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DNA Methylation: What it is

Cytosine and Adenine can be methylated, but Cytosines’ 
Methylation is much better studied
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DNA Methylation

• https://commonfund.nih.gov/sites/default/files/epigeneticmechanisms.pdf
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Non-CpG in Humans

He et al, Annu Rev Genomics Hum Genet, 2015 
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Embryonic Reprogramming

> Krueger, Bisulfite-Sequencing Theory and Quality Control, Nov 2016
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How deep?

> Science, 2017, Klosin et al, Transgenerational transmission of environmental information in C. 

elegans – 14 generations of memory of high 

temperature
> Persistent epigenetic differences associated with prenatal exposure to famine in humans, Heijmans

et al, 2008, PNAS – “Here we show that individuals who 

were prenatally exposed to famine during the 

Dutch Hunger Winter in 1944–45 had, 6 

decades later, less DNA methylation of the 

imprinted IGF2 gene compared with their 

unexposed, same-sex siblings.”
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X-inactivation

> Xi has high levels of DNA methylation, low levels of 

histone acetylation, low levels of histone H3 lysine-4 

methylation, and high levels of histone H3 lysine-9 

methylation and H3 lysine-27 methylation mark which is 

placed by the PRC2 complex recruited by Xist, all of which 

are associated with gene silencing.
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Genomic Imprinting

Marisa S. Bartolomei, and Anne C. Ferguson-Smith Cold 
Spring Harb Perspect Biol 2011;3:a002592

Fail of imprinting leads to disease – eg Angelman syndrome, etc. 

Gray = hypomethylation, ICR – imprinting control region (cis-acting reg. element) 

8



Methods Overview

> Profiling genome-wide DNA methylation, Yong et al, Epigenetics & Chromatin, 2016
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Cancer and methylation

Mining cancer methylomes: prospects and challenges, Stirzaker et al, 2014
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How to Fight Aging



Food Pyramid



Science?



Overview

> Aging

> Recent Discoveries



Healthy Aging

> 2 factors: Programmed and Damage

> Programmed: eg, Methylation changes, other 
epigenetic changes, telomere shortening

> Damage: eg, DNA point and structural 
mutations due to replication/environment

> Hallmarks of Aging: genomic instability, 
telomere attrition, epigenetic alterations, loss 
of proteostasis, deregulated nutrient sensing, 
mitochondrial dysfunction, cellular 
senescence, stem cell exhaustion, and altered 
intercellular communication. 



Healthy Aging

> Lopez-Otin, Hallmarks of Aging, Cell, 2013



Why methylation?

>Only 20-30% of longevity differences can be 

explained by genetic factors so far

>Many age-related diseases have epigenetic 

origin 

>DNA methylation is one of the best studied 

epigenomic modification

>Methylation arrays are quite cheap and 

allow large cohorts’ recruiting



Which platform?

>WGBS

> RRBS

> Arrays

>Others

>Depends on your goals, desired discovered 

effect and…money!



Which platform?

> You may make wrong coclusions using the 

wrong experimental technique – i.e., only 

13% of aDMRs are associated with 

hypermethylation, but in array studies 

which aimed promoters the conclusions 

were opposite

> You may have too limited sample size if you 

will decide to apply for WGBS



Recent Discoveries

>Global Methylation Changes

>DMRs?

> Epigenetic Clock

> Epigenetic Drift

> Causes

> 5hmc in Aging

> Youth Pills?



What type of Age?

> Neonatal (1 year of life) – Childhood - Adult –
Advanced Age – Centenarian – different stages 

with specific DMRs and pattern changes. The 

scale can be also continuous

> Neonatal methylation can be affected by age of 

parents at some sites (perhaps, because sperm 

DNA methylation is associated with age). 

Neonatal level of methylation is lower than at 

any other time point



What type of Age?

> Variability increases during life time, but the 

levels overall remain stable until 

postadulthood

>Gain in ~1 year of life and loss in older age 

are not symmetrical



Global Changes

> Increasing variability (just as one example: Age-related profiling of DNA 

methylation in CD8+ T cells reveals changes in immune response and transcriptional regulator genes, 

Tserel et al, Nature Reports, 2015), “Triangle” subset is enriched in genes involved in hemostasis

(wound healing) according to g:Profiler Gene Ontology search



Overall Pattern Change

> Zampieri et al, Reconfiguration of DNA methylation in aging, Mechanisms of Aging and Development, 

2015



A-DMRs

>Of course, cell specificity

>Gain of methylation is related with 

Polycomb protein binding sites

>Unmethylated state of CpGIs of genes 

involved in tumor suppression (such as 

CHD1, RASSF1, RUNX3, etc) is often violated 

in aging



PolyComb Repression Story

> Redistribution of H3K27me3 upon DNA hypomethylation
results in de-repression of Polycomb target genes, Reddington
et al, 2013

> 3-methylates H3 on lysine 
27

> PRC2 is required for initial 
targeting of genomic region 
to be silenced, while PRC1 
is required for stabilizing 
this silencing and underlies 
cellular memory of silenced 
region after cellular 
differentiation.

> PRCs are required for 
epigenetic silencing



Epigenetic Clock vs. Drift

>DMRs and 
concordant 
changes -> Clock

>DVRs and 
discordant changes 
-> Drift

> Jones et al, DNA methylation and healthy 
human aging, Aging Cell, 2015



Epigenetic Drift

> Environment factors

> Stochastic factors

>Was studied in cell cultures, model 

organisms and monozygotic twins



Epigenetic Clock

>Horvath (2012), Hannum (2013)

> Interesting fact: it can be Tissue-specific 

and Multi-tissue predictor
> Jones et al, DNA methylation and healthy human aging, Aging Cell, 2015



Epigenetic Clock: Horvath



Epigenetic Clock: Horvath

• DNA Methylation age of human tissues and 

cell types, Horvath, 2013, Genome Biology

• Multi-tissue predictor was developed using 

8000 samples from 82 array-based datasets, 

51 healthy tissues and cell types

• 353 CpG sites were characterized

• 6000 cancer samples of 20 cancer types 

showed significant age acceleration



Epigenetic Clock: Horvath

• Predictive accuracy: 0.96 correlation, error = 

3.6 years in the test data



Epigenetic Clock: Horvath

• Progeria (Werner progeroid syndrome + 

Hutchinson-Gilford progeria) – they looked 

truly old

• These 353 CpG sites are more likely to be 

located in poised promoters (193 positively 

related with age) while 160 negatively related 

are in weak promoters or strong enhancers



Epigenetic Clock: Horvath

mRNA levels: 

• Since DNA methylation is an important epigenetic 
mechanism for regulating gene expression levels, it is 
natural to wonder how age-related DNAm changes 
relate to those observed in gene expression levels. […] I 
find very little overlap. Further, I do not find that age 
effects on DNAm levels affect genes known to be 
differentially expressed between naive CD8 T cells and 
CD8 memory cells. These non-significant results reflect 
the fact that the relationship between DNAm levels 
and expression levels is complex. [surprise]



Epigenetic Clock: Horvath

• Mitotic epigenetic clock is different from 

DNAm age

• DNAm is not a marker of cellular senescence 

(DNAm age can be used on ES or other 

immortal cells)

• Cancer tissues with high age acceleration 

exhibit fewer somatic mutations



Time to death? Marioni et al

> Marioni et al, DNA methylation age of blood predicts all-cause mortality in later life, Genome Biology, 

2015

>Negative difference between chronological 

and predicted age of >5 years is associated 

with 21% higher mortality risk

>Heritability of Dage=0.43



Time to death? Marioni et al

> The difference between DNA methylation 

age and chronological age predicts mortality 

risk over and above a combination of 

smoking, education, childhood IQ, social 

class, APOE genotype, cardiovascular 

disease, high blood pressure, and diabetes.



Time to death? Chen et al

> Aging, 2016, DNA methylation-based measures of biological age: meta-analysis predicting time to 

death, Chen et al.

> 13 cohorts, 13.089 individuals

> Epigenetic age predicts all-cause mortality 

above and beyond chronological age and 

traditional risk factors

> Blood cell counts increase the accuracy of 

prediction hugely 



Time to death? Chen et al

> Aging, 2016, DNA methylation-based measures of biological age: meta-analysis predicting time to 

death, Chen et al.



Time to death?

> Aging, 2016, DNA methylation-based measures of biological age: meta-analysis predicting time to 

death, Chen et al.

> Age Acceleration measures (uncorrelated 

with chronological age)



Causes

>Main fact: this changes are heritable 

through cell division and can be modified by 

external factors
> Silence of the genes — mechanisms of long-term repression, Lande-Diner, Nat Reviews, 2005



Causes

> Eg., smoking (eg. AHRR locus)

> Reduced capability to maintain methylation: 

Increase/decrease of expression of DNMT3a 

and DNMT1 (at least in liver), Changes in 

metabolic substrates and cofactors, such as 

SAMs



5hmc in Aging

> In aged mouse: 5hmC levels increases in 

cerebellum and hippocampus

> That can be prevented by caloric restriction!

> 5hmc increase was observed in 5-LOX gene 

which shows higher expression in aged mice



Youth Pills?



How to make mice younger

> Diverse interventions that extend mouse lifespan suppress shared age-associated epigenetic changes 

at critical gene regulatory regions, Cole et al, Genome Biology, 2017

> Characterization of genetic, dietary and 

drug interventions that can extend life span 

in mice

> Types of interventions: Ames dwarf Prop1 

df/df mutation, calorie restriction and 

rapamycin



Genetic modification

> Diverse interventions that extend mouse lifespan suppress shared age-associated epigenetic changes at 
critical gene regulatory regions, Cole et al, Genome Biology, 2017

> Ames dwarf Prop1 df/df mutation

> Lack of growth hormone and thyroid-
stimulating hormone due to a recessive 
mutation in the Prop 1 gene (Prop1df) in Ames 
dwarf mice results in a phenotype 
characterized by potentiated anti-oxidant 
mechanisms, improved learning and memory, 
and significantly increased longevity in 
homozygous mice.



CR

> Diverse interventions that extend mouse lifespan suppress shared age-associated epigenetic changes 

at critical gene regulatory regions, Cole et al, Genome Biology, 2017

> Calorie restriction – well-known story

> Effects were shown in primates so far



Finally – youth pills

> Diverse interventions that extend mouse lifespan suppress shared age-associated epigenetic changes 

at critical gene regulatory regions, Cole et al, Genome Biology, 2017

> Rapamycin showed to extend lifespan in 

2006 by Powers et al (yeasts)

> 2009 – mice lifespan was increased 

between 28 and 38% from the beginning of 

treatment (9 to 14%)

> “Immunological” rejuvenation



Youth Pills?

> Diverse interventions that extend mouse lifespan suppress shared age-associated epigenetic changes at critical gene regulatory regions, Cole 
et al, Genome Biology, 2017

> Because rapamycin at high doses can suppress the immune 
system, people taking rapamycin for transplant or cancer 
therapy are warned of potentially greater susceptibility to 
dangerous infections.

> Yet paradoxically, rapamycin was shown to enhance the ability of 
aging mice to mount an immune response to a vaccine against 
tuberculosis.

> A similar immunological "rejuvenating" effect was later 
documented in elderly humans

> It is not known whether rapamycin will have similar lifespan-
lengthening effects in humans, and the authors of one study 
caution that the drug should not be used by the general 
population for this purpose.



Dwarf Mice

> Diverse interventions that extend mouse lifespan suppress shared age-associated epigenetic changes 

at critical gene regulatory regions, Cole et al, Genome Biology, 2017

>Dwarf Deficient Mice



CR & Pills

> Diverse interventions that extend mouse lifespan suppress shared age-associated epigenetic changes 

at critical gene regulatory regions, Cole et al, Genome Biology, 2017

> CR and rapamycin, h) – hypo aDMR

enhancers (n=1867), i) – hyper aDMRs

bivalent regions (n=536)



Conclusions

Diverse interventions that extend mouse lifespan suppress shared age-associated epigenetic changes at critical gene 
regulatory regions, Cole et al, Genome Biology, 2017

Key Points:

> The epigenomes of WT and Ames Dwarf Mice 
diverge with age

> The Ames dwarf epigenome appears more stable 
and buffered against age-associated 
hypomethylation

> Ames dwarf mice are resistant to cancer-like 
methylation changes during aging

> Age-associated DNA methylation changes are also 
suppressed by calorie restriction and rapamycin



Conclusions

Diverse interventions that extend mouse lifespan suppress shared age-associated epigenetic changes at 

critical gene regulatory regions, Cole et al, Genome Biology, 2017

>Despite the moderate strength of relation of 

DNA methylation and expression, the 

mechanism of DNAm can be in functional 

integrity

> The epigenetic effects of CR and rapamycin

were not identical

> Rapamycin have serious side effects :-/ 



Cell Counts in PBC

> DNA methylation-based measures of biological age: meta-analysis predicting time to death, Chen et 

al, Aging, 2016, also worth to mention Jaffe and Irizarry, 2014



Cell Counts in PBC

> Horvath, Manual to Online Age Calculator



Analysis in Humans

> Strict Cohort Recruitment Standards

> Environment Influence, Gender-related and 

Origin-related differences



Analysis in Humans

> At this stage the longitudinal studies have 

advantage

>Genetic variation influence



.QUESTIONS?
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