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Abstract

The multi-tissue DNA methylation estimator of chronological age (DNAm-age) has been 

associated with a wide range of exposures and health outcomes. Still, it is unclear how DNAm-age 

can have such broad relationships and how it can be best utilized as a biomarker. Understanding 

DNAm-age’s molecular relationships is a promising approach to address this critical knowledge 

gap. In this review, we discuss the existing literature regarding DNAm-age’s molecular 

relationships in six major categories: animal model systems, cancer processes, cellular aging 

processes, immune system processes, metabolic processes, and nucleic acid processes. We also 

present perspectives regarding the future of DNAm-age research, including the need to translate a 

greater number of ongoing research efforts to experimental and animal model systems.

Background

Since its introduction in 2013, the multi-tissue 353-CpG DNA methylation-based estimator 

of chronological age (DNAm-age) has gained notoriety as the leading molecular measure of 

human aging. DNAm-age – which is also referred to as “the epigenetic clock” and 

“epigenetic age” – is not the only DNA methylation-based predictor of chronological age 

(1–6), but it is the estimator with the greatest organismal and tissue applicability (Figure 1). 

In contrast to other methylation-based predictors which are based on data from blood cells 

or one tissue type, DNAm-age was developed using data from 82 Illumina DNA methylation 
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array datasets. These datasets were comprised of 7,844 non-cancer human samples from 51 

healthy tissues or cell types. Horvath et al. (2013) began by regressing a transformed version 

chronological age on 21,369 CpGs – shared between the Illumina 27K and 450K 

methylation array platforms – using a penalized regression elastic net model. 353 CpGs were 

selected by the elastic net: 193 were hypermethylated with age and 160 were 

hypomethylated. The weighted average of the regression coefficients from each of the 353 

CpG sites was then used to develop an algorithm to calculate one measure of age prediction, 

DNAm-age. With only a few exceptions (e.g. breast tissue, dermal fibroblasts, heart tissue, 

uterine endometrium, and skeletal muscle), DNAm-age has a prediction performance error 

of ± 3.6 years across cell types. It is still unclear why DNAm-age performs poorly in these 

tissues, but it is believed to be due to some intrinsic property of the tissues themselves (7).

After the release of the seminal DNAm-age paper, researchers began reporting statistically 

and biologically significant associations of DNAm-age with a host of disease states. Many 

of these relationships persisted even after accounting for chronological age, and were 

identified in tissues where DNAm-age was known to have high predictive performance. One 

such study reported that every 10 unit increase in Body Mass Index (BMI) was significantly 

associated with a 3.3 year increase in the hepatocyte DNAm-age of their study subjects (8). 

As time progressed, more evidence suggested that DNAm-age was not simply a predictor of 

chronological age. Rather, DNAm-age was a novel measure of biological age that could be 

indicative of disease risk. One of the most compelling studies that supported this biological 

age theory was a meta-analysis of 13 population-based cohorts amounting to 13,089 

individuals. This study found that increases in blood DNAm-age were predictive of 

mortality even when accounting for chronological age and additional disease states and 

lifestyle risk factors (9). To date, DNAm-age continues to be associated with a growing 

number of health-related outcomes and exposures ranging from Parkinson’s disease and 

human immunodeficiency virus (HIV) infection to cumulative lifetime stress and air 

pollution (Figure 2) (10–26).

Although the exposure and outcome associations have been helpful in beginning to 

understand DNAm-age’s utility as a biomarker, this work has also generated additional 

questions. For instance: [1] how can DNAm-age be related to so many different exposures 

and outcomes; and [2] if these relationships are indeed valid, what basic biological process 

is DNAm-age actually reflecting? To address these questions, researchers will require a 

greater understanding of DNAm-age’s molecular relationships. In this review, we shift from 

DNAm-age’s macro-relationships with diseases and exposures and survey what is known 

about DNAm-age’s molecular relationships. We do this by focusing on experimental 

research and observational studies that emphasize DNAm-age’s molecular biology. Lastly, 

we offer some perspectives about the future of DNAm-age research including the need to 

translate ongoing research efforts to experimental and animal model systems.

Cellular Aging Processes

After DNAm-age demonstrated high accuracy in predicting chronological age and promising 

utility as a measure of biological aging, researchers wondered how it would perform when 

compared to other measures of biological age already being used in research. Telomeres, 
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nucleoprotein structures at the ends eukaryotic chromosomes, help facilitate complete 

chromosomal replication and are one measure of biological age commonly used in 

biomedical research. Telomere attrition is a hallmark of normal cellular aging and has been 

associated with a number of aging-related diseases (27). The first published study to report 

on the relationship of DNAm-age with telomere length examined this relationship in the 

whole blood of 1,820 male and female elderly participants from the German ESTHER study. 

Here, a one unit change in age acceleration – DNAm-age minus chronological age – was not 

significantly associated with telomere length even after adjusting for leukocyte distribution 

and lifestyle factors (βrange = −0.0020 to 0.0024; pminimum =. 0.45) (17). Three later studies 

using the Scottish Lothian birth cohorts (N=1,334), the VA Normative Aging Study 

(N=857), and the New Zealand Dunedin Study (N=964) examined the relationship of 

DNAm-age with telomere length measured in blood cells of elderly and middle-age 

individuals and also reported null findings (12, 28, 29).

A study performed by Chen et al. (2017) used blood cell measurements from participants of 

three cohorts – Framingham Heart Study (FHS; N= 909), Bogalusa Heart Study (BHS; 

N=826), and the Women’s Health Initiative (WHI; N=804) – and used a variation of DNAm-

age: intrinsic age acceleration (IEAA). The IEAA is DNAm-age already adjusted for 

chronological age and blood cell counts using Horvath’s algorithm. Thus, IEAA represents 

biological aging unaffected by variation in blood cell composition and chronological age. In 

this study, IEAA was not significantly correlated with telomere length in the WHI or FHS, 

but was in the BHS (r = 0.08, p = 0.016) (30). Together, the bulk of the existing evidence 

demonstrates little if any relationship of DNAm-age with telomere length. Even in the one 

study where a significant correlation was reported, this was a weak (r = 0.08) relationship 

not adjusted for potentially important confounders like lifestyle factors or diseases.

Experimental evidence also supports a difference between DNAm-age and telomere biology. 

Lowe et al. (2016) used primary human endothelial cells to examine the role of senescence 

in DNAm-age biology (31). Senescence can be generally defined as a state of permanent 

growth arrest where cells are irreversibly unable to divide but do not undergo cell death. 

Telomeres are specifically known to play a role in replicative senescence. With each cell 

division, DNA must be replicated. With each cycle of replication, telomeres gradually 

shorten (32). However, the enzyme telomerase can extend the ends of telomeres. In 

embryonic stem cells and young cells, telomerase is very active and enables these cells to 

continually divide. But, as cells age, telomerase becomes less active and telomeres reach a 

critical length where they are so short that genomic fidelity would be sacrificed if further cell 

replications were allowed. At this point, cellular signals are transmitted to prevent further 

division and cells enter a state of senescence (33). These researchers first cultured 

endothelial cells and passaged them for 5–6 weeks until they began showing signs of 

senescence and could no longer proliferate. They then measured the DNAm-age in these 

cells and found it to be increased. This initial data suggested that telomere length and 

DNAm-age were inversely related because telomere length shortened as the cells were being 

passaged. The researchers next immortalized telomerase in cultured endothelial cells and 

passaged them. After 50 passages, they noted that the cells again had increased DNAm-ages 

but did not show any signs of replicative senescence. This latter experiment uncoupled 

telomere and DNAm-age biology and provides the most compelling evidence that the two 

Nwanaji-Enwerem et al. Page 3

Ageing Res Rev. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



are indeed distinct forms of biological aging. Importantly, this data also suggests that the 

positive relationship between cell passaging and DNAm-age is likely due to some other 

biological process that is independent of telomere length (7, 34). These findings have 

recently been validated in an independent study, which demonstrated that IEAA continues to 

increase with passage number in telomerase reverse transcriptase (hTERT) immortalized 

fibroblasts (35).

Also, relevant to the relationship of DNAm-age with cellular aging are two studies showing 

how the DNAm-age of cells changes when cells are transformed to stem cells or another cell 

type. Horvath et al. (2013) noted that induced pluripotent stem cells, stem cells generated 

from adult cells, have a DNAm-age close to zero (7). Huh et al. (2016) demonstrated that 

adult fibroblasts directly reprogrammed to neurons retain their DNAm-age (36). Hence, 

something about converting adult cells to stem cells via transcription factors resets DNAm-

age biology, but when an adult cell type is directly converted to another adult cell type using 

reprogramming miRNAs, DNAm-age remains intact (36). Understanding this difference will 

inform DNAm-age relationships with molecular aging and cell development.

Nucleic Acid Processes

The central dogma of molecular biology describes the relationships that allow for the 

translation of nucleotide sequences to protein effectors. These processes can be further 

regulated by epigenetic modifications and non-coding RNAs to fine-tune nucleotide 

sequence expression. This fine-tuning, ultimately determines which protein products are 

functional in the cell (37). Given that DNAm-age is derived from epigenetic modifications 

on DNA, it is not farfetched to hypothesize that it may have relationships with other nucleic 

acids or entities involved in nucleic acid processing. Pathway analysis of the genes that co-

locate with the 353 CpG sites that make up DNAm-age revealed enrichment for the 

biological processes of organism tissue development; cellular growth and proliferation; cell 

death and survival; and cancer (7). Moreover, the 190 hypermethylated component CpGs 

were more likely to be in poised promoters and were over-represented near Polycomb-group 

target genes. Polycomb-group target genes are known to play a critical role during 

embryonic development (38). The 160 hypomethylated CpGs were more likely to be in 

weak promoters or strong enhancers and were over-represented in CpG shores (7).

With regard to other nucleic acids, a study based on the peripheral blood mononuclear cells 

of 2,295 participants in the Framingham Heart Study offspring cohort compared DNAm-age 

to predictors of aging that were developed using miRNAs and mRNAs. DNAm-age had 

moderate but significant correlations with both miRNA-age (r = 0.34, p = 1.0e-59) and 

mRNA-age (r = 0.43, p = 6.6e-96) (39). Importantly, these relationships were not corrected 

for chronological age. Thus, the age-independent relationships of DNAm-age with miRNA-

age and mRNA-age still remain unclear. A study in the VA Normative Aging Study cohort 

further established a connection between miRNA genetics and DNAm-age by focusing on a 

panel of normally occurring polymorphisms in genes involved in miRNA processing (40). 

More specifically, this study was focused on understanding a previously reported association 

of long-term fine particle exposure with DNAm-age, and the authors hypothesized that 

miRNA processing gene SNPs may play a role in that relationship. Using fully-adjusted 

Nwanaji-Enwerem et al. Page 4

Ageing Res Rev. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



linear mixed models, this study first identified two SNPs – rs4961280 (AGO2) and rs784567 

(TARBP2) – that had direct associations with DNAm-age. For both SNPs, individuals with 

at least one copy of the minor allele had on average a DNAm-age that was at least 1.13 years 

lower than that of individuals who were homozygous for the major allele. Moreover, the 

rs4961280 (AGO2) SNP significantly modified the association of long-term fine particle 

exposure with DNAm-age. In the effect modification analysis, having at least one copy of 

the major allele reduced the magnitude of the fine particle association with DNAm-age. 

Although, these findings still need to be reproduced in a different and larger cohort, they 

demonstrate early evidence supporting a relationship between DNAm-age and miRNA 

processing biology.

The relationships between DNAm-age and nucleic acids may also be useful for 

understanding what DNAm-age is believed to represent at its molecular core. It is 

hypothesized that DNAm-age reflects the sum total of work being performed by a yet to be 

defined epigenetic maintenance system (EMS). Under the EMS hypothesis, any event or 

exposure that disrupts epigenetic homeostasis would result in more work being done by the 

components of the EMS in an attempt to reestablish homeostasis and would manifest itself 

as a higher DNAm-age. This theory was supported by the fact that DNAm-age only 

increased with time and that the rate of DNAm-age increases was the lowest in times of 

genomic inactivity as seen with perfectly young embryonic stem cells (7). However, the idea 

that lower rates of DNAm-age acceleration are strictly associated with epigenomic inactivity 

of normal EMS components may be a bit misleading. It is equally plausible under the EMS 

hypothesis that a lower than expected DNAm-age could occur with an insult that damages or 

prevents components of the EMS from operating at all. Evidence for this consideration 

comes from cell culture work where endothelial cells were irradiated, experienced DNA 

damage, but did not demonstrate any changes in DNAm-age (31). These authors deduced 

that the DNA damage process was not important for DNAm-aging, but it could also be 

possible that EMS components were unable to perform any work given this type of damage 

(Figure 3). There is a great need for studies to further test these hypotheses and begin 

identifying actual components of the EMS.

It has been hypothesized that DNA methyltransferases (DNMTs), the enzymes that primarily 

methylate DNA, may themselves be EMS components. Yet, this has not been confirmed (7). 

Most of the data that has provided some insight into what the EMS components may 

actually be are findings from genome wide association studies (GWAS). Existing GWAS 

studies of DNAm-age have been principally performed using brain tissues. One study using 

post-mortem brain samples from a supercentenarian and younger subjects (N=212) noted 

that the cerebellum aged slower than other brain regions. In exploring whether differences in 

gene expression could account for this difference in aging, the researchers found that most 

of the transcripts differentially expressed between the cerebellum and other brain regions 

belonged to two superfamilies of helicases (SF1 and SF2). Moreover, when the researchers 

explored what SNPs were associated with DNAm-aging in the cerebellum, the majority of 

these SNPs were located near genes from the same helicase superfamilies (41). A second 

DNAm-age GWAS in post-mortem cerebellar tissue from 555 subjects of European ancestry 

identified five significant SNPs in two loci: 2p22.1 (inside the gene DHX57) and 16p13.3 

(near the gene MLST8) (42). DHX57 is a putative ATP-binding RNA helicase. MLST8 
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encodes a subunit of the MTORC1 and MTORC2 complexes which play a role in regulating 

cell growth and survival in response to nutrient and other microenvironment signals (43). A 

third GWAS study (N=1,163) found 7 SNPS in the 17q11.2 locus that were significantly 

associated with DNAm-age across brain regions. Of these 7, the leading SNP, rs2054847, is 

located in the gene SLC6A4 (44). SLC6A4 is a serotonin re-uptake transporter that removes 

serotonin from the synaptic cleft and the rs2054847 SNP has been associated with risk of 

schizophrenia in Han Chinese people (45). The most recent and largest of the GWAS studies 

(N=9907) was performed in blood cells and identified five gene variants/loci that were 

significantly associated with IEAA: TERT, TRIM59, SCGN, STXBP4, and KIF13A-
NHLRC1. Interestingly, the TERT (telomerase reverse transcriptase) locus identified on the 

GWAS overlapped with a TERT locus known to be associated with telomere length. 

Nonetheless, this TERT locus was still significantly associated with IEAA when a 

subsequent GWAS was performed adjusting for leukocyte telomere length (35). It is also 

important to note that only one of the significant loci – SCGN – identified in all of these 

GWASs co-located with a DNAm-age component CpG. Hence, the majority of these 

associations are indeed novel. Although much remains unknown regarding the specific 

relevance of these loci with DNAm-age biology, they represent some of the top candidates 

for EMS components. Subsequent analyses will be crucial for determining if the EMS 

actually does exist, and if so, its characteristics. Moreover, pairing gene expression studies 

with protein expression studies of DNMTs and other EMS candidates will also be critical in 

truly understanding these relationships.

Immune System Processes

Collecting white blood cells (WBCs) is usually inexpensive and can be done with little 

discomfort or risks to study subjects (46). For these reasons, the majority of the 

observational literature use WBC-derived DNAm-age. Even though DNAm-age is 

approximately the same across most tissue types, there is still some chance that blood cell 

composition could confound any relationship of blood DNAm-age. Hence, many 

observational studies deem it necessary to adjust for blood cell composition in their 

statistical models (18, 47).

Apart from immune system relationships with WBC composition, there has been a great 

deal of evidence suggesting that infectious agents can accelerate DNAm-age. While some 

relationships of DNAm-age and infectious agents like Cytomegalovirus have only been 

described on a macro scale (16), other studies have started to examine relationships of 

DNAm-age with the molecular biology of infection. Gao et al. (2017) examined associations 

of DNAm-age with molecular characteristics related to Helicobacter Pylori (H. pylori) 
infection using blood samples from 1,477 elderly men and women enrolled in the ESTHER 

study between 2000 and 2001. These analyses did adjust for blood cell proportions along 

with age, and revealed that infection with chronic atrophic gastritis virulent H. pylori strains 

was significantly associated with age acceleration (18). Another study comparing blood and 

postmortem brain samples of HIV-1 infected individuals and healthy controls observed 

significant age acceleration (DNAm-age greater than chronological age) of ~7.4 years in 

some brain regions (i.e. occipital cortex and cerebellum), but not in others (i.e. frontal 

cortex) (15). They report no significant difference in age acceleration of cerebrospinal fluid 
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(CSF) samples of cases compared to controls. However, in blood, cases demonstrated age 

acceleration. From regression analysis, it was observed that individuals with a detectable 

viral load (> 35 copies/mL) on average had an age acceleration of 3.6 years when compared 

to individuals without a detectable viral load. It is important to note that none of the blood 

analyses in this study took blood cell composition into account likely because changes in 

WBC composition are a known effect of HIV-1 infection. It is also interesting that blood 

viral load (N = 70) and not CSF viral load (N = 48) was associated with age acceleration. 

These viral load relationships still need to be validated and may be attributable to slightly 

smaller sample size of CSF viral load, but it could again demonstrate that blood DNAm-age 

is particularly sensitive to phenomena that impact blood cells.

Studies have also explored associations of blood DNAm-age with less disease-specific 

immune responses like serum C-reactive protein (CRP) and general cytokine levels. In a 

pilot study of 23 community-dwelling adults in the Canadian Longitudinal Study of Aging, 

serum levels of IFN-γ, TNF, IL-1β, IL-6, IL-8, IL-10, and IL-12p70 were not significantly 

correlated with DNAm-age or age acceleration (48). Of the two studies that have examined 

CRP relationships, one revealed a null relationship with DNAm-age in 23 nursing home 

residents and the second revealed a significant positive correlation with IEAA (r = 0.08, p = 

2e-5) (49, 50). The study examining IEAA relationships was based on 4,173 women from 

the Women’s Health Initiative (WHI). In examining these data, it is likely that the two 

studies of 23 individuals were underpowered to detect statistically significant relationships, 

but the weak correlation reported from the WHI does create some skepticism regarding the 

biological significance of CRP relationships with DNAm-age. Nonetheless, even studies that 

did not explicitly aim to explore immune relationships indicate that this area of research 

should be further explored. In a sample of 779 observations from men in the VA Normative 

Aging Study, associations of DNAm-age were explored with three serum endothelial 

function markers: ICAM, VCAM, and VEGF. After adjusting for blood cell types, 

chronological age, and diseases, DNAm-age was significantly positively associated with 

ICAM and VCAM, but not VEGF. Unlike VEGF which is produced by hypoxic cells, ICAM 

and VCAM are often specifically produced by endothelial cells and are involved with 

endothelial cell interactions with inflammatory cells. Thus, an association with ICAM and 

VCAM but not VEGF suggests that the endothelial relationship with DNAm-age may be 

closely related to immune physiology (47). A longitudinal study of 46 adolescent girls 

examined associations of DNAm-age with cortisol, a stress hormone and known suppressant 

of immune function. Here, cortisol was positively associated with DNAm-age (51). This 

result may suggest that: [1] higher stress is associated with increased DNAm-age or [2] 

greater risk of immune susceptibility is associated with DNAm-age. Each of these 

interpretations make additional assumptions that are not necessarily supported by the data. 

Still, it is known that 85 of the 353 DNAm-age loci are located near glucocorticoid receptor 

elements, and 110 loci demonstrated significant DNA methylation changes following 

exposure to dexamethasone, a glucocorticoid receptor agonist (13). The data as a whole 

suggest that the relationships between general inflammatory mediators and DNAm-age need 

to be better defined and merit further exploration.
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Metabolic Processes

Dietary factors can be considered among the exposures that have been associated with 

DNAm-age. Many of these relationships were uncovered using serum data from 4,173 

women in the WHI and 402 men and women in the European InCHANTI study. Serum 

levels of insulin, glucose, and triglycerides were weakly but significantly positively 

correlated with IEAA (rmax = 0.07; pmin = 8e-5). Total cholesterol was positively correlated 

with IEAA (r = 0.03, p = 0.04), while HDL was negatively correlated with IEAA (r = −0.04, 

p = 0.01) (50). In fully-adjusted linear models, poultry intake was associated with having a 

lower IEAA (β = −3.30, p = 1e-3). This study also reported a positive association of BMI 

with IEAA, which expanded on findings from an earlier study that demonstrated a positive 

association of BMI with DNAm-age in hepatocytes but not in blood (8, 50). This earlier 

study was based on 141 liver samples and 274 blood samples. Both of these sample sizes are 

much smaller than that of the WHI and InCHANTI cohorts; yet, a statistically significant 

relationship was still observed in hepatocytes. This suggests that certain tissues may be more 

sensitive for answering particular DNAm-age questions. However, because DNAm-age is 

largely consistent across tissues, these issues of tissue sensitivity can possibly be overcome 

with an adequately powered study. This may explain why significant metabolic-relevant 

findings are observed in a small but metabolically-sensitive liver study sample, but are only 

observed in blood with a much larger sample size. There is also evidence that the age of 

study subjects may be relevant when attempting to understand the relationships of DNAm-

age and BMI (52).

BMI is not a molecular measure, but we discuss the results in this review because of 

noteworthy findings from interventional studies with molecular implications. In 21 subjects, 

researchers examined if bariatric surgery, which is associated with metabolic changes and 

weight loss, impacted DNAm-age. Although the BMI of the study subjects significantly 

decreased by an average of 14.6 units following surgery, no significant differences in liver 

DNAm-age were observed between pre-surgery and 9 months post-surgery samples. 

Additional studies examining changes in BMI due to exercise also did not report any 

significant DNAm-age associations (8). Further studies will be necessary to determine if the 

rate of DNAm-age acceleration truly can not be altered through lifestyle changes or if 

additional follow-up time is necessary to observe statistically significant changes.

Mitochondria are the primary energy producing organelles in the cell and they have been 

implicated in aging-related diseases (53). Mitochondrial DNA copy number has been 

negatively associated with DNAm-age (β = −3.23, p < 0.0001) and decreases in copy 

number were statistically estimated to mediate 12% of the relationship of one-year ambient 

fine particle exposure with DNAm-age (54). Copy number is viewed as a measure of the 

mitochondria’s ability to buffer stressors (55). These findings suggest that there is a greater 

likelihood of biological aging when buffer capacity is decreased. Associations of copy 

number with DNAm-age have also been explored in the context of bipolar disorder (56). 

However, in this study of 58 subjects including bipolar cases, healthy controls and healthy 

siblings; copy number was not correlated with DNAm-age. It was only when the sample was 

restricted to individuals over the age of 33 that a statistically significant positive correlation 

was observed (r = 0.69, p < 0.001). This relationship is the opposite direction of what we 

Nwanaji-Enwerem et al. Page 8

Ageing Res Rev. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



expect, but it is a correlation in a smaller group of subjects and does not take into account 

important confounders. Still, additional observational and experimental studies will be 

useful to better characterize the relationship of mitochondrial physiology with DNAm-age.

Cancer Processes

Given their ability to continuously proliferate and evade aging-related processes like 

apoptosis and senescence (57), it was unclear if cancer cells would exhibit younger than 

expected DNAm-ages. In analyses of cancer methylation datasets, some cancers had higher 

than expected DNAm-ages while others – like those with TP53 mutations – had DNAm-ages 

that were lower than expected. Cancer cells with high age acceleration also exhibited fewer 

somatic mutations (7). Both the TP53 and somatic mutation findings have implications for 

how we may interpret the EMS hypothesis. As previously mentioned, under the EMS 

hypothesis higher age acceleration is interpreted as greater epigenetic instability and more 

work being performed by the EMS to reestablish homeostasis. The finding that cancers with 

higher age acceleration have fewer somatic mutations supports this hypothesis. 

Theoretically, work was performed by the EMS (higher DNAm-age) and that work helped 

reestablish some degree of homeostasis as made evident by fewer somatic mutations. Also in 

line with the EMS hypothesis, lower age acceleration can be interpreted as greater epigenetic 

stability/inactivity or an inability of the EMS to perform work. The data from TP53 
mutations appears to support the latter of these possibilities, and may indicate that TP53 
expression is highly related to the putative EMS. Other groups have replicated the TP53 
finding and even shown relationships between other cancers and genes associated with 

DNAm-age component CpGs (58, 59). Continued work in this area may help in the 

development of cancer cell type and prognosis biomarkers while providing greater 

mechanistic insight into DNAm-age biology.

One study has also explored DNAm-age relationships in the context of cancer therapeutics. 

The researchers analyzed the DNAm-ages of donor hematopoietic stem cells before and 

following transplantation into a host suffering from de novo acute myeloid leukemia (60). 

Prior to receiving donor cells, chemotherapy or irradiation is given to the hosts to eradicate 

their diseased myeloid cells (61). After transplantations, donor cells reconstitute the host’s 

myeloid system. In this population, DNAm-age was strongly correlated with donor’s 

chronological age before transplantation (r = 0.96, p = 5.4e-8). However, in the first six 

months following transplantation, there was a significant decrease in age acceleration. Two 

years after transplantation, DNAm-age of the transplanted cells was again highly correlated 

with donor age (r = 0.91, p = 8.7e-31). The researchers deduced that donor cells may 

experience a sort of rejuvenation following transplantation. However, after about a year, 

DNAm-age is primarily determined by the age of the donor rather than the age of the 

recipient and to a lesser extent by the presence of graft versus host disease (60). It remains 

unclear if this early rejuvenation is in fact due to transplantation itself or due to factors (e.g. 
granulocyte colony-stimulating factor) that are given around the time of transplantation. 

Nevertheless, this initial data provides evidence to motivate future studies of DNAm-age as a 

biomarker for transplantation outcomes, cancer prognosis, or therapeutic success.
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Animal Models

It is not clear if DNAm-age relationships from observational studies are causative or 

correlative. A key step in making this distinction will be exploring these relationships in 

experimental settings including in vivo animal models. The human DNAm-age metric 

performs accurately in chimpanzees but has diminished performance in gorillas (7). This 

difference implies that biomarker performance may be related to evolutionary distances. To 

date, only one study has attempted to translate the human DNAm-age metric to a more 

evolutionary distant animal model, mice. However, these researchers found that the human 

metric was not fully conserved in mice (62). Still, this limitation does not necessarily mean 

that DNAm-age is useless. Difficulties in cross-species translation are a common issue in 

molecular biology, and just because a metric is not directly translatable does not mean that 

important biology can not be learned by the parts that are translatable. It is possible that a 

non-exact mouse variation of DNAm-age could be capturing the same underlying biology as 

the human metric (7, 62). A number of similar methylation-based aging measures have also 

been developed in mice and other animals including dogs, wolves, and whales (63–66). 

Again, these metrics are not direct translations of the human metric but they could still offer 

some utility for understanding aging biology. Dogs and whales for instance, have lifespans 

that are closer to that of humans than mice. Already research groups are beginning to 

explore the underlying biology of these related age metrics in animals. A different metric but 

similar to DNAm-age has already been used to demonstrate that aging-related interventions 

like caloric restriction can reduce methylation aging in rhesus monkeys (67). There will 

surely need to be cross-talk between animal and human studies, but it appears that the 

underlying biology of methylation age is robust enough for researchers to really dive into 

understanding how these metrics mechanistically perform in these model organisms.

Conclusions

In this review, we have summarized the known molecular relationships of the multi-tissue 

353-CpG DNAm-age metric. Although this summary is derived from a number of studies 

spanning the areas of cellular aging, nucleic acid, immune system, metabolic, and cancer 

biology research; much of this evidence was still acquired from molecular epidemiologic 

studies (Figure 4). As the number of published studies examining DNAm-age continues to 

grow (Figure 5), there is an ever-growing need to perform experimental studies alongside the 

epidemiologic research. This experimental work will help in elucidating DNAm-age’s 

molecular relationships and clarifying if these relationships are correlative or causal.

Understanding the molecular biology of DNAm-age is also relevant for determining how to 

best use DNAm-age as a biomarker in biomedical research, and potentially, clinical 

medicine. A major question is whether DNAm-age can be used as sensitive and specific 

marker of disease, or whether it is simply a measure of a broader biological process with 

disease implications. The bulk of evidence from this present review and the existing 

literature supports the latter. Analogous to how C-reactive protein (CRP) and erythroid 

sedimentation rate (ESR) are non-specific markers of general inflammatory processes, 

DNAm-age may be a non-specific marker of a yet to be defined process. Usually, CRP and 

ESR are not solely utilized to diagnose a specific disease. Rather, they are used in addition to 
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other diagnostic tools/algorithms and are monitored to track treatment effectiveness and 

disease progression/resolution (68–70). Similarly, rates of DNAm-age acceleration could 

one day be monitored to track disease courses and treatment effectiveness. In an effort to 

increase the quality of studies needed to address this gap in DNAm-age molecular biology 

and to help realize the full promise of this biomarker, we offer three major summary points 

with corresponding considerations for future and current researchers:

[A] Cell Types

Summary Point—Although DNAm-age measures display consistency across tissues, 

emerging research still demonstrates important nuances regarding cell type. One of the best 

examples from the reviewed studies is that the blood of HIV infected individuals 

demonstrated significant DNAm-age age acceleration, but their CSF did not.

Important Consideration—It remains important for researchers to scrutinize whether the 

cell type being used in their study is relevant to the research question being asked. 

Furthermore, in instances when mixed tissues like blood are being used, cell composition 

should also be considered. Continuing with the example of HIV infection, changes in blood 

cell composition will likely be an effect of infection. Thus, studies will be faced with the 

task of teasing apart direct and indirect relationships of DNAm-age with the independent 

variable. Molecular epidemiologic and basic science studies can accomplish this by 

reporting results of models unadjusted and adjusted for cell composition. Studies may also 

choose to first sort cells with techniques like flow cytometry and then report results for 

specific cell types.

[B] Study Generalizability and Reproducibility

Summary Point—In this review, we summarize the first studies that have attempted to 

create a DNAm-age measure in animal models including mice, wolves, dogs, and whales. 

We also summarize the results from the few existing DNAm-age experimental studies. 

Conducting rigorous and reproducible studies has been a longstanding issue in other areas of 

molecular research – especially experimental studies – and it will likely be an issue as the 

field of DNAm-age research grows.

Important Consideration—Whether a study reports findings using a particular cell line, 

a specific animal model, or even a particular patient population, it will be critical to first 

consider the generalizability of these findings before attempting to reproduce them. 

Moreover, when possible researchers should make efforts to demonstrate that their findings 

are externally valid. This may involve showing parallel results in two animal models/strains, 

performing some type of epidemiologic replication, or running the experiments in parallel 

using different cell lines. If such analyses that attempt to broaden generalizability can not be 

performed, the researchers should clearly characterize the context of their findings.

[C] DNAm-age Terminology

Summary Point—The studies summarized in this review demonstrate that age 

acceleration, DNAm-age, and IEAA have all been used as outcomes in DNAm-age research. 

Age acceleration is at times defined as the difference between DNAm-age and chronological 
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age (or vice versa) or even as the residuals of regression DNAm-age on chronological age. 

Moreover, in some study designs researchers choose to use DNAm-age and adjust for blood 

cell counts as covariates while researchers in other studies simply use IEAA, which already 

accounts for blood cell proportions.

Important Consideration—In a perfect world, each of these variations of studying 

DNAm-age would result in similar findings; however, to simply believe that they would is a 

major assumption. A future study showing how each of these variations is related in the 

context of one outcome or one biological process could be useful for remedying this issue. 

Establishing more consistent DNAm-age terminology will also be essential for achieving 

better communication and continuity among research studies. In this review, we use DNAm-

age over “epigenetic age” or the “epigenetic clock” because DNA methylation is only one 

epigenetic process. In the future, groups may be able to develop age predictors based on 

histone acetylation or other epigenetic modifications. These future measures could also be 

referred to as a form of “epigenetic age.”

In conclusion, DNAm-age is a novel biomarker that is pertinent to human aging and aging 

related conditions. Just as DNAm-age has been associated with a range of exposures and 

health outcomes, it also appears to be related to a range of molecular processes (e.g. nucleic 

acid, immune system, metabolic, and cancer biology). Establishing a better understanding of 

DNAm-age’s molecular relationships, via experimental and animal studies, will be critical 

for actualizing the maximum utility of this biomarker. DNAm-age may prove to be sensitive 

and specific for a particular disease. It may also prove to simply be a useful measure of a 

more general biological process with disease implications. Developing consistency in 

DNAm-age research communications and methodologies will be important for reaching 

either of these conclusions.
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Highlights

• DNAm-age has been associated with a wide range of exposures and health 

outcomes.

• Yet, it is unclear how DNAm-age can have such broad relationships.

• We highlight DNAm-age molecular relationships in six major areas.

• We offer perspectives for future research, including needed experimental and 

animal model systems.

• Understanding these molecular relationships will be critical for biomarker 

utility.
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Figure 1. DNA methylation based predictors of chronological age
This figure presents seven of the known DNA methylation based predictors of chronological 

age, the number of CpGs used in each measure, and the species where the measure can be 

applied. The figure also presents the sample sizes, tissues, and platforms used to generate 

each measure.
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Figure 2. Exposures and Health Outcomes Associated with DNAm-age
This figure lists the exposures and outcomes that have been reported to have significant 

associations with DNAm-age in the existing literature.
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Figure 3. The Epigenetic Maintenance System Hypothesis
This figure describes the Epigenetic Maintenance System (EMS) hypothesis as it is currently 

understood in the literature. As depicted, a methylation altering insult is hypothesized to 

result in activation of and work performed by the EMS. In any tissue, at baseline, DNAm-

age would accelerate at a particular rate. However, cells experiencing methylation altering 

insults and subsequent EMS work would display higher than expected age acceleration. 

Lower age acceleration can result from epigenetic stability/inactivity or some hindrance of 

the EMS’s ability to perform work. Again, some rate of age acceleration would be expected 

in any tissue. However, EMS deactivation or epigenetic stability/inactivity in a cell would 

not hasten the age acceleration further.
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Figure 4. Categories of DNAm-Age Molecular Relationships
This figure summarizes the six main categories of DNAm-age molecular relationships that 

are discussed in this review.
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Figure 5. Counts of Studies Examining DNAm-Age by Publication Year
This figure depicts the number of published studies examining DNAm-age by year of 

publication.
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