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    Abstract 
   The characteristic effects of ageing observed across the human lifespan are 
accompanied by a multitude of molecular changes. These age-related changes 
are a result of the complex interaction between our genetic makeup, lifestyle fac-
tors, and unique environments. People are subject to a variety of different expo-
sures; many of these infl uences have the potential to “mark” our DNA and 
actually alter our cellular processes. This is a key component of epigenetics: a 
fi eld that focuses on modifi cations to DNA and DNA packaging that function 
without altering the genetic sequence itself. DNA methylation is arguably the 
most well-characterized epigenetic modifi cation, involving the addition of a 
methyl group to DNA, which, in an interesting paradox, is both stable long- term 
as well as plastic and reversible. DNA methylation fl uctuates throughout the 
lifespan of mammalian organisms and has the potential to infl uence cellular pro-
cesses through changes in gene expression. An important role of DNA meth-
ylation is as a molecular mediator between environmental exposures and 
physiological changes, which makes it a likely modifi er of the immune system. 
In regards to the ageing process, the actual function of DNA methylation is 
unknown; however, global trends and site-specifi c changes in DNA methylation 
have been strongly correlated with chronological age. Here, we will discuss 
the particulars of epigenetics, with a focus on DNA methylation and its role in 
the development, maturation, dysfunction, and ageing of white blood cells of the 
immune system.  
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3.1       Introduction 

  Epigenetics   is a rapidly emerging fi eld investigating the interface between our 
genomes and our environments. Epigenetic mechanisms are responsible for the 
structural organization of DNA and its packaging proteins; one major function of 
which is to regulate gene expression by controlling DNA accessibility. While the 
genetic sequence is unaltered, these structural changes act as a regulatory stratum 
on the genome, instructing cellular identity and driving important cellular processes. 
Current characterized epigenetic marks include post-translational modifi cations to 
histone proteins, such as acetylation and methylation, histone variants, non-coding 
RNAs, and chemical modifi cations covalently bound directly to DNA. The latter 
include DNA methylation, the most commonly studied epigenetic mark, especially 
in human populations, which refers to the covalent attachment of a methyl group 
primarily to the 5′carbon of cytosine bases [ 1 ]. This chapter will briefl y review 
DNA methylation, then examine the role of DNA methylation in three important 
areas: cell type specifi cation, environmental embedding, and disease; using exam-
ples from the immune system. We will then discuss the interesting connections 
between DNA methylation and ageing, and conclude with emerging hypotheses on 
how this might infl uence ageing of the immune system.  

3.2     DNA Methylation 

 DNA methylation is found primarily at cytosine bases adjacent to guanine bases, referred 
to as  a   cytosine-phosphate-guanine dinucleotides ( CpGs  ). Non- CpG   DNA methylation 
has also been observed in some tissues, but will not be discussed here in detail [ 2 ]. The 
process of DNA methylation is catalyzed by a family of highly conserved enzymes called 
 DNA methyltransferases (DNMTs)  . In mammals,    there are three principal DNMTs: the 
  de novo  methyltransferases  ,  DNMT3A   and  DNMT3B  , add methyl groups to unmethyl-
ated DNA, while DNMT1 is responsible for the maintenance of DNA methylation at 
hemi-methylated sites during cell division [ 3 ]. Until recently, the removal of DNA meth-
ylation marks was highly puzzling, as there was evidence for active demethylation, but 
the enzymes and process responsible remained elusive. In the past few years, new discov-
eries have shown that DNA demethylation is primarily controlled by 10–11  translocation 
  methylcytosine dioxygenase (TET)    enzymes, which catalyze the fi rst step in active 
demethylation through the base excision repair system [ 1 ,  3 ,  4 ]. 

 DNA methylation is highly genomic region-specifi c, partly because  CpGs   them-
selves are non-randomly distributed across the genome.  CpGs   are globally under- 
represented in genomic sequences, but are enriched in regions called CpG islands: 
sequences that possess higher than average CpG density and are generally lowly 
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methylated. Interestingly, CpGs are also very dense at many repetitive elements, 
therefore such high density regions tend to be methylated and silenced to avoid trans-
position [ 5 ,  6 ]. Nearly 70 % of gene promoters are near a CpG island, and this prox-
imity results in an important relationship between promoter DNA methylation and 
gene expression [ 7 ]. Early models of this relationship posited that high levels of 
DNA methylation at promoter-associated CpG islands were associated with low lev-
els of expression, and vice versa [ 8 – 10 ] (Fig.  3.1 ). However, this model is relatively 
simplistic and we are now beginning to understand that the relationship is much more 
complex [ 11 – 13 ]. For instance, reverse causation is possible and gene expression 
levels can infl uence levels of DNA methylation [ 12 ,  14 ]. In addition, DNA methyla-
tion marks in genomic locations other than promoters  have   equally importance and, 
in some cases, very different associations with gene expression [ 12 ]. For example, 
both regions of low CpG density directly adjacent to CpG islands, known as “ island 
shores  ”, and enhancer regions do not follow the high  DNA methylation/low    gene 
expression model.   In island shores, higher levels of DNA methylation are often asso-
ciated with high levels of gene expression, while at enhancers these relationships 
have been inconsistent and thus far are poorly understood [ 1 ,  5 – 7 ,  14 ,  15 ].

   The underlying genetic sequence can also infl uence both gene expression and 
DNA methylation. Reminiscent of earlier work examining the linkage of allelic varia-
tion and gene expression, multiple studies have identifi ed SNP/CpG pairs at which 
genotype is associated with methylation level [ 8 – 10 ,  12 ,  16 – 18 ]. These CpG sites are 
referred to as  methylation quantitative trait loci (mQTLs)  , and a number of different 
mechanisms have been hypothesized for their function. For example, the SNP partner 
may disrupt genetic elements responsible for creating boundaries between methylated 
and unmethylated genomic regions [ 11 – 13 ,  19 ]. Alternatively, sequence changes may 
 alter   gene expression levels, which in turn infl uence DNA methylation levels [ 14 ]. 
Regardless of the mechanism by which this relationship functions, it is very important 
to consider genetic regulation in the analysis of DNA methylation effects. 
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  Fig. 3.1    DNA methylation 
patterns at promoter- 
associated CpG islands and 
gene bodies in active 
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 Finally, the relationships between DNA methylation, genotype, and gene 
expression are dynamic and may change over the life span. For example, it appears 
that genotype-DNA methylation correlations are susceptible to age-related differ-
ences.    From early to later life, more than half of the associations between genotype 
and DNA methylation change [ 20 ]. Conversely, correlations between  DNA meth-
ylation and   gene expression appear to be more consistent over the ageing process 
[ 21 ]. Continuing research is required to understand the entire complexity of the role 
of DNA methylation in genetic regulation across the lifespan. 

3.2.1     DNA Methylation and Cell Type Specification 

  DNA methylation   plays a central role in embryogenesis, and this importance continues 
throughout development [ 1 ]. In the immune system, for example, maintenance of 
DNA methylation patterns is required for hematopoietic stem cell self-renewal and dif-
ferentiation [ 22 ]. During hematopoietic stem cell differentiation, DNA methylation 
gains and losses at specifi c regions of the genome “lock-in” differentiation marks that 
allow cells with the same genetic material to express only the specifi c genes required 
for their unique cellular processes and identities [ 23 ]. This is illustrated by the lineage-
specifi c epigenetic differences that arise when early multipotent progenitors split into 
myeloerythroid and lymphoid lineages; these patterns become more specifi c as differ-
entiation progresses, resulting in cell type specifi c DNA methylation signatures in 
mature cells [ 24 – 28 ] (Fig.  3.2 ). Hematopoietic stem cells lacking the maintenance 
methyltransferase prematurely lose their self-renewal capabilities, and cells lacking de 
novo methyltransferases show impaired lineage commitment, illustrating that these 
DNA methylation changes are essential for lineage development [ 29 ,  30 ].

   Because of these cell  type   specifi c DNA methylation patterns, cell and tissue 
types are the largest determinants of DNA methylation variation in healthy indi-
viduals [ 31 – 33 ]. It is important to note that these differences in cell type DNA 
methylation patterns can create at least two major challenges for studies examining 
the role of DNA methylation in organs or tissues composed of multiple cell types: 
inter-individual variation in cell types and the concordance between central and  sur-
rogate tissues  . First,  inter-individual cell type   differences within a tissue can induce 
confounding effects  that   may mask or overwhelm another  biological   signal with a 
smaller effect size. In blood, for example, it is essential to control for differences in 
 white blood cell   composition between individuals. When cell count information is 
not available, DNA methylation patterns can be used to predict the underlying cel-
lular composition in order to control for it [ 28 ,  34 ]. This tool is particularly impor-
tant when studying the relationship between DNA methylation and age in blood 
tissue, as it has been shown that white blood cell composition changes drastically 
with age, and that failing to control for these changes can result  in   white blood cell 
DNA methylation lineage markers being mistaken for age-associated DNA meth-
ylation sites [ 35 ]. In regards to tissues other than blood, similar predictive models 
exist for neurons versus glia in the brain, and other methods exist that can control 
for cell type differences without specifi cally predicting underlying cell composition 
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[ 36 – 38 ]. The second challenge presented by cell type specifi c DNA methylation 
patterns arises when  studying   surrogate tissues. In human studies, tissues of interest 
are often inaccessible or require invasive collection methods. To address this, easily 
collected surrogate tissues, such as blood or cheek swabs, are substituted. However, 
given the tissue specifi city of DNA methylation, it can be challenging to make bio-
logical interpretations of function in the tissue of interest when using these alterna-
tives. Ongoing research into the concordance of DNA methylation between tissues 
collected post-mortem, such as brain and blood, is making the study of surrogate 
tissues  increasingly   more interpretable and valuable [ 33 ,  39 ,  40 ].  
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  Fig. 3.2     Representation   of changes in DNA methylation during hematopoietic stem cell differen-
tiation. Gain and loss of DNA methylation at lineage-specifi c genomic regions confers cell-type 
specifi city. Methylation patterns become more unique as differentiation progresses. The  shaded 
boxes  represent DNA methylation at specifi c regions of the genome. For example, the  black- 
shaded box  in the hematopoietic stem cell represents DNA methylation levels at genes that enable 
pluripotency. This mark is slowly lost as the cell becomes more differentiated, and marks of spe-
cifi c cell types arise       

 

3 The DNA Methylome: An Interface Between the Environment...



40

3.2.2     DNA Methylation and Environmental Exposures 

 Complementing  its   role in cell type specifi cation, DNA methylation is also emerging 
as a mechanism by which cells “remember” past exposures. Although DNA methyla-
tion is stable in that it is generally faithfully transmitted from mother to daughter 
cells, paradoxically it also appears to be malleable in response to exposures and 
experiences [ 41 – 43 ]. Researchers have examined environmentally- induced changes 
in DNA methylation in both gene-specifi c contexts as well as genome-wide changes, 
such as average methylation across repetitive elements [ 44 ,  45 ]. These changes may 
be transient and revert back to their original state after the exposure ends, but in some 
cases they can remain associated long after the exposure has passed [ 46 ]. It is cur-
rently hypothesized that early life is a particularly sensitive time for the long-term 
embedding of epigenetic signatures of exposures, but in many cases it is not until 
later in life that health outcomes associated with these exposures  are   revealed. As 
such, the environmental exposures that accumulate as a person ages can leave behind 
a biological residue that might infl uence long-term health. 

  Some specifi c environmental exposures have been   associated with long-lasting 
DNA methylation signatures that persist after the exposure itself. For example, a num-
ber of DNA methylation changes are strongly associated with previous and current 
cigarette smoke exposure[ 47 ,  48 ]. The cigarette smoke-related DNA methylation 
change in the promoter of a well-characterized  tumor suppressor gene  ,  aryl hydrocar-
bon receptor repressor ( AHRR )  , is currently the best replicated environmentally 
induced epigenetic alteration. In the  AHRR  gene, changes in both DNA methylation 
and gene expression have been observed upon exposure to  fi rsthand   and  secondhand 
cigarette smoke  , as well as prenatal exposure to  maternal smoking   [ 47 ]. The AHRR 
protein regulates an enzyme responsible for binding nicotine, thus supporting a plau-
sible mechanism for a  DNA methylation   response to  cigarette smoke   exposure. 

  Lifestyle and the environment can   have important effects on DNA methylation, 
which in turn, may infl uence immune function, as described in two recent studies. 
One study examined DNA methylation in African populations with recent diver-
gence in habitat and lifestyle. The study found that a population which had recently 
diverged into two different habitats, forest versus urban, showed distinct DNA 
methylation differences between the groups, which were enriched for genes 
involved in immune function [ 49 ]. Another study examined adolescents raised in 
the American Midwest and compared those who spent the fi rst few years of their 
lives in Eastern European orphanages to those who were born and raised in their 
biological families in the US. A signifi cant difference in the ratio of CD4+ T to 
CD8+ T  cells   was found in their blood. As well, a DNA methylation pattern unique 
to the adopted children was enriched for genes involved in development, gene reg-
ulation, and behaviour [ 50 ]. Together, these examples suggest that the immune 
system may use DNA methylation as a way to adapt to the environment. 

 An equally intriguing example of exposure related DNA methylation changes is 
the reported epigenetic connection between early life adversity and regulation of the 
infl ammatory response in later life. One study examining the association between 
DNA methylation and early life  socioeconomic status (SES)   found that while  DNA 

L.M. McEwen et al.



41

  methylation was associated with early life SES, this association was only visible 
after correction  for   white blood cell type, reinforcing the evidence for an interaction 
between DNA methylation and blood cell lineages [ 11 ]. Other studies have shown 
alterations  in   gene expression and DNA methylation of immune-related genes in 
adulthood that are associated with low socioeconomic status in childhood [ 51 ,  52 ]. 
Further work will determine whether this biological signature from early life infl u-
ences the trajectories of immune ageing. 

 It is possible that the establishment of these DNA methylation patterns in response 
to environmental exposures serve to predict future phenotype, including immune 
responses. For example, pre-stimulation DNA methylation differences in  leukocytes   
can predict their cytokine responses when stimulated through the TLR pathway [ 11 ]. 
As the variability in these baseline patterns was representative of the differences in 
lifetime environmental exposures between the cells, DNA methylation may function 
both as a memory of past exposures as well as a predictor of future immune response.  

3.2.3     DNA Methylation and Disease 

 The etiologies of complex diseases are particularly challenging to decode as they 
often have both environmental and genetic contributors. As DNA methylation has a 
role in the interface between the genome and the environment, it has been investi-
gated as a mediator between environmental exposure and disease manifestation. 
DNA methylation could be associated with current or future disease, either mecha-
nistically or as a biomarker. In terms of mechanism, DNA methylation could infl u-
ence the development of disease via moderation of a genetic risk or embedding of a 
past environmental exposure, for example. Concurrent disease-related changes in 
DNA methylation or patterns that predict future disease that do not have an identifi ed 
mechanistic link to the disease may be  biomarkers that   could be used for patient 
stratifi cation or assessment of intervention. Here, examples from the immune system 
illustrate some of the recent fi ndings connecting DNA methylation and disease. 

 A number of immune diseases have recently been investigated for epigenetic 
mediation of genetic risk, in which DNA methylation of immune-related genes 
alters the penetrance of a risk allele. Investigations of  rheumatoid arthritis   and  pea-
nut allergy   have both shown evidence that DNA methylation of the  major histocom-
patibility complex (MHC)   in combination with genetic factors alters risk of disease 
development [ 53 ,  54 ]. The source of the variation in  DNA   methylation is not known 
for either of these diseases, but possibilities include stochastic changes or embedded 
environmental signatures. Future work on the MHC region will be required to elu-
cidate whether environmental exposures alter DNA methylation in that area, as well 
as whether these can be mitigated to alter disease trajectory. 

 One of the fi rst autoimmune diseases predicted to have an epigenetic contribu-
tion was  systemic lupus erythematosus  . Potential environmental contributions have 
led researchers to examine DNA methylation patterns to determine whether genes 
involved in the production of  anti-nuclear antibodies   are differentially methylated  in 
  lupus patients [ 55 ]. In a study examining  multiple   white blood cell types, 
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abnormally low DNA methylation was observed near interferon-related genes, in 
both active and quiescent lupus [ 56 ]. This implies that the DNA methylation changes 
are not associated with disease fl are-ups, but rather refl ect a basal difference in DNA 
methylation in patients with lupus regardless of their disease status, which may be 
indicative of  molecular “poising”   awaiting a specifi c trigger. The clinical implica-
tions of these fi ndings include potential targets for interventions to reduce the active 
lupus symptoms, or as biomarkers of those who may be at risk for a fl are-up. 

 Other immune diseases show specifi c patterns of DNA methylation dysregula-
tion, but the mechanistic contribution  of   DNA methylation is currently not under-
stood. Differences in  DNA methylation and   gene expression in  leukocytes   have 
recently been found between twins discordant for two autoimmune diseases which 
show generally low concordance:  psoriasis   and  Type 1 diabetes   [ 57 ,  58 ]. DNA 
methylation dysregulation has also been observed in synovial cells of patients with 
 rheumatoid arthritis   [ 59 ]. 

 DNA methylation has also been identifi ed as a factor involved in microbial infec-
tion with two distinct relationships;    in some cases it is associated with immune 
adaptation and in others it is associated with facilitating intracellular parasitic infec-
tion. For example, epigenetic remodeling was observed in monocyte-derived den-
dritic cells in response to   Mycobacterium tuberculosis   , the primary cause of 
 tuberculosis   in humans. Infected cells showed DNA methylation changes that 
altered the regulation of immune transcription factors in a way that contributed to a 
short-term memory of infection in innate immune cells [ 60 ]. Another study demon-
strated numerous DNA methylation changes in a macrophage cell line were associ-
ated with   Leishmania donovani    infection. Many of these changes were associated 
with host immune defense pathways such as the  AK/STAT signaling pathway   and 
the  MAPK signaling pathway   [ 61 ]. On the other hand,   Anaplasma phagocytophi-
lum   , a prokaryotic pathogen, has been shown to elicit epigenetic changes in human 
neutrophils that promote infection by enabling pathogen survival and replication 
[ 62 ]. These results highlight an interesting branch of  immune   epigenetics, showcas-
ing the complex roles  DNA methylation has    in the process of microbial infection. 

 In all of these cases, it is not yet known whether the DNA methylation changes 
observed are a mechanism of disease development or a concurrent biomarker of 
disease. Regardless of the origin of these changes, they raise the tantalizing possi-
bility that epigenetics in general and DNA methylation in particular may be a new 
frontier for research into the development of complex immune diseases and 
phenotypes.   

3.3     DNA Methylation and Ageing 

 Aside from the aforementioned associations of DNA methylation, recent work has 
shown that DNA methylation also exhibits strong correlations with age, the function 
of which is not yet known. Since genetic sequence accounts for less than 30 % of 
lifespan variation, the major driver of human longevity must be attributed to non- 
genetic factors such as diet, physical activity, smoking and other exposures [ 63 ,  64 ]. 
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Alterations in DNA methylation may occur as a result of the combination of 
programmed changes in cell type or function with age, the embedding of lifelong 
environmental exposures, and possible stochastic events over time. Given the com-
bination of evidence that DNA methylation is involved in the embedding of past 
environments and the development of disease, and that the human methylome is 
age-sensitive, it seems likely that DNA methylation may have a functional role in 
ageing. An emerging possible functional role of these age-related epigenetic 
changes may, in part, play into the molecular pathway responsible for the decline in 
immune dysfunction observed with age [ 65 ]. Over the past years, work has focused 
on determining the relative contribution of specifi c environments and stochastic 
changes in altering DNA methylation patterns during ageing. 

3.3.1     Genome-Wide DNA Methylation Ageing Trends 

 While the  link   between DNA methylation and ageing has been studied over a long 
period of time, recent fi ndings and advances have sharpened the focus on the role of 
DNA methylation in the ageing process. Early studies began assessing the relationship 
of age and DNA methylation patterns over 40 years ago, using techniques such as  liq-
uid chromatography   to assess bulk mean methylation levels in salmon, rodent, cattle, 
and chicken [ 66 ,  67 ]. A pioneering study showed a signifi cant loss of total DNA meth-
ylation over the rodent life course across a number of tissues, a fi nding that was later 
validated in blood from a cross sectional human cohort consisting of both newborns 
and centenarians [ 68 ,  69 ]. These explorations laid the foundation for human DNA 
methylation ageing studies, and as technology continues to advance, allowing easier 
access to the entire methylome, we enter an exciting era of epigenetic ageing research. 

 It is estimated that one-third of  the   epigenome’s DNA methylation content 
changes in association with the ageing process, and recent advances have helped 
further elucidate the context and potential function of these changes. For example, 
the previously mentioned fi nding that DNA exhibits a gradual loss of mean methyla-
tion over time has recently been shown to occur in a genomic context-specifi c man-
ner. Loss of methylation preferentially occurs at regions of low CpG density, often 
located within a gene body [ 69 ]. Despite the fact that mean DNA methylation 
decreases with age, there are specifi c age-related methylation changes that involve a 
gain in methylation as well. These tend to be found within CpG islands, or areas of 
high CpG density [ 70 ,  71 ]. Together, these changes demonstrate a regression to the 
mean pattern—low CpG density regions, which are normally highly methylated lose 
DNA methylation with age, while high density regions which tend to have low levels 
of DNA methylation gain DNA methylation with age. Since most  CpGs   in the 
genome are methylated, this translates to a global loss of DNA methylation. An inter-
esting exception  to   this pattern is repetitive elements, which tend to be highly meth-
ylated and lose DNA methylation with age, despite their high  CpG density   [ 72 ]. 

 Clearly, the relationship between DNA methylation and age is highly complex, 
with specifi c patterns occurring at unique genetic regions. A host of research explo-
rations including animal models, human longitudinal twin studies and age-variable 
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cohorts, have all contributed to identifying DNA methylation patterns with age. 
From the combination of these research fi ndings, it is evident that two common 
trends of epigenetic aging have emerged: (1) random changes to DNA methylation 
that are inconsistent across individuals, and (2) predictable, site- specifi c   DNA 
methylation changes occurring in a similar way across individuals with age [ 73 ,  74 ] 
(Fig.  3.3 ).

3.3.2        Epigenetic Drift 

 One  repeatedly   observed feature of age-associated DNA methylation is an increase 
in variability, resulting from changes in DNA methylation that do not share a com-
mon direction (gain or loss) across individuals. These age-related changes are col-
lectively referred to as epigenetic drift, a trend composed of non-directional DNA 
methylation changes that may be due to stochastic or environmental factors [ 73 – 75 ]. 
Epigenetic drift accounts for the increasing degree of inter- individual variation 
across the DNA methylome that occurs with age [ 76 ]. This was well-illustrated in an 
early study of monozygotic twins, which found that at infancy twin pairs possessed 
almost indistinguishable methylation profi les, while older twin pairs had highly 
divergent methylomes [ 77 ]. The increased inter-individual variability of DNA meth-
ylation with age is also refl ected in increased variability in transcriptional regulation 
[ 78 ].  Epigenetic drift   may not be benign, as variability in DNA methylation has been 
suggested to increase the risk for diseases such as depression [ 79 ]. The source of  this 
  increase in variability is still unknown and may represent random DNA methylation 
events, or an age-associated decline in effi ciency of the machinery responsible for 
maintaining DNA methylation [ 78 ,  80 ]. Others have proposed that an individual’s 
unique combination of lifelong environments and experiences may create differences 
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  Fig. 3.3    Epigenetic drift results in divergent DNA methylation patterns with increasing age. In 
early life ( left ), identical twins have highly similar epigenetic patterns (individuals A and B), while 
individual C is distinct. Later in life ( right ), all individuals are more discordant, as epigenetic drift 
has altered lowly-methylated  CpGs   (lighter) to be more methylated, and higher-methylated CpGs 
( darker ) to be less methylated       
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in cellular processes that in turn lead to higher variability in DNA methylation over 
time [ 81 ].  Regardless   of its cause, the phenomenon of epigenetic drift is interesting, 
as it may lead to differential cellular functioning and diverse health outcomes possi-
bly refl ected  in   varying ageing rates.  

3.3.3     Epigenetic Clock 

 In contrast to  epigenetic   drift, there are  CpGs   in the genome that are highly associ-
ated with age  across   individuals throughout the life course. These sites follow the 
same age-related trajectories as epigenetic drift, in which sites that are lowly meth-
ylated gain DNA methylation and sites that are highly methylated lose DNA meth-
ylation with age [ 78 ,  82 ,  83 ]. The major difference is that the specifi c sites that 
change with age and the direction of that change is consistent across individuals 
[ 73 ]. These sites are in current investigation to determine why they show this con-
sistent relationship, and recently have been used to construct multivariate age pre-
dictors, giving rise to the concept of the “ epigenetic clock  ” [ 78 ,  82 – 85 ] (Fig.  3.4 ). 
Several epigenetic clocks have been created to predict biological age within a spe-
cifi c tissue or even across multiple tissues [ 36 ,  78 ,  83 ,  85 ]. The current most com-
monly used age-predictor analyzed over 8000  samples   from 51 different cell types 
to identify 353 sites capable of predicting age with a mean error of 3.6 years [ 85 ]. 
The high correlation between estimated epigenetic age and chronological age sup-
ports DNA methylation as a  strong   biological age predictor.
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  representation of DNA 
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3.4         Epigenetic Age: A Molecular Marker of Biological 
Wellbeing? 

 The widespread application of  epigenetic age   prediction has shown very high 
concordance between  chronological   age and predicted age; however, some indi-
viduals show large discrepancies between the two. These efforts have sparked a 
profusion of studies focused on determining  the   relationship between lifelong envi-
ronmental exposures, biological age as measured by the epigenetic clock, and the 
presence of health and disease during aging. 

 Recent fi ndings have  shown   epigenetic age acceleration in a number of diseases and 
disorders, though few studies have been able to determine whether this acceleration 
preceded, was concurrent with, or followed disease manifestation in late-onset dis-
eases. For example, neurodegenerative disorders, such as a decline in cognitive func-
tion, episodic memory, and working memory, as well as neuropathological measures, 
such as diffuse and neurotic plaques and amyloid load have been associated with epi-
genetic age acceleration [ 86 ]. In addition, individuals with  Down Syndrome  , which has 
been associated with early cognitive decline, have an average epigenetic age 6.6 years 
older than their chronological age [ 87 ]. There have been many other studies showcas-
ing deviations in the relationship between epigenetic age and chronological age in dis-
eases such as  Schizophrenia  ,  PTSD  ,  Parkinson’s Disease  , and  HIV   [ 88 – 92 ]. In one 
case, however, researchers were able to show an association between lung cancer inci-
dence and increased epigenetic age acceleration prior to diagnosis [ 93 ]. Together,  these   
studies show there are particular diseases or disorders that associate with increased 
biological age, a relationship consistent with the toll diseases take on human health. 

 The  connection   between  accelerated   epigenetic age and poor health is further 
reinforced by work analyzing the association between epigenetic age acceleration 
and all-cause mortality. A longitudinal study found that an epigenetic age more than 
5 years older than one’s chronological age was associated with a 21 % increased 
mortality rate [ 94 ]. The heritability of age acceleration, the degree to which is attrib-
uted to genetic composition, was also assessed in a parent-offspring cohort and 
revealed that approximately 40 % of the variation in age acceleration is due to genetic 
factors [ 94 ]. These results show that although a signifi cant proportion of age-related 
methylation changes may be under a strong genetic infl uence, there is an even larger 
unknown non-genetic contribution to the variation in these events. These fi ndings 
provided one of the fi rst links between  DNA methylation-  predicted age and mortal-
ity, highlighting  the   potential clinical relevance of age-related DNA methylation. 

 More recently,  another   study investigated associations  between   epigenetic age 
and mortality in a cohort of 378 Danish twins, aged 30–82 years old. Upon resam-
pling the 86 oldest twins in a 10-year follow-up, a mean 35 % higher mortality risk 
was associated with each 5-year increase in epigenetic age. Interestingly, through a 
separate intra-pair twin analysis, a 3.2 times greater risk for mortality per 5-year 
epigenetic age difference within twin pairs was observed for the epigenetically 
older twin, after controlling for familial factors [ 95 ].  This   highlights, again, the link 
between mortality and DNA methylation-predicted age,  exemplifying   the capacity 
of DNA methylation to discriminate between biologically younger or older indi-
viduals independent of genetic sequence. 
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 The described relationships,    where the presence of disease is associated with 
acceleration in DNA methylation age, which in turn is associated with mortality, are 
highly suggestive that epigenetic age may be an excellent biomarker of human health. 
Future work will determine whether acceleration in biological ageing is reversible, 
 and   what factors might be involved in modifying the progression of ageing.  

3.5     Concluding Remarks 

 The research highlighted throughout this chapter has only briefl y summarized an 
exceptional amount of work that has contributed to our understanding of the roles 
DNA methylation plays in health and ageing. It is becoming increasingly evident that 
DNA methylation functions as the interface of genetic sequence, environmental expo-
sures, and phenotypic outcomes. Thus, it is tempting to speculate that this critical 
epigenetic mark can be extremely useful to our understanding of health, either through 
functional contributions or as biomarkers of human phenotypes and diseases. 

 Although there is an indisputable association between DNA methylation and 
chronological age throughout the entirety of life, even to the point of developing 
extremely accurate DNA methylation-based age predictors, it is still not clear what 
functional role DNA methylation plays in the ageing process. One possible scenario 
is that epigenetic drift may represent embedding of unique environmental exposures 
across the lifetime, resulting in increased divergence of DNA methylation profi les 
with age. Under this model, sites that correlate linearly with chronological age, such 
as those used for epigenetic clocks, may represent markers of biological ageing and 
give a molecular insight into the ageing process. On the other hand, it is also pos-
sible that age-associated DNA methylation changes do not have a functional com-
ponent. Under this assumption, epigenetic drift may not refl ect environments, but 
random changes with time, and the epigenetic clock may simply represent those 
regions of the genome which are more susceptible to age-related changes across 
individuals [ 96 ]. However, the fi nding that epigenetic age acceleration is correlated 
with mortality and disease suggests a specifi c role for common epigenetic changes 
with age, and further research is needed to clarify its functional relevance. 

 Despite our gaps in understanding the mechanistic function of DNA methylation 
in immunity and ageing, it is apparent that methylation is associated with events and 
exposures that shape an individual’s lifelong health. The further we explore these 
associations, the more it becomes clear that DNA methylation has a signifi cant posi-
tion in the complex process of ageing and age-related diseases.     
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