK, Li W, Zhou Q, Zhang K. Impaired lipid metabolism by age-

dependent DNA methylation alterations accelerates aging. Proc Natl
Acad Sci USA 2020;117:4328–36

129. Soukas AA, Hao H, Wu L. Metformin as anti-aging therapy: is it for

everyone? Trends Endocrinol Metab 2019;30:745–55

130. Horvath S, Lu AT, Cohen H, Raj K. Rapamycin retards epigenetic

ageing of keratinocytes independently of its effects on replicative

senescence, proliferation and differentiation. Aging (Albany NY)
2019;11:3238–49

446 Experimental Biology and Medicine Volume 246 February 2021
...............................................................................................................................................................


