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Abstract

Accelerated DNA methylation age is linked to all-cause mortality and environmental factors,
but studies of associations with socioeconomic position are limited. Studies generally use
small selected samples, and it is unclear how findings with two commonly used methylation
age calculations (Horvath and Hannum) translate to general population samples including
younger and older adults. In 1099 UK adults aged 28-98y in 2011-12, we assessed the
relationship of Horvath and Hannum DNA methylation age acceleration with a range of
social position measures: current income and employment, education, income and
unemployment across a 12-year period, and childhood social class. Accounting for
confounders, participants less advantaged in childhood were-epigenetically ‘older’ as adults:
compared to participants with professional/manageriakparents, Hannum age was 1.07 years
higher (95% confidence interval (Cl):0.20-1.94) for those with parents in semi-
skilled/unskilled occupations, and 185 vyears higher (95%Cl:0.67-3.02) for participants
without a working parent at aget14¥No other robust associations were seen. Results accord
with research implicating early,life circumstances as critical for DNA methylation age in
adulthood. Since méthylation age acceleration as measured by the Horvath and Hannum
estimators appears strongly linked to chronological age, research examining associations

with the’secial,environment must take steps to avoid age-related confounding.
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Epigenetics is the study of chemical modifications to DNA, and the histone proteins bound
to it, which play an important regulatory role in gene expression without changing the
heritable DNA sequence. The most widely studied epigenetic modification in relation to
human health and disease is DNA methylation. In recent years a number of mathematical
models predicting age from DNA methylation profiles, or ‘epigenetic clocks’” have been
developed including those by Horvath(1) and Hannum(2). Utilizing age-related ehanges in
DNA methylation which occur through the lifespan, these allow calculatioh.ef, @ person’s
DNA methylation age (DNAm age) based on methylation at a small numbeér.of selected sites
(<0.1% of sites available from microarrays used to profile DNA methylation, <0.001% of CpG
sites in the human genome(3)). DNAm can therefore be considered a measure of ‘biological

age’ (2).

Although DNAm age and chronological age are highly correlated, the relationship varies
between individuals, such that some geople are in DNA methylation terms ‘older’ than their
chronological age would predict, and others ‘younger’. This variation is often described in
terms of Aage or ‘delta age’, the difference in years between a person’s DNAm age and
chronological age. Individuals with unexpectedly high DNAmM age are said to show DNA
methylation ‘age dcceleration’ (although, since Aage describes a difference rather than rate
of changeja more appropriate term might be elevation). Inter-personal variation in Aage is
associated with functioning among elderly people - walk speed, lung function and
cognition(4) - and all-cause mortality(5, 6). Individuals with higher Horvath or Hannum
DNAm age are at increased risk of age-related mortality, and individuals with younger
methylation profiles at lower risk. Strikingly, this applies even within pairs of twins(7).

Meanwhile, DNAmM age acceleration has been linked with environment factors including
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economic hardship(8), lifetime stress(9), dietary factors(10), pollution(11) and
education(12). This suggests DNAm age acceleration may reflect processes contributing to
social differences in morbidity and mortality, opening up new pathways of inquiry in health
inequalities research. A mediating role of stress(13) is plausible given existing research on

socioeconomic disadvantage, stress and adverse ageing profiles(14).

Another area of ongoing research concerns the applicability of the clocks tao population
samples with a different age range to that on which the clocks were calibrated. The Horvath
clock, based on 8,000 samples encompassing different tissues fromeparticipants aged 0-100
of different ethnicities(1) and the Hannum clock, calculated(from blood of 666 White or
Hispanic American adults(2), obtain linear relationships between chronological age and
DNAm age in their samples. However, it is unclearshow well this relationship holds in
populations with different age distributionsxA'recent analysis by Zhang(15), using a German
sample aged 50-75y, suggests DNAm age calculated using the clocks may predict
chronological age less well at oldervages. If the relationship of chronological and DNAm age
is not constant during, adulthood, this must be considered in analysis of possible

‘accelerators’ whichdare age-patterned, to avoid age-related confounding.

To investigate . possible contribution of DNAm age acceleration to socioeconomic
inequalitiesyin health, we examine the relationship of DNAm age with a range of
socieeconomic measures in 1099 UK men and women aged 28-98. We investigate Horvath
age and Hannum age, the most widely used measures of DNAm age, in parallel. Since
socioeconomic position has multiple dimensions whose associations with health may
differ(16), and previous epigenetic studies suggest accumulation processes may exert

particular effects(9), we consider contemporaneous factors (current employment status and
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income) cumulative measures (income and total unemployment over 12 years) and factors
from earlier in life (educational qualifications, parental social class at age 14). We also
investigate whether the relationship between DNAm age and chronological age changes

across the adult lifespan.
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METHODS

Participants

The British Household Panel Survey began in 1991, and in 2010 was incorporated into the
larger UK Household Longitudinal Study(17). Since 1991 annual interviews have collectéd
sociodemographic information, and in 2011-12, blood samples for BHPS participants wepe
collected at a nurse visit in the participant’s home. Respondents were eligible to’ give a
blood sample if they were aged 16+, were not pregnant, and met other‘conditions detailed
in the user guide (18). Methylation was profiled in DNA extracted-from whole blood for
1193 individuals eligible for and consented to blood sampling and genetic analysis, who
participated at all annual interviews between 1999-and 2011, and whose time between
blood sample collection and processing did not‘exceed 3 days. Eligibility requirements for
genetic analyses meant the epigenetic Sample” was restricted to participants of white
ethnicity. 18 individuals were excluded following laboratory quality control checks. The
current analysis excluded 76 participants for whom inverse-probability weights could not be
calculated, and outliers whose)Aage exceeded 3sd from the mean (n=6 for Horvath analyses,
n=5 for Hannum analyses). Pairwise deletion for missing data resulted in a minimum sample

size of 932 for a'summary measure of net household income over the 12-year period.

Measures

DNA Methylation

500ng of whole blood DNA from 1193 individuals were treated with sodium bisulfite using
the EZ96 DNA methylation kit (Zymo Research, CA, USA) following manufacturer's standard

protocol. DNA methylation was assessed using Illlumina Infinium HumanMethylationEPIC
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BeadChips (lllumina Inc, CA, USA)(19). DNA methylation levels were quantified on an
Illumina HiScan System. Raw signal intensities were parsed into R and converted into beta

values using the Bioconductor Bigmelon package(20).

Outliers were identified and removed using ‘wateRmelon::outlyx’, low quality samples
(<85% bisulfite conversion) identified and removed using ‘wateRmelon::bscon’, and data
normalized using “wateRmelon::dasen’. Difference between normalized and raw data)were
estimated using ‘'wateRmelon::qual’. Observations with a root mean square_difference and
standard deviation of difference >0.05 were removed. After removal of outlying/poor
guality observations, data were subjected to "wateRmelon::pfilter] and re-normalised using

‘wateRmelon::dasen” leaving 857071 probes and 1175 individuals for analysis.

DNAm age was calculated through linear funttions ‘using wateRmelon::agep, supplying

different sets of coefficients for Horvath or"Hannum calculations following:

AgeSample = mprobe 1Bprobe1 + mprobe ZBprobe gt ...t mprobe anrobe ntC

Where m is the coefficient of-\the-specified probe, B is the measurement of DNA methylation
for a specified probe and given individual and c is the intercept defined by the author's
model. As both clocks were designed for an earlier micro-array design, missing probes (17

for Horvath, 6:for Hannum, listed in Web Table 1) were not included in calculations.

Horvath and Hannum Aage were calculated as the difference between DNAm and

chronological age, and included in linear regression models as the dependent variable.

Socioeconomic measures
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Measures of current socioeconomic position were based on participants’ self-report data
from the annual interview preceding the 2011 nurse visit, while lifetime measures used
information given during the previous 12 years. For current income, quartiles of equivalized
net household income in 2011 were calculated separately within 5-year age bands, given
substantial age-band differences in household income (two-sided P<0.01), which increased
to age 60 before decreasing sharply around retirement age. Equivalently, a~summary
income measure over the 12-year period considered years spent in the lowest™age-band
specific quartile (categorized as 0, 1-2, 3-6, or 7+ for roughly edqual“groups). Current
employment status was categorized as employed/self-
employed/unemployed/retired/looking after home “or«. family/long-term sick or
disabled/other; unlike for other measures, this analysis)was restricted to participants of
working age (£65y). Reports of current and formeriemployment and non-employment spells
from each annual wave were used.te, construct 12-year activity histories for each
participant, from which aggregated~unémployment in months was calculated; this was
categorized as none, <12 months, and >12 months. Highest educational qualification was
categorized as university degree/qualifications below degree/no qualifications. Following
Fiorito(12), this was.standardized within groups of gender and five-year age band to account
for generational“differences in education; this results in a continuous score between 0 and
1, with higher scores indicating less education relative to others within the same age band
and gender. Childhood social class was based on parents’ Registrar General’s Social
Classification ~when participants were 14 years old, and categorized as
professional/managerial occupations, skilled non-manual occupations, skilled manual

occupations, or semi-skilled/unskilled occupations. The social class of the father was used
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except where this was not available, when the mother’s was used instead. Where neither

parent was in work, or both were deceased, participants were assigned to a separate group.

Covariates

All analyses included as covariates sex, chronological age and age’, to capture possible nof-
linearity in age-related confounding, and smoking and adiposity. All analyses were.adjusted
for batch and blood cell composition estimates, calculated using the Houseman, Reference

based algorithm implemented in the estimateCellCounts function packaged inyminfi(21, 22).

Smoking was categorized as never/ex-/current, <10 per‘“day/current, 11-20 per
day/current,>10 per day. Adiposity was indexed using WH@.\classifications of body mass
index: underweight (<18.5kg/m?), recommended weight (18.5-24.9), overweight (25.0-29.9),
class | obese (30.0-34.9) and class Il obese((30.0-34.9). Due to substantial missingness,
alcohol consumption in the past weeky, and psychological distress were examined in
sensitivity analyses only. These €onsidered drinking frequency (most days/3-4 days/1-2
days/not in the past week).and drinking heaviness (not in the past week/under the
recommended limit/1-2x*the recommended limit/>2x the recommended limit).
Psychological distress was assessed at the interview preceding the nurse visit using the 12-

item General Health Questionnaire, scored continuously from 0-36.

Analyses-were conducted in STATAv15 (Stata Corporation, College Station, Texas). Analyses
used inverse-probability weights to account for both unequal initial sampling probabilities
and differential attrition and nonresponse (Web Appendix), accounting for survey design

effects using the svyset command.
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RESULTS

Description of the sample

The analytic sample included for DNA methylation analysis were indirectly selected on age,
since DNA methylation was only profiled for individuals who had participated as adult (16%)
survey respondents annually since 1999. Compared to White/European BHPS participants
who took part in the nurse assessment and were in the eligible age range (28+y) but were
not in the analytic sample, participants included in analyses did not differ significantly (at
p<0.05) on sex, mean body mass index, aggregated unemployment or.childhood social class.
They were however older (58.4 vs 53.9), less educated (28.8% vs 30.8% with a degree,
17.6% vs 14.4% with no qualifications) and with lowersequivalized net household income
(£1599.2 vs £1978.6 per month). They were less likely to be employed (41.0% vs 50.8%),
more likely to be retired (40.8 vs 29.4%);“and less likely to be current smokers (15.7% vs
20.2%), all at p<0.05. Childhood~soetial/ class predicted adult socioeconomic position

measures (Web Table 2).
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Correlation of chronological and DNA methylation age across the adult lifespan

Across the sample, chronological age correlated highly with Horvath DNA methylation age
(r=0.90) and Hannum DNA methylation age (r=0.94). Horvath and Hannum DNA methylation
were also highly correlated (r=0.92). However, scatterplots of DNA methylation with
chronological age (Figure 1 and Figure 2) showed that the relationship of DNA methylation
age and chronological age differed substantially by chronological age. Using the ‘Horvath
clock, the youngest participants were substantially older in terms of DNA methylation than
chronologically, whereas for the older participants the reverse was true. Using the Hannum
clock, DNA methylation and chronological age correlated well for,younger participants but
older participants were substantially younger in _BNA Ymethylation terms than
chronologically. In weighted regression models adjusted for sex, batch and blood cell
composition, coefficients of Aage against chronological age were negative and significant for
both clocks, and did not differ by sex_(Horvath: -0.39, (95% confidence interval(95%Cl):-
0.42,-0.36) (all participants), -0.39(95%Cl:-0.41,-0.36) (men), -0.39(95%Cl:-0.42,-0.37)
(women); Hannum: -0.38(95%CI:=0.40,-0.36) (all participants), -0.37 (95%Cl:-0.39,-0.35)
(men), -0.38 (95%Cl:-0.40,-0.36) (women)). Addition of quadratic age terms did not indicate
substantial non-lingarity (age2 coeff=-.0007, two-sided P=0.39; coeff=-.0003, two-sided

P=0.67 forHorvath and Hannum, respectively).
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Association of DNA methylation age acceleration with socioeconomic factors

Horvath DNA methylation age

Using the Horvath clock (Table 2), in adjusted models no significant associations were seen
between Aage and current income, income over the 12-year period, educational
gualifications, or aggregated unemployment. Participants not working .due to
sickness/disability were 1.89y ‘older’ (95%Cl:0.40,3.37) than employed countegparts, with
no other employment status differences observed. Only childhood socialclass showed clear
elevations for less advantaged groups (Table 2). Compared“to participants with
professional/managerial parents, Aage for participants with parents in skilled non-manual
occupations was 1.42y higher (95%Cl:0.24,2.59), and for'participants with no parent in work
or both deceased at 14y, 2.40y higher (95%Cl:0%60,4.19). Treating childhood social class as
continuous showed a significant increasing,Aage across groups (per-category Aage change
0.33y (95%Cl:0.06-0.59). Addition of alcohol measures or psychological distress reduced

sample sizes and hence precision, but'did not affect conclusions (Table 3).

Hannum DNA methylation agé

Using the Hanfum clock (Table 2), no differences were seen for employment status, current
income, ‘income over the 12-year period, or aggregated unemployment. In contrast, there
was_awsignificant association of lower education and higher Hannum age (Aage 0.98y,
95%Cl:0.03,1.93), comparing the least to the most educated individuals within age-and-
gender bands, and clear stepwise associations were seen with childhood social class.
Compared to participants with professional/managerial parents, Aage for participants with

parents in skilled manual occupations was 0.68y higher (95%Cl:0.11,1.25), for participants

12
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with parents in semi-skilled/unskilled occupations 1.07y higher (95%Cl:0.20,1.94), and for
participants with no parent in work or both deceased at 14y, 1.85y higher (95%ClI:
0.67,3.02). Including childhood social class as continuous confirmed a significant association
of increasing Aage across groups (per-category Aage change 0.39y, (95%Cl:0.17-0.61)). For
childhood social class, addition of alcohol measures or psychological distress reduced
sample sizes and hence precision, but did not affect conclusions (Table 3). For education,
associations were partially explained by psychological distress (adjusted Aage. 0728y, 95%Cl:-
0.15,1.70), and fully explained by childhood social class (adjusted“Aage.0.56y, 95%Cl:-
0.15,1.70). In contrast, adjustment for education barely affected associations for childhood

social class (Table 3).

Results for Horvath and Hannum age were very similar‘unadjusted for smoking and body
mass index (Web Table 3). Additional adjustment for processing time of blood samples (1

day/2 days/3 days) did not affect results for either clock.

13
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DISCUSSION

In 1099 men and women aged 28-98, we assessed associations of a range of socioeconomic
position measures with DNAm age acceleration, to investigate possible contribution of
DNAm age acceleration to socioeconomic inequalities in health. We show that Aage is
primarily associated with socioeconomic position in childhood, rather than later inVife.
Documenting a negative relationship of Aage and chronological age, we( showthat
associations of Aage with the social environment may be vulnerable to substantial age-

related confounding.

Correlation of chronological and DNA methylation age across the adult lifespan

Chronological age correlated highly with DNA methylation age derived using both Horvath
and Hannum estimators. However, we found Aageste be robustly and negatively correlated
with chronological age. Using the Horyath, and Hannum estimators, older individuals were
almost exclusively ‘young’ for their age, and using the Horvath clock younger individuals
were almost exclusively ‘old” for their age. Precisely because DNA methylation age predicts
mortality, the typically low~Aage of older individuals may partly result from survival bias.
However, it is unclear how survival bias can explain the unexpectedly positive Horvath Aage
among younger participants. Since participants for whom methylation was profiled needed
to meet”a range of criteria, including consent to genetic analysis and participation in 12
anhnual surveys, an influence of other forms of bias was possible. However, these patterns
persisted after applying inverse-probability weights for nonresponse. This suggests
relationships of chronological age and methylation at sites included in the clocks may differ
between populations, which has important implications for research using the clocks to

investigate exposures or outcomes which are age-patterned. Researchers do not always

14
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adjust for chronological age when Aage is the outcome(23), but we find this can produce
spurious associations of Aage with factors which are age-correlated. Since unemployment is
disproportionately experienced by people early in their working lives, striking Aage
elevations occur with aggregated unemployment: with Horvath, 3.16y (95%Cl: 1.81-4.52) for
<12 months and 3.66y (95%Cl: 1.68-5.64) for 212 months; with Hannum, 3.30y, (95%Cl:2.1%-
4.50) for <12 months and 2.82y, (95%Cl:1.42-4.21) for 212 months. These -elevations

disappear completely adjusting for chronological age.

Association of DNA methylation age acceleration with socioeconomic.factors

In general, we observed accelerated epigenetic ageing in relation)to social disadvantage in
childhood. Compared to participants with professional/managerial parents, a clear pattern
was seen of increasing Hannum Aage for less advantaged groups; we also saw elevations in
Horvath Aage for some less-advantaged“groups. Since smoking and adiposity may be
mediators or confounders of these associations, results from health behavior-adjusted
models may be regarded as conservative. In any case, these differences were not explained
by smoking, adiposity or alcohol consumption, suggesting mechanisms independent of
health behaviors_are‘involved. That associations of Hannum Aage and low education were
explained by childhood social class, but not vice versa, supports early life as a critical period
for establishment of DNA methylation age trajectories. Since there is some evidence that
methylation sites in the Hannum clock may be more subject to stress-related processes(24),
clearer patterns with the Hannum clock may implicate stress as a key factor in the social
differences observed, or reflect use of a DNAmM age measure designed for whole blood, the
same tissue used in this analysis. That psychological distress did not explain associations

may indicate that processes are largely independent of perceived distress, or reflect

15
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limitations of subjective psychological wellbeing measures in the study of socioeconomic

inequalities.

Associations with childhood social class accord with results from the 1958 British Birth
Cohort(25), and research suggesting that childhood may critical for establishment of DNA
methylation age trajectories(26), and other aspects of DNA methylation(27). Since we were
unable to examine particular aspects of the childhood environment which may plausibly
impact DNA methylation ageing — such as diet, housing quality or psychosocial stress —
further research will be required to identify which factors in childheod.are most relevant to
DNA methylation ageing. It is also possible that childhood disadvantage is acting as a proxy
for in utero conditions. Of note, since participants who at 14y had parents in professional
occupations were younger (mean 55.4y) than™ these whose parents were in semi-
skilled/unskilled occupations (mean 63.3y),<orwithout a parent in work (mean 58.8), any
residual confounding by age itself isdikely'to have led to underestimation of associations

with childhood social class. Thus;.ouf estimates may be regarded as conservative.

Although childhood social class predicted adult socioeconomic position measures (Web
Table 2), we saw nozassociation with either current equivalized income, or equivalized
income over a 12-year period. This contrasts with results from a study of African-American
women(8) but accords with a study of older Italians(10). Since our income measures were
based on detailed, annually-reported information, discrepancies are unlikely to result from
the quality of the income data. To investigate contribution of sample gender composition,
income analyses were repeated with a gender interaction term, but found no evidence of
female-specific associations. It is possible that greater economic hardship experienced by

participants of American samples (8) played a role. Our sample contained only white
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participants, but associations may differ by ethnicity; they may also differ between
countries with different welfare provision. Results for education and Horvath Aage are
consistent with two recent analyses reporting no robust associations (6, 28). Results for
education and Hannum Aage are consistent with previously reported associations (6, 12, 28)
but suggest they may be partly explained by education acting as a proxy for unmeasured

conditions earlier in life.

Strengths and limitations

This study has several considerable strengths: based on a national study, it comprises a large
sample size, with representation from almost the entire adult,range. We applied inverse-
probability weights to models, thus minimizing the™impact of nonresponse bias, and
annually-repeated data collection minimized the" impact of recall error on summary
measures of income and unemployment aeross 12 years. We were able to consider diverse
dimensions of socioeconomic positioh, finding that associations with education were
explained by childhood social class."However, we could not examine conditions in early
childhood or in utero, where effects on DNAm age trajectories are plausibly stronger than at
14y. The fairly crude measure of mental health available may not have adequately captured
contribution of\psychological processes to DNA methylation age acceleration, and the
samplé wasyrestricted to white individuals, meaning results may not be generalizable to
other_ethnic groups. As with previous studies, the prediction of mortality by DNA
methylation age acceleration means survival bias may have produced underestimates of the

impact of social exposures in older age groups.
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Conclusion

In a large British sample aged 28-98, DNA methylation age measured by the Horvath and
Hannum clocks was associated with childhood social class, but not measures of social
position later in life, consistent with a lasting influence of early life conditions on DNA
methylation age trajectories. Across the adult age range, population mean values of DNA
methylation age ‘acceleration’ varied substantially with chronological age. Studies
examining associations with exposures and outcomes which themselves are age patterned

should take this into account to avoid age-related confounding.

18

Downl oaded from https://acadeni c. oup. coni aj e/ advance-articl e-abstract/doi/10. 1093/ aj e/ kwy155/ 5060528
by University of Essex user

on 10 August 2018



Acknowledgements
Author Affiliations

Institute for Social and Economic Research, University of Essex, Colchester, UK (Amanda
Hughes, Melissa Smart, Yanchun Bao, Meena Kumari), Department of Biological Sciences,
University of Essex, Colchester, UK (Tyler Gorrie-Stone, Leo Schalkwyk), Complex Disease
Epigenetics Group, University of Exeter, Exeter, UK (Eilis Hannon, Jonathan Mill, Joe
Burrage)

Financial support

Measurement of DNA methylation in Understanding Society was funded through.an
enhancement to Economic and Social Research council (ESRC) grant ES/N0O0812X/1. AH, MS,
YB are supported by the ESRC (ES/M008592/1). MK is supported by the Univetsity of Essex
and ESRC (RES-596-28-0001). EH, JM, and LS time on this project was'supported by Medical
Research Council grant KO13807. Analysis was facilitated by access/tothe Genome high
performance computing cluster at the University of Essex Schoohof Biological Sciences.

The authors declare no conflict of interest.

19

Downl oaded from https://acadeni c. oup. coni aj e/ advance-articl e-abstract/doi/10. 1093/ aj e/ kwy155/ 5060528
by University of Essex user
on 10 August 2018



References

10.

11.

12.

13.

14.

15.

16¢

1/.

18.

19.

Horvath S. DNA methylation age of human tissues and cell types. Genome Biology
2013;14(10):3156.

Hannum G, Guinney J, Zhao L, et al. Genome-wide Methylation Profiles Reveal Quantitative
Views of Human Aging Rates. Molecular cell 2013;49(2):359-67.

Bird A. DNA methylation patterns and epigenetic memory. Genes & Development
2002;16(1):6-21.

Marioni RE, Shah S, McRae AF, et al. The epigenetic clock is correlated with physical and
cognitive fitness in the Lothian Birth Cohort 1936. International Journal of Epidemiology:
2015;44(4):1388-96.

Marioni RE, Shah S, McRae AF, et al. DNA methylation age of blood predicts all-cause
mortality in later life. Genome Biology 2015;16(1):25.

Dugué P-A, Bassett JK, Joo JE, et al. Association of DNA Methylation-Based Biological'Age
With Health Risk Factors and Overall and Cause-Specific Mortality. American Journal of
Epidemiology 2018;187(3):529-38.

Christiansen L, Lenart A, Tan Q, et al. DNA methylation age is associated with mortality in a
longitudinal Danish twin study. Aging Cell 2016;15.

Simons RL, Lei MK, Beach SRH, et al. Economic Hardship and Biologieal Weathering: The
Epigenetics of Aging in a U.S. Sample of Black Women. Social'scienice & medicine (1982)
2016;150:192-200.

Zannas AS, Arloth J, Carrillo-Roa T, et al. Lifetime stress accelerates epigenetic aging in an
urban, African American cohort: relevance of glu€acorticoid signaling. Genome Biology
2015;16:266.

Quach A, Levine ME, Tanaka T, et al. Epigeneticclock analysis of diet, exercise, education,
and lifestyle factors. Aging (Albany NY)2017;9(2):419-37.

Nwanaji-Enwerem JC, Dai L, Colicino.E, et,al. Associations between long-term exposure to
PM2.5 component species and bleod DNA methylation age in the elderly: The VA normative
aging study. Environment International 2017;102:57-65.

Fiorito G, Polidoro S, Dugué P-A; etal. Social adversity and epigenetic aging: a multi-cohort
study on socioeconomic_ differences in peripheral blood DNA methylation. Scientific Reports
2017;7:16266.

Gassen NC, Chrousos GP,)Binder EB, et al. Life stress, glucocorticoid signaling, and the aging
epigenome: Implications for aging-related diseases. Neuroscience & Biobehavioral Reviews
2017;74:356-65.

Seeman T, Epel E; Gruenewald T, et al. Socio-economic differentials in peripheral biology:
Cumulative allostatic load. In: Adler NE, Stewart J, eds. Biology of Disadvantage:
Socieeconomic Status and Health, 2010:223-39.

Zhang YyHapala J, Brenner H, et al. Individual CpG sites that are associated with age and life
expectancy become hypomethylated upon aging. Clinical Epigenetics 2017;9(1):9.
Galobardes B, Shaw M, Lawlor DA, et al. Indicators of socioeconomic position (part 1).
Journal of Epidemiology and Community Health 2006;60(1):7-12.

Knies G. Understanding Society—UK Household Longitudinal Study: Wave 1-5, User Manual.
Colchester, UK: University of Essex, 2015.

Benzeval M., Davillas A, Kumari M, et al. Understanding Society: The UK Household
Longitudinal Study Biomarker User Guide and Glossary. Institute for Social and Economic
Research, University of Essex, 2014.URL:
https://www.understandingsociety.ac.uk/research/themes/biomarkers-genetics-and-
epigenetics. Access date: 01/12/2017

Moran S, Arribas C, Esteller M. Validation of a DNA methylation microarray for 850,000 CpG
sites of the human genome enriched in enhancer sequences. Epigenomics 2016;8(3):389-99.

20

Downl oaded from https://acadeni c. oup. coni aj e/ advance-articl e-abstract/doi/10. 1093/ aj e/ kwy155/ 5060528

by University of Essex user

on 10 August 2018



20.

21.

22.

23.

24.

25.

26.

27.

28.

Gorrie-Stone TJ, Saffari A, Malki K, et al. Bigmelon: Illumina methylation array analysis for
large experiments. R package version 1.4.0. 2017. URL:
https://bioconductor.org/packages/release/bioc/html/bigmelon.html. Access date:
01/12/2017

Houseman EA, Accomando WP, Koestler DC, et al. DNA methylation arrays as surrogate
measures of cell mixture distribution. BMC Bioinformatics 2012;13(1):86.

Aryee MJ, Jaffe AE, Corrada-Bravo H, et al. Minfi: A flexible and comprehensive Bioconductor
package for the analysis of Infinium DNA Methylation microarrays. Bioinformatics 2014;30.
Nevalainen T, Kananen L, Marttila S, et al. Obesity accelerates epigenetic aging in middle-
aged but not in elderly individuals. Clinical Epigenetics 2017;9:20.

Wolf EJ, Logue MW, Hayes JP, et al. Accelerated DNA methylation age: Associations with
PTSD and neural integrity. Psychoneuroendocrinology 2016;63:155-62.

Suderman M, Pappas JJ, Borghol N, et al. Lymphoblastoid cell lines reveal associations of
adult DNA methylation with childhood and current adversity that are distinct fromrwhole
blood associations. International Journal of Epidemiology 2015;44(4):1331-40.

Kananen L, Marttila S, Nevalainen T, et al. The trajectory of the bloodDNA methylome
ageing rate is largely set before adulthood: evidence from two longitudinal studies. AGE
2016;38(3):65.

Huang JY, Gavin AR, Richardson TS, et al. Accounting for Life-CoursesExposures in Epigenetic
Biomarker Association Studies: Early Life Socioeconomic PositionyCandidate Gene DNA
Methylation, and Adult Cardiometabolic Risk. American Journal of Epidemiology
2016;184(7):520-31.

Karlsson Linnér R, Marioni RE, Rietveld CA, et al. An epigenome-wide association study
meta-analysis of educational attainment. Molécular PSychiatry 2017;22:1680.

21

Downl oaded from https://acadeni c. oup. coni aj e/ advance-articl e-abstract/doi/10. 1093/ aj e/ kwy155/ 5060528

by University of Essex user

on 10 August 2018



Figure Legends:

Figure 1:

Horvath DNA methylation age (years) by chronological age (years) in UK Household Longitudinal
Study participants, 2011-12 (N=1093). For men (A) and women (B), the solid line represents the line
of best fit, and the dashed line is a y=x line. Aage (years) is the difference between DNA methylation
age and chronological age. If mean Aage were constant with age, observations would be roughly

symmetrical about the y=x line. Instead, Aage decreases with chronological age

Figure 2:

Hannum DNA methylation age (years) by chronological age (years).in\UKk'Household Longitudinal
Study participants, 2011-12 (N=1094). For men (A) and women'(B), the solid line represents the line
of best fit, and the dashed line is a y=x line. Aage (years)is the difference between DNA methylation
age and chronological age. If mean Aage were‘tonstant with age, observations would be roughly

symmetrical about the y=x line. Instead, Aage decreases with chronological age
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Table 1: Descriptive Characteristics of the Analytic Sample: UK Household Longitudinal
Study, Wave 3: (2011-2012). N=1099

N (%)
Gender
Male 466 42.4
Female 633 57.6
Current employment status
Employed 450 41.0
Self-employed 93 8.5
Unemployed 23 2.1
Retired 448 40.8
Looking after home or family 47 4.3
Long-term sick or disabled 31 2.8
Other 7 0.6
Highest Educational Qualification
Degree 315 28.7
Qualifications below degree 586 53.3
No qualifications 193 17.6
Missing 5 0.5
Total unemployment, 1999-2011
None 923 84.0
<12 months 114 10.4
212 months 60 5.5
Missing 2 0.2
Childhood social class®
Professional/Managerial 281 25.6
Skilled non-manual 104 9.5
Skilled manual 406 36.9
Semi-skilled/unskilled 192 17.5
No parent in work/both deceased 48 4.4
Missing 68 6.2
Smoking
Never 594 54.1
Ex-smoker 332 30.2
Current, up to 10/day 60 5.5
Current, 11<20/day 90 8.2
Current,/>20/day 23 2.1
Body mass index”
Underweight (<18.5kg/m?) 6 0.6
Recommended (18.5-24.9 kg/m?) 303 27.6
Overweight (25.0-29.9 kg/m?) 449 40.9
Obese class | (30.0-34.9 kg/m?) 227 20.7
Obese class Il (35+ kg/m?) 114 104

Age (years): mean (SD) 58.4 (14.9), range 28-98
®Parental Registrar General’s Social Classification when participant was aged 14

®Weight (kg)/height (m)?
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Table 2: Association® of Socioeconomic Factors with DNA Methylation Age Acceleration, UK Household Longitudinal Study participants,
2011-12 (N=1094)

Quartiles of equivalized net Horvath® Hannum?®
household income Aage(years) 95%Cl Model N Aage(years) 95%Cl Model N
Highest 0 Referent 1093 0 Referent 1094
3 -0.88 -1.84, 0.07 -0.36 -1.04,0.31
2 0.44 -0.49, 1.37 0.12 -0.62, 0.86
Lowest -0.68 -1.61, 0.25 -0.17 -1.00,0:65

Current employment status

(participants aged <65)
Employed 0 Referent 716 0 Referent 717
Self-employed 0.81 -0.39, 2.01 007 -0.93, 1.06
Unemployed -0.97 -2.99, 1.05 -0.88 -2.14,0.37
Retired -0.65 -1.86, 0.57 -0:33 -1.33,0.66
Looking after home or 0.98 -0.35, 2.31 0.52 -0.53,1.57

family
Long-term sick or disabled 1.89 0.40, 3.37 -0.37 -1.83,1.08
Other 1.35 -0.78, 3.48 0.92 -1.69, 3.52

Years in the lowest
age-specific income quartile,

1999-2011
0 (ref) 0 Referent 932 0 Referent 933
1-2 0.34 -0.55,1.23 0.68 -0.13,1.48
3-6 -0.46 -1.28,0.36 -0.01 -0.64, 0.62
7+ -0.73 -1.54, 0.08 -0.24 -0.94, 0.46

Total unemployment,
1999-2011
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None 0 Referent 1091 0 Referent 1092

<12 months -0.72 -1.70, 0.26 -0.45 -1.22,0.32

212 months -0.26 -1.76, 1.25 -0.92 -1.85, 0.01
Highest educational
qualification®

Least vs. most educated 0.26 -0.97,1.49 1088 0.98° 0.03,1.93 1089

Childhood social class®

Professional/Managerial 0 Referent 1025 0 Referent 1026
Skilled non-manual 1.42° 0.24, 2.59 0.33 -0.51, 1.17

Skilled manual 0.44 -0.30, 1.19 0.68° 041,1.25
Semi-skilled/unskilled 0.85 -0.08, 1.79 1.07° 0.20,1.94

No parent in work/both 2.40° 0.60, 4.19 1.85° 0.67, 3.02
deceased

Abbreviations: Cl=confidence interval
®Adjusted for chronological age, agez, gender, blood cell count, batch, smoking, body mass index.

®Associations significant at p<0.05
‘Standardized within categories of gender and 5-year age-band. Range 0-1, higher scores indicate lower education

Parental Registrar General’s Social Classification when participant was aged 14
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Table 3: Sensitivity Analyses for Childhood Social Class and Education. UK Household Longitudinal Study participants,2011-12

Sensitivity Analysis 1:
Adjustment for Drinking

Sensitivity Analysis 4:
Mutual Adjustment:

Sensitivity Analysis\3:
Adjustment for

Sensitivity Analysis 2:
Adjustment for Drinking

Frequency® Heaviness” PsychologicahDistress* Childhood Social Class and
Education®

Aage(years)  95%,Cl Aage(years) 95%,Cl Aage(years)— 95%,Cl Aage(years) 95%,Cl
Childhood Social Class: Horvath®
Skilled non-manual 1.35 0.09,2.60 1.41f 0.14, 2.68 1.35° 0.14, 2.57 1.42f 0.24,2.59
Skilled manual 0.24 -0.57,1.04 0.41 ~0.39, 1.21 s==i0:49 -0.28,1.25  0.45 -0.31,1.20
Semi-skilled/unskilled 0.41 -0.62,1.45 0.58 -0.46,1.63. “1.12° 0.17,2.07 0.84 -0.15, 1.84
No parent in work/both deceased ~ 2.47° 0.61,433 2.52f 0.61, 443 2.40 0.62,4.18 2.42f 0.62, 4.21
Childhood Social Class: Hannum®
Skilled non-manual 0.36 -0.48,1.21 0.43 -0.44;1.30  0.18 -0.67,1.04  0.30 -0.54,1.13
Skilled manual 0.75' 0.12,1.39 0.75 0.12,1.39 0.49 -0.11,1.09  0.62 0.06, 1.19
Semi-skilled/unskilled 0.86 -0.09,1.81 0.85 -0.11,1.81  1.11f 0.25, 1.97 0.96 0.06, 1.87
No parent in work/both deceased  1.86' 0.60,3.13  1.80° 0.51, 3.09 1.83f 0.63, 3.04 1.77° 0.58, 2.96
Highest educational qualification:
Hannum"
Lowest vs. highest education 1.08 0.06, 2.104, 0.97 -0.07, 2.02 0.78 -0.15, 1.70 0.56 -0.48, 1.60

Abbreviations: Cl: confidence interval

®Adjusted for drinking frequency, chronological age and age2, sex, White blood cell composition, batch, smoking and body mass index categories.

|[’Adjusted for drinking heaviness, chronological age and age2ssex;;white blood cell composition, batch, smoking and body mass index categories.

“Adjusted for psychological distress, chronological age and age2, sex, white blood cell composition, batch, smoking and body mass index categories.
9Mutual adjustment for childhood social class and highest educational qualification, chronological age and age2, sex, white blood cell composition, batch,
smoking and body mass index categories.

“Childhood Social Class: Parental Registrar General’s,Social Classification when participant was aged 14. Analytic samples for Sensitivity Analyses 1-4: N=924
N=904 N=964 N=1025

fAssociations significant at p<0.05

Childhood Social Class: Parental Registrar General’s Social Classification when participant was aged 14. Analytic samples for Sensitivity Analyses 1-4: N=925
N=905 N=965 N=1026

"Standardized within categories of gefider and 5-year age—band. Range 0-1, higher scores indicate lower education. Analytic samples for Sensitivity
Analyses 1-4: N=977 N=957 N=1026-N=1025
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