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Novelty and Impact: DNA methylation-based biological aging, “age acceleration”, was
found to be associated with increased mortality in previous studies. We assessed associations
between age acceleration and cancer risk and survival using seven case-control studies nested
within a large cohort. We found that age acceleration was associated with cancer risk and
survival, independently of major health risk factors. The stronger association observed for B-

cell lymphoma may reflect the relevance of the tissue used to study age acceleration.
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ABSTRACT

The association between aging and cancer is complex. Recent studies have developed
measures of biological aging based on DNA methylation and called them ‘age acceleration’.
We aimed to assess associations of age acceleration with risk of and survival from seven
common cancers. Seven case-control studies of DNA methylation and colorectal, gastric,
kidney, lung, prostate and urothelial cancer, and B-cell lymphoma, nested in the Melbourne
Collaborative Cohort Study were conducted. Cancer cases, vital status and cause of death
were ascertained through linkage with cancer and death registries. Conditional logistic
regression and Cox models were used to estimate odds ratios (OR) and hazard ratios (HR)
and 95% confidence intervals (CI) for associations of five age acceleration measures derived
from the Human Methylation 450K Beadchip assay with cancer risk (N=3,216 cases) and
survival (N=1,726 deaths), respectively. Epigenetic aging was associated with increased
cancer risk, ranging from 4% to 9% per five-year age acceleration for the 5 measures
considered. Heterogeneity by study was observed, with stronger associations for risk of
kidney cancer and B-cell lymphoma. An associated increased risk of death following cancer
diagnosis ranged from 2% to 6% per five-year age acceleration, with no evidence of
heterogeneity by cancer site. Cancer risk and mortality were increased by 15 to 30% for the
fourth ys. first quartile of age acceleration. DNA methylation-based measures of biological
aging are associated with increased cancer risk and shorter cancer survival, independently of

major health risk factors.
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INTRODUCTION

Biological aging refers to the progressive deterioration of an organism’s physiological
integrity and function, eventually leading to death '. The rate of this process is variable
between individuals, and across generations 2. Previous studies have generally reported that
associations of biological age with cancer risk are weaker than those observed with other
causes of death (e.g. cardiovascular disease). This has been reported for certain biomarkers of
aging ~ and frailty indices *. Walking speed, an indicator of biological aging °, was associated
with increased cardiovascular mortality, but no association was found with cancer mortality °.
Similar observations have been reported for grip strength and standing balance ’. Consistent
with these findings, telomere length, although strongly associated with longevity, has shown
associations with cancer risk that were less clear *°, and probably type-specific ' ''.

DNA methylation varies substantially with age, with a decrease in methylation levels being
observed globally '*'*. These changes may be associated with the risk of disease, including
cancer~'~'®. Recent research has defined an “epigenetic clock” based on age-associated
methylation changes. Most studies have modelled chronological age using regularised
regression methods to obtain a restricted set of predictive DNA methylation measures '*2*,
Two of these models have received more attention in the recent literature as they more

accurately predict chronological age 19 21

. The difference between predicted age and
chronological age has been named “age acceleration” and interpreted in recent
epidemiological and clinical studies as a marker of biological aging. Several studies have
assessed the association between age acceleration and mortality 27 Few studies have
examined whether the epigenetic clock is associated with the risk of cancer. In a study based
on 43 cases, the risk of lung cancer was increased by an estimated 50% per five-year age
accelération **. Another small study (132 cancer cases) concluded that age acceleration was
associated with increased cancer risk and shorter cancer survival *°. A recent study of 480
breast cancer cases and matched controls *° reported a 4% increase breast cancer risk per one-

year age acceleration. In another study, the magnitude of the association of age acceleration

with death due to cancer was similar to estimates obtained for other causes of death *°.

We previously found that age acceleration was associated with all-cause mortality
independently of major health risk factors *’. In the present study, we aimed to assess

associations of age acceleration with cancer risk and survival. We used data from seven case-
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control studies nested in the Melbourne Collaborative Cohort Study (MCCS), including 3,216

incident cases (and matched controls), 1,726 of whom died during follow-up.

MATERIAL AND METHODS
Study sample and blood collection

We used data collected from participants in the MCCS, a prospective study of 41,513 healthy
adult volunteers (24,469 women) aged between 27 and 76 years (99.3% aged 40-69) when
recruited between 1990 and 1994 *'. DNA samples were collected from peripheral blood
drawn-at the time of recruitment (1990-1994) or at the wave 2 follow-up visit (2003-2007).
The DNA source was dried blood spots, peripheral blood mononuclear cells or buffy coats

for 70%, 28% and 2% of participants, respectively (Supplementary Methods).

Study participants provided informed consent in accordance with the Declaration of Helsinki
and the study was approved by Cancer Council Victoria’s Human Research Ethics

Committee.
Cancer and death ascertainment

A series of case-control studies nested within the MCCS of breast, colorectal, gastric, kidney,
lung, mature B-cell lymphoma, prostate and urothelial cancer were conducted **°. Cancer
diagnoses were identified by linkage with the Victorian Cancer Registry and the Australian
Cancer Database (Australian Institute of Health and Welfare). For each nested case-control
study, controls were individually matched to incident cases (diagnosed after blood sample
collection) on age using incidence density sampling (i.e. they had to be free of the cancer of
interest' up to the age at diagnosis of the corresponding case), sex, country of birth
(Australia/New-Zealand, Southern Europe, Northern Europe), blood DNA source (dried
blood spots, peripheral blood mononuclear cells or buffy coat) and collection period (baseline
or wave 2). Controls were also matched to cases on year of birth, except for the colorectal
cancer study where controls were matched on year of baseline attendance. For the lung
cancer study, controls were also matched on smoking status at the time of blood collection.
Vital status to 30 November 2015 was ascertained through record linkage to the Victorian

Registry of Births, Deaths and Marriages and the National Death Index. Cause of death was
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known for 98.4% of deaths occurring up to 31 December 2013, and classified as “other

cause” when missing.
DNA extraction and bisulfite conversion, and DNA methylation data processing

Methods relating to DNA extraction and bisulfite conversion, and DNA methylation data

32-37

processing have been described previously and are detailed in Supplementary Methods.

Methylation age and age acceleration

We used the Hannum and Horvath methods to determine methylation age and age
acceleration, as these have consistently been shown to be the most accurate predictors of

. 24, 25, 38, 39
chronological age “" > %

. Hannum methylation age was computed using a linear
combination of methylation measures at 71 age-associated CpGs **. Horvath methylation age
uses anset of methylation measures at 353 CpGs and was computed using the online
calculator 2'. The CpGs used by the two predictors do not overlap and were all available in
our study after quality control. Estimates of cell type composition of blood were obtained
using the Houseman algorithm. ***' We considered the following most recent measures of
age acceleration > **: 1) epigenetic age acceleration (AA) based on the residuals from a
linear regression of Horvath’s estimate of epigenetic age on chronological age, referred to as
AA-Horvath, 2) the corresponding measure based on Hannum (AA-Hannum), 3) intrinsic
epigenetic age acceleration based on the residuals resulting from a linear regression of
Horvath’s estimate of epigenetic age on chronological age and measures of blood cell counts,
referred to as IEAA-Horvath, 4) the corresponding measure based on Hannum (IEAA-

Hannum), 5) enhanced Hannum age acceleration (EEAA), defined as AA-Hannum plus a

weighted average of age-associated cell counts *°.
Statistical analysis

Correlations between age acceleration measures were assessed by calculating Spearman
correlation coefficients. Missing covariate data (<1% for any individual covariate) were
handled using multiple imputation with the R package mice **. The reliability of the five age
acceleration measures was examined using intraclass correlation coefficients, based on 127

technical replicates, following the method described previously *’. Relative risk estimates
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24, 25, 38

were calculated per five-year increment of age acceleration . Quartiles of age

acceleration measures were based on the distribution in controls.

We used conditional logistic regression to estimate odds ratios (ORs) for the associations
between age acceleration and the risk of cancer. In Model 1, no covariates were included. In
Model 2, we adjusted for smoking (never, former: quit <15 years prior, former: quit >15
years prior, current <20 cigarettes per day, current >20 cigarettes per day), body-mass index
(<25, 25-30,30-35, >35 kg/m?), height, alcohol drinking (defined by sex-specific thresholds:
never, 1-39 g/d [men] and 1-19 g/d [women], 40-59 g/d [men] and 20-39 g/d [women], 60+
g/d [men] and 40+ g/d [women]), the Alternate Healthy Eating Index-2010 (AHEI) to reflect
overall diet quality *, a score of physical activity to reflect overall energy expenditure *°
socioeconomic status (deciles of relative socioeconomic disadvantage of area of residence *°)
and education (score from 1 to 8, 1: primary school only and 8: tertiary university degree or
more).-These models were used to analyse each cancer site separately, and all seven cancers
combined. For the combined analysis, where an individual was diagnosed with several
cancers, we included the first diagnosis only (respecting the incidence density sampling
procedure), so that participants did not contribute twice to the pooled estimates.
Heterogeneity in the associations by study was assessed by comparing models with and
without an interaction term between age acceleration measure and case-control study, using a
likelihood ratio test. We tested for linear trends in the ORs by attained age, age at blood draw
and time since blood draw by including in the models pseudo-continuous versions of these

(median value of each category) and their interaction with age acceleration measures.

We used Cox models to estimate hazard ratios (HRs) for the association between age
acceleration and the risk of death following cancer diagnosis. This analysis was thus
restricted to cancer cases. Time since diagnosis was used as the timescale, and person-years
of follow-up were calculated from the diagnosis date until the date of death, and censored at
the date of departure from Australia or end of follow-up (30 November 2015 for all-cause
death and 31 December 2013 for cause-specific death), whichever came first. The
proportional hazards assumption was assessed by visual inspection of Schoenfeld residuals *'.
Separate models were fitted for all-cause mortality, and for death due to cancer or another
cause. Covariates included in the analysis were the same as those described above for cancer
risk, plus age, sex, country of birth, sample type and plate, the latter fitted as a fixed effect.

For the analysis of all cancers combined, cancer site was included as a stratification variable,
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thereby allowing the underlying hazard function to vary by cancer site *® Where an
individual was diagnosed with several cancers, only the first diagnosis was included.
Heterogeneity in the HRs by cancer site and tests for trend in the HRs by age at diagnosis,
time between blood draw and diagnosis and time since diagnosis were calculated using the

same methodology as for the cancer risk analysis.

RESULTS

The correlations of the Horvath and Hannum age predictors with chronological age were
p=0.73"and p=0.78, respectively. The median age acceleration was, in absolute terms, 3.8
years for Horvath and 3.4 years for Hannum. The correlation between AA-Horvath and AA-
Hannum was p=0.49; the correlation between IEAA-Horvath and IEAA-Hannum was p=0.45
(Table 1 and Supplementary Figure 1 and 2). The reliability of age acceleration measures
ranged from 0.64 to 0.77 (Table 1). Matching variables and other participant characteristics

for each nested case-control study are presented in Supplementary Table 1.

For all measures, ORs for cancer risk were greater than one for most cancer types (Table 2).
Some evidence of heterogeneity was observed by study for AA-Hannum and EEAA (P=0.03
and 0.001, respectively). OR estimates were greatest for kidney cancer (AA-Hannum:
OR=1.46, 95%CI: 1.10-1.94, Model 2). Higher ORs were also observed for B-cell
Ilymphomas (AA-Horvath: OR=1.16, 95%CI: 1.05-1.27, AA-Hannum: OR=1.22, 95%CI:
1.09-1.38, EEAA: OR=1.27, 95%CI: 1.14-1.41). Results were similar for Model 1 and Model
2, indicating that lifestyle and socioeconomic variables had little confounding effect on the
observed associations. ORs for all cancers combined showed risk increases ranging from 4%
to 9% per five-year age acceleration (Model 2: IEAA-Horvath: OR=1.04, 95%CI: 1.00-1.09;
AA-Hannum: OR=1.09, 95%CI: 1.04-1.14), Table 2. For all five predictors, the risk of
cancer was approximately 20% higher for the highest versus lowest quartile of age
acceleration (Figure 1). Stronger associations were observed at younger ages, particularly for
AA-Hannum (before age 60 years: OR=1.28, 95%CI: 1.11-1.47), but no consistent trend in
the HRs was observed, as was the case for age at blood draw and time since blood draw

(Table 3).
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A total of 1,726 deaths were observed during follow-up (median follow-up time=8.3 years)
for individuals diagnosed with cancer (N=3,086). After adjusting for sociodemographic and
lifestyle variables, there was no evidence of association for AA-Horvath or IEAA-Horvath
(HR=1.02, 95%CI: 0.98-1.05, HR=1.02, 95%CI: 0.99-1.06, respectively), whereas a 4 to 6%
increased risk of death per 5 years was observed for Hannum measures (AA-Hannum
HR=1.05, 95%CI: 1.01-1.10, IEAA-Hannum HR=1.06, 95%CI: 1.01-1.12, and EEAA
HR=1.04, 95%CI: 1.01-1.08), Table 4. Mortality was 10 to 30% higher for the highest versus
lowest-quartile of age acceleration (Figure 1). A total of 1,580 deaths, diagnosed up to 31
December 2013, were included in the cause-specific mortality analysis, 1,271 deaths being
due to cancer and 309 due to another cause (cardiovascular deaths, N=185). The HRs did not
appear to vary substantially by cause of death (P-heterogeneity >0.08, Table 4). Consistent
results were observed for all cancers individually, with no evidence of heterogeneity by
cancer site (P>0.38, Supplementary Table 2). HR estimates suggested stronger associations
were also observed for cases diagnosed less than five years after blood draw but no trend was

observed (Supplementary Table 3).

DISCUSSION

The measures of biological aging we considered, derived from DNA methylation in blood, *"
*® were associated with increased cancer risk and shorter cancer survival after adjustment for
major health risk factors. Although there was some evidence that the association with cancer
risk varied by study for Hannum age acceleration, there was no evidence of heterogeneity for
other age acceleration measures or for cancer survival. These associations were largely
consistent across cancer types. Relative risks were not substantially changed after adjustment

for_major health risk factors and for blood cell composition (via the ‘intrinsic’ measures),

which suggests that confounding is unlikely to fully explain the observed associations.

. . - 26,27
As in'previous studies

, we observed consistently stronger associations with both cancer
risk and survival for measures derived from the Hannum predictor, which was validated using
blood samples. Therefore, although measures derived from the Horvath predictor may be
more generalizable because they have been validated across multiple tissue types *', our
findings indicate that a predictor validated on the tissue on which it is used might be

preferable. Additionally, the relatively stronger associations we observed with risk of B-cell
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lymphoma suggests that the tissue in which age acceleration is measured may be important:
while the risk was more strongly increased for measures that were not independent of cell
composition (by 16%, 22%, and 27% for AA-Horvath, AA-Hannum and EEAA,
respectively), these associations were still apparent when using intrinsic measures (risk
increased by 9% and 15% for IEAA-Horvath and IEAA-Hannum, respectively). Only blood
samples were available in our study, so we could not compare our measures with age
acceleration in other tissues relevant to each cancer type (e.g. prostate tissue to study prostate
cancer): The stronger associations observed for kidney cancer were based on a relatively

small sample size, so they should be interpreted with caution.

The main strength of our study is its prospective design, particularly for the assessment of
associations with cancer risk. All blood samples were obtained from participants prior to
cancer diagnosis. Measures of DNA methylation in retrospective studies may reflect
molecular changes due to carcinogenesis and treatment. Another strength of our study is that
cases and controls were matched on several relevant variables including age, sex and country
of birth, with additional adjustment for several potential confounding factors. Further, case-
control pairs were placed on a same Beadchip assay, thereby minimizing potential batch
effects °'. Finally, we assessed separately associations with cancer incidence and survival,
which was not done by previous studies of cancer mortality. The main limitation of our study
relates to the assessment of cancer survival, as blood samples for many cases were collected
well before diagnosis. Nevertheless, the assumption that age acceleration does not vary to a
great extent in middle-aged and older adults is perhaps not unreasonable, as shown in a
previous study **, and because most dramatic changes to DNA methylation occur in early life
through to adolescence '> > **. Further, associations with cancer survival appeared to be
strongest when restricted to cases diagnosed within five years of blood draw, so that our
study might provide conservative estimates of association with overall cancer survival.
Finally; we did not formally adjust our results for multiple testing because tests were largely
non-independent in our study; however, the vast majority of relative risk estimates were in

the direction we had hypothesised, and their magnitude was consistent with prior studies.

While several studies have assessed the association of age acceleration with mortality 242" %,

there have been fewer analyses of cancer incidence and cancer survival. Levine et al. studied
43 lung cancer cases diagnosed during twenty years of follow-up **. AA-Horvath was

significantly associated with risk of lung cancer (P=0.003), but the sample size was very
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small. Zheng et al. studied 132 cancer cases (any site) % and found that these had accelerated
aging compared with the rest of their cohort (HR per one-year AA-Horvath: 1.03, 95% CI:
1.00-1.06). Weak evidence of increased cancer mortality risk was reported (based on 34
deaths: HR=1.05, 95% CI: 0.99-1.12), which is consistent with the findings of our study. A
recent and larger-scale European study which included 480 breast cancer cases and matched
controls *°, reported an increased risk associated with IEAA-Horvath (OR per one year=1.04,
95%CI: 1.01-1.08). The association appeared to be confined to postmenopausal women, but
heterogeneity by menopausal status was not tested. Finally, the study by Perna et al., which
included 235 cancer deaths, found that IEAA-Horvath was associated with increased cancer
mortality (HR per five years=1.22, 95% CI: 1.03—1.45), but that IEAA-Hannum was not
(HR=1.03, 95% CI: 0.80-1.33) *. This is in contrast to our study, where we observed
stronger associations for IEAA-Hannum for both cancer risk and cancer survival (including
cancer-specific and other-cause deaths). While these inconsistencies in findings for different
age acceleration measures are difficult to explain, and may be partly due to small sample
sizes in previous studies, the balance of evidence suggests that age acceleration is weakly

associated with both risk of, and survival from, at least some cancers.

The determinants and biological implications of the epigenetic clock are not well understood.

55, 56 57-59

On one hand, studies have shown that early-life exposures , and certain

60, 61

, stress
medical conditions such as HIV infection may accelerate the aging of the methylome.
We could not control for these in our analysis, so it is not clear whether DNA methylation-
based biological age is causally associated with cancer risk and survival (and overall
mortality) or if it merely represents unmeasured confounding. Nevertheless, age acceleration
measures may capture - in blood - the accumulation over the lifetime of exposures associated
withaging and health outcomes, which could be used as an intermediate endpoint.
Conversely, previous studies have suggested that strong genetic determinants of epigenetic
aging exist, as illustrated by high heritability estimates of 0.43 ** and 0.65 ®* although these
studies could not account for environmental effects shared within families *. Observed
associations with more strongly genetically determined characteristics, such as age at
menopause ** and obesity ®°, or with certain genetic or neurodegenerative conditions " may

also point to a genetic component of age acceleration. Few studies have attempted to assess

associations with common genetic variants .
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CONCLUSION

DNA methylation-based measures of age acceleration are associated with increased cancer
risk-and shorter cancer survival, after adjusting for major cancer risk factors. These findings
add to'the evidence regarding the use of methylation markers of biological aging as putative
predictors of health outcomes and might help to better understand the relationship between

aging and cancer.

ACKNOWLEDGEMENTS

Cases and their vital status were ascertained through the Victoria Cancer Registry (VCR) and
the Australian Institute of Health and Welfare (AIHW), including the national Death Index

and the Australian Cancer Database.

CONFLICTS OF INTEREST

None of the authors has conflicts of interest to declare.

FUNDING

This work was supported by the Australian National Health and Medical Research Council
(NHMRC) [grants 1088405 and 1074383]. MCCS cohort recruitment was funded by
VicHealth and Cancer Council Victoria. The MCCS was further supported by Australian
NHMRC grants 209057 and 396414 and by infrastructure provided by Cancer Council
Victoria. Cases and their vital status were ascertained through the Victorian Cancer Registry
(VCR)and the Australian Institute of Health and Welfare (AIHW), including the National
Death Index and the Australian Cancer Database. The nested case-control methylation studies
were supported by the NHMRC [grants 1011618, 1026892, 1027505, 1050198, 1087683 and
1043616]. The funders had no role in the design and conduct of the study; collection,
management, analysis, and interpretation of the data; preparation, review, or approval of the

manuscript; and decision to submit the manuscript for publication.

12
John Wiley & Sons, Inc.
This article is protected by copyright. All rights reserved.



Page 13 of 22 International Journal of Cancer

REFERENCES

1. Lopez-Otin C, Blasco MA, Partridge L, Serrano M, Kroemer G. The hallmarks of aging. Cell
2013;153: 1194-217.

2. Vaupel JW. Biodemography of human ageing. Nature 2010;464: 536-42.

3. Belsky DW, Caspi A, Houts R, Cohen HJ, Corcoran DL, Danese A, Harrington H, Israel S,
Levine ME, Schaefer JD, Sugden K, Williams B, et al. Quantification of biological aging in young
adults. Proceedings of the National Academy of Sciences of the United States of America 2015;112:
E4104-10.

4. Rockwood K, Song X, MacKnight C, Bergman H, Hogan DB, McDowell I, Mitnitski A. A
global clinical measure of fitness and frailty in elderly people. CMAJ : Canadian Medical Association
Journal = journal de I'Association medicale canadienne 2005;173: 489-95.

5. Wagner KH, Cameron-Smith D, Wessner B, Franzke B. Biomarkers of Aging: From Function
to Molecular Biology. Nutrients 2016;8.

6. Dumurgier J, Elbaz A, Ducimetiere P, Tavernier B, Alperovitch A, Tzourio C. Slow walking
speed and cardiovascular death in well functioning older adults: prospective cohort study. BMJ
2009;339: b4460.

7. Nofuji Y, Shinkai S, Taniguchi Y, Amano H, Nishi M, Murayama H, Fujiwara Y, Suzuki T.
Associations of Walking Speed, Grip Strength, and Standing Balance With Total and Cause-Specific
Mortality in a General Population of Japanese Elders. Journal of the American Medical Directors
Association 2016;17: 184 el-7.

8. Wentzensen IM, Mirabello L, Pfeiffer RM, Savage SA. The association of telomere length
and cancer: a meta-analysis. Cancer epidemiology, biomarkers & prevention : a publication of the
American Association for Cancer Research, cosponsored by the American Society of Preventive
Oncology 2011;20: 1238-50.

9. Weischer M, Nordestgaard BG, Cawthon RM, Freiberg JJ, Tybjaerg-Hansen A, Bojesen SE.
Shorttelomere length, cancer survival, and cancer risk in 47102 individuals. Journal of the National
Cancer Institute 2013;105: 459-68.

10. Blackburn EH, Epel ES, Lin J. Human telomere biology: A contributory and interactive
factorin aging, disease risks, and protection. Science 2015;350: 1193-8.

11. Haycock PC, Burgess S, Nounu A, Zheng J, Okoli GN, Bowden J, Wade KH, Timpson NJ,
Evans DM, Willeit P, Aviv A, Gaunt TR, et al. Association Between Telomere Length and Risk of
Canceriand Non-Neoplastic Diseases: A Mendelian Randomization Study. JAMA oncology 2017;3:
636-51.

12. Jones MJ, Goodman SJ, Kobor MS. DNA methylation and healthy human aging. Aging cell
2015.

13. Issa JP. Aging and epigenetic drift: a vicious cycle. The Journal of clinical investigation
2014;124: 24-9.

14. Jung M, Pfeifer GP. Aging and DNA methylation. BMC biology 2015;13: 7.

15. Issa JP, Ottaviano YL, Celano P, Hamilton SR, Davidson NE, Baylin SB. Methylation of the
oestrogen receptor CpG island links ageing and neoplasia in human colon. Nature genetics 1994;7:
536-40.

16. Calvanese V, Lara E, Kahn A, Fraga MF. The role of epigenetics in aging and age-related
diseases. Ageing research reviews 2009;8: 268-76.

17. Christensen BC, Houseman EA, Marsit CJ, Zheng S, Wrensch MR, Wiemels JL, Nelson HH,
Karagas MR, Padbury JF, Bueno R, Sugarbaker DJ, Yeh RF, et al. Aging and environmental exposures
alter tissue-specific DNA methylation dependent upon CpG island context. PLoS genetics 2009;5:
€1000602.

18. Teschendorff AE, West J, Beck S. Age-associated epigenetic drift: implications, and a case
of epigenetic thrift? Human molecular genetics 2013;22: R7-R15.

13
John Wiley & Sons, Inc.
This article is protected by copyright. All rights reserved.



International Journal of Cancer Page 14 of 22

19. Hannum G, Guinney J, Zhao L, Zhang L, Hughes G, Sadda S, Klotzle B, Bibikova M, Fan JB,
Gao Y, Deconde R, Chen M, et al. Genome-wide methylation profiles reveal quantitative views of
human aging rates. Molecular cell 2013;49: 359-67.

20. Bocklandt S, Lin W, Sehl ME, Sanchez FJ, Sinsheimer JS, Horvath S, Vilain E. Epigenetic
predictor of age. PloS one 2011;6: e14821.

21. Horvath S. DNA methylation age of human tissues and cell types. Genome biology
2013;14: R115.

22. Weidner Cl, Lin Q, Koch CM, Eisele L, Beier F, Ziegler P, Bauerschlag DO, Jockel KH, Erbel
R,,Muhleisen TW, Zenke M, Brummendorf TH, et al. Aging of blood can be tracked by DNA
methylation changes at just three CpG sites. Genome biology 2014;15: R24.

23. Florath |, Butterbach K, Muller H, Bewerunge-Hudler M, Brenner H. Cross-sectional and
longitudinal changes in DNA methylation with age: an epigenome-wide analysis revealing over 60
novel age-associated CpG sites. Human molecular genetics 2014;23: 1186-201.

24. Marioni RE, Shah S, McRae AF, Chen BH, Colicino E, Harris SE, Gibson J, Henders AK,
Redmond P, Cox SR, Pattie A, Corley J, et al. DNA methylation age of blood predicts all-cause
mortality in later life. Genome biology 2015;16: 25.

25. Perna L, Zhang Y, Mons U, Holleczek B, Saum KU, Brenner H. Epigenetic age acceleration
predicts cancer, cardiovascular, and all-cause mortality in a German case cohort. Clinical epigenetics
2016;8: 64.

26. Chen BH, Marioni RE, Colicino E, Peters MJ, Ward-Caviness CK, Tsai PC, Roetker NS, Just
AC, Demerath EW, Guan W, Bressler J, Fornage M, et al. DNA methylation-based measures of
biological age: meta-analysis predicting time to death. Aging 2016;8: 1844-65.

27. Dugué PA, Bassett JK, Joo JE, Baglietto L, Jung CH, Wong EM, Fiorito G, Schmidt DF,
Makalic E, G. GG, L. MR. Association of DNA Methylation-Based Biological Age with Health Risk
Factors, and Overall and Cause-Specific Mortality. Am J Epidemiol 2017.

28. Levine ME, Hosgood HD, Chen B, Absher D, Assimes T, Horvath S. DNA methylation age
of blood predicts future onset of lung cancer in the women's health initiative. Aging 2015;7: 690-
700.

29. Zheng Y, Joyce BT, Colicino E, Liu L, Zhang W, Dai Q, Shrubsole MJ, Kibbe WA, Gao T,
Zhang Z, Jafari N, Vokonas P, et al. Blood Epigenetic Age may Predict Cancer Incidence and Mortality.
EBioMedicine 2016;5: 68-73.

30. Ambatipudi S, Horvath S, Perrier F, Cuenin C, Hernandez-Vargas H, Le Calvez-Kelm F,
Durand G, Byrnes G, Ferrari P, Bouaoun L, Sklias A, Chajes V, et al. DNA methylome analysis identifies
accelerated epigenetic ageing associated with postmenopausal breast cancer susceptibility. Eur J
Cancer 2017;75: 299-307.

31. Milne RL, Fletcher AS, Maclnnis RJ, Hodge AM, Hopkins AH, Bassett JK, Bruinsma FJ,
Lynch BM, Dugue PA, Jayasekara H, Brinkman MT, Popowski LV, et al. Cohort Profile: The Melbourne
Collaborative Cohort Study (Health 2020). International journal of epidemiology 2017.

32. Severi G, Southey MC, English DR, Jung CH, Lonie A, McLean C, Tsimiklis H, Hopper JL,
Giles GG, Baglietto L. Epigenome-wide methylation in DNA from peripheral blood as a marker of risk
for breast cancer. Breast cancer research and treatment 2014;148: 665-73.

33. Dugue PA, Brinkman MT, Milne RL, Wong EM, FitzGerald LM, Bassett JK, Joo JE, Jung CH,
Makalic E, Schmidt DF, Park DJ, Chung J, et al. Genome-wide measures of DNA methylation in
peripheral blood and the risk of urothelial cell carcinoma: a prospective nested case-control study.
British journal of cancer 2016.

34. Wong Doo N, Makalic E, Joo JE, Vajdic CM, Schmidt DF, Wong EM, Jung CH, Severi G,
Park DJ, Chung J, Baglietto L, Prince HM, et al. Global measures of peripheral blood-derived DNA
methylation as a risk factor in the development of mature B-cell neoplasms. Epigenomics 2015.

35. Baglietto L, Ponzi E, Haycock P, Hodge A, Bianca Assumma M, Jung CH, Chung J, Fasanelli
F, Guida F, Campanella G, Chadeau-Hyam M, Grankvist K, et al. DNA methylation changes measured

14
John Wiley & Sons, Inc.
This article is protected by copyright. All rights reserved.



Page 15 of 22

International Journal of Cancer

in pre-diagnostic peripheral blood samples are associated with smoking and lung cancer risk.
International journal of cancer 2016.

36. FitzGerald LM, Naeem H, Makalic E, Schmidt DF, Dowty JG, Joo JE, Jung CH, Bassett JK,
Dugue PA, Chung J, Lonie A, Milne RL, et al. Genome-Wide Measures of Peripheral Blood Dna
Methylation and Prostate Cancer Risk in a Prospective Nested Case-Control Study. The Prostate
2017.

37. Dugue PA, English DR, Maclnnis RJ, Jung CH, Bassett JK, FitzGerald LM, Wong EM, Joo JE,
Hopper JL, Southey MC, Giles GG, Milne RL. Reliability of DNA methylation measures from dried
blood spots and mononuclear cells using the HumanMethylation450k BeadArray. Scientific reports
2016;6:30317.

38. Christiansen L, Lenart A, Tan Q, Vaupel JW, Aviv A, McGue M, Christensen K. DNA
methylation age is associated with mortality in a longitudinal Danish twin study. Aging cell 2015.

39. Li S, Wong EM, Joo JE, Jung CH, Chung J, Apicella C, Stone J, Dite GS, Giles GG, Southey
MC, Hopper JL. Genetic and Environmental Causes of Variation in the Difference Between Biological
Age Based on DNA Methylation and Chronological Age for Middle-Aged Women. Twin research and
human genetics : the official journal of the International Society for Twin Studies 2015;18: 720-6.

40. Houseman EA, Accomando WP, Koestler DC, Christensen BC, Marsit CJ, Nelson HH,
Wiencke JK, Kelsey KT. DNA methylation arrays as surrogate measures of cell mixture distribution.
BMC bioinformatics 2012;13: 86.

41. Jaffe AE, Irizarry RA. Accounting for cellular heterogeneity is critical in epigenome-wide
association studies. Genome biology 2014;15: R31.

42. Horvath S, Gurven M, Levine ME, Trumble BC, Kaplan H, Allayee H, Ritz BR, Chen B, Lu
AT, Rickabaugh TM, Jamieson BD, Sun D, et al. An epigenetic clock analysis of race/ethnicity, sex, and
coronary heart disease. Genome biology 2016;17: 171.

43. Buuren S, Groothuis-Oudshoorn K. mice: Multivariate imputation by chained equations
in-R: Journal of statistical software 2011;45.

44. Chiuve SE, Fung TT, Rimm EB, Hu FB, McCullough ML, Wang M, Stampfer MJ, Willett WC.
Alternative dietary indices both strongly predict risk of chronic disease. The Journal of nutrition
2012;142: 1009-18.

45. Maclnnis RJ, English DR, Hopper JL, Haydon AM, Gertig DM, Giles GG. Body size and
composition and colon cancer risk in men. Cancer epidemiology, biomarkers & prevention : a
publication of the American Association for Cancer Research, cosponsored by the American Society of
Preventive Oncology 2004;13: 553-9.

46. Pink B, Socio-economic indexes for areas (SEIFA). Australian Bureau of Statistics, 2013.

47. Grambsch PM, Therneau TM. Proportional hazards tests and diagnostics based on
weighted residuals. Biometrika 1994;81: 515-26.

48. Therneau TM, Grambsch PM. Modeling survival data: extending the Cox modeled.:
Springer Science & Business Media, 2013.

49. Jylhava J, Pedersen NL, Hagg S. Biological Age Predictors. EBioMedicine 2017.

50. Lara J, Cooper R, Nissan J, Ginty AT, Khaw KT, Deary lJ, Lord JM, Kuh D, Mathers JC. A
proposed panel of biomarkers of healthy ageing. BMC medicine 2015;13: 222.

51. Harper KN, Peters BA, Gamble MV. Batch effects and pathway analysis: two potential
perils in cancer studies involving DNA methylation array analysis. Cancer epidemiology, biomarkers &
prevention : a publication of the American Association for Cancer Research, cosponsored by the
American Society of Preventive Oncology 2013;22: 1052-60.

52. Marioni RE, Harris SE, Shah S, McRae AF, von Zglinicki T, Martin-Ruiz C, Wray NR,
Visscher PM, Deary lJ. The epigenetic clock and telomere length are independently associated with
chronological age and mortality. International journal of epidemiology 2016.

53. Alisch RS, Barwick BG, Chopra P, Myrick LK, Satten GA, Conneely KN, Warren ST. Age-
associated DNA methylation in pediatric populations. Genome research 2012;22: 623-32.

15
John Wiley & Sons, Inc.
This article is protected by copyright. All rights reserved.



International Journal of Cancer Page 16 of 22

54. Lister R, Mukamel EA, Nery JR, Urich M, Puddifoot CA, Johnson ND, Lucero J, Huang Y,
Dwork AJ, Schultz MD, Yu M, Tonti-Filippini J, et al. Global epigenomic reconfiguration during
mammalian brain development. Science 2013;341: 1237905.

55. Simpkin AJ, Hemani G, Suderman M, Gaunt TR, Lyttleton O, McArdle WL, Ring SM, Sharp
GG, Tilling K, Horvath S, Kunze S, Peters A, et al. Prenatal and early life influences on epigenetic age
in children: a study of mother-offspring pairs from two cohort studies. Human molecular genetics
2016;25: 191-201.

56. Simpkin AJ, Howe LD, Tilling K, Gaunt TR, Lyttleton O, McArdle WL, Ring SM, Horvath S,
Smith ,GD, Relton CL. The epigenetic clock and physical development during childhood and
adolescence: longitudinal analysis from a UK birth cohort. International journal of epidemiology
2017.

57. Wolf EJ, Logue MW, Hayes JP, Sadeh N, Schichman SA, Stone A, Salat DH, Milberg W,
McGlinchey R, Miller MW. Accelerated DNA methylation age: Associations with PTSD and neural
integrity. Psychoneuroendocrinology 2016;63: 155-62.

58. Boks MP, van Mierlo HC, Rutten BP, Radstake TR, De Witte L, Geuze E, Horvath S,
Schalkwyk LC, Vinkers CH, Broen JC, Vermetten E. Longitudinal changes of telomere length and
epigenetic age related to traumatic stress and post-traumatic stress disorder.
Psychoneuroendocrinology 2015;51: 506-12.

59. Zannas AS, Arloth J, Carrillo-Roa T, lurato S, Roh S, Ressler KJ, Nemeroff CB, Smith AK,
Bradley B, Heim C, Menke A, Lange JF, et al. Lifetime stress accelerates epigenetic aging in an urban,
African American cohort: relevance of glucocorticoid signaling. Genome biology 2015;16: 266.

60. Horvath S, Erhart W, Brosch M, Ammerpohl O, von Schonfels W, Ahrens M, Heits N, Bell
JT, Tsai PC, Spector TD, Deloukas P, Siebert R, et al. Obesity accelerates epigenetic aging of human
liver. Proceedings of the National Academy of Sciences of the United States of America 2014;111.:
15538-43.

61. Horvath S, Levine AJ. HIV-1 Infection Accelerates Age According to the Epigenetic Clock.
The Journal of infectious diseases 2015.

62. Levine ME, Lu AT, Chen BH, Hernandez DG, Singleton AB, Ferrucci L, Bandinelli S, Salfati
E, Manson JE, Quach A, Kusters CD, Kuh D, et al. Menopause accelerates biological aging.
Proceedings of the National Academy of Sciences of the United States of America 2016.

63. Horvath S, Garagnani P, Bacalini MG, Pirazzini C, Salvioli S, Gentilini D, Di Blasio AM,
Giuliani C, Tung S, Vinters HV, Franceschi C. Accelerated epigenetic aging in Down syndrome. Aging
cell 2015;14: 491-5.

64. Horvath S, Ritz BR. Increased epigenetic age and granulocyte counts in the blood of
Parkinson's disease patients. Aging 2015.

65. Walker RF, Liu JS, Peters BA, Ritz BR, Wu T, Ophoff RA, Horvath S. Epigenetic age analysis
of children who seem to evade aging. Aging 2015;7: 334-9.

66. Levine ME, Lu AT, Bennett DA, Horvath S. Epigenetic age of the pre-frontal cortex is
associated with neuritic plaques, amyloid load, and Alzheimer's disease related cognitive
functioning. Aging 2015.

67. Horvath S, Langfelder P, Kwak S, Aaronson J, Rosinski J, Vogt TF, Eszes M, Faull RL, Curtis
MA, Waldvogel HJ, Choi OW, Tung S, et al. Huntington's disease accelerates epigenetic aging of
human brain and disrupts DNA methylation levels. Aging 2016;8: 1485-512.

68. Lu AT, Hannon E, Levine ME, Hao K, Crimmins EM, Lunnon K, Kozlenkov A, Mill J,
Dracheva S, Horvath S. Genetic variants near MLST8 and DHX57 affect the epigenetic age of the
cerebellum. Nature communications 2016;7: 10561.

16
John Wiley & Sons, Inc.
This article is protected by copyright. All rights reserved.



Page 17 of 22 International Journal of Cancer

TABLES AND FIGURES

Table 1. Characteristics of age predictors and age acceleration measures

Age predictor Horvath Hannum

Predicted age mean (SD)
[chronological age, mean (SD) : 59.5 (7.5)]

60.1 (9.6) 62.2 (9.0)

Controls Cases Controls Cases

All studies 59.8 60.3 61.9 62.5
Colorectal cancer 58.7 59.6 59.8 60.7
Gastric cancer 57.9 57.5 62.2 62.7
Kidney cancer 56.5 57.0 57.6 59.3
Lung cancer 59.8 59.8 61.1 61.5
B-cell lymphoma 59.4 61.0 61.2 62.8
Prostate cancer 59.3 59.5 62.5 62.4
Urothelial cell carcinoma 65.3 65.4 67.2 67.5
Correlation with chronological age
All studies 0.73 0.78
Colorectal cancer 0.73 0.79
Gastric cancer 0.61 0.66
Kidney cancer 0.74 0.80
Lung cancer 0.66 0.75
B-cell lymphomas 0.69 0.74
Prostate cancer 0.73 0.80
Urothelial cell carcinoma 0.75 0.80
Correlation beween predictors 0.78
Age acceleration measures Horvath Hannum
Median age difference AA® 3.8 3.4
Median age difference IEAA" 3.5 3.2
Correlation AA-Horvath — AA-Hannum 0.49
Correlation IEAA- Horvath — IEAA- Hannum 0.45
Correlation AA-Horvath — IEAA-Horvath 0.93
Correlation AA-Hannum — IEAA-Hannum 091
Correlation AA-Hannum — EEAA 0.94
Correlation IEAA-Hannum — EEAA 0.82
ICC AA-Horvath 0.74 0.75
ICC IEAA-Horvath 0.64 0.66
ICC EEAA 0.77

* Median age difference = absolute value of the measure; age and age acceleration measured in years
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Table 2. Age acceleration measures and cancer risk; seven case-control studies nested within
the Melbourne Collaborative Cohort Study, N=3,216 cases and matched controls

Age

Model 1: minimally

Model 2: Model 1 + lifestyle

N . adjusted” factors®
Outcome cases acceleration
measure OR(O5%CI) P ORO5%CI) P
AA-Horvath 1.08 (0.99-1.17) 0.07 1.07 (0.99-1.17)  0.09
AA-Hannum 1.09 (0.99-1.20) 0.09 1.10 (0.99-1.21) 0.06
Colorectal cancer 835 IEAA-Horvath 1.07 (0.98-1.16) 0.15 1.05 (0.96-1.15) 0.25
IEAA-Hannum  1.05(0.95-1.17) 0.33 1.05(0.94-1.17) 0.37
EEAA 1.07 (0.99-1.16) 0.10 1.08 (0.99-1.17) 0.07
AA-Horvath 0.95(0.80-1.12) 0.54 0.96 (0.81-1.15) 0.68
AA-Hannum 1.08 (0.88-1.31) 0.46 1.09 (0.88-1.35) 0.41
Gastric cancer 170 IEAA-Horvath 1.00 (0.84-1.20) 0.99 1.02 (0.85-1.23) 0.82
IEAA-Hannum  1.12 (0.90-1.41) 0.32 1.15(0.90-1.46) 0.26
EEAA 1.05(0.91-1.20) 0.52 1.05(0.91-1.21) 0.52
AA-Horvath 1.08 (0.89-1.32) 0.43 1.10 (0.89-1.37) 0.37
AA-Hannum 1.40 (1.10-1.79) 0.01 1.46 (1.10-1.94) 0.01
Kidney cancer 143 IEAA-Horvath 1.07 (0.87-1.31) 0.52 1.12 (0.90-1.40) 0.32
IEAA-Hannum  1.47 (1.11-1.96) 0.01 1.63 (1.16-2.28)  0.005
EEAA 1.32 (1.08-1.61) 0.01 1.35(1.08-1.70) 0.01
AA-Horvath 0.99 (0.88-1.12) 0.90 0.99 (0.88-1.12) 0.89
AA-Hannum 1.07 (0.92-1.24) 0.37 1.07 (0.92-1.25) 0.39
Lung cancer 332 IEAA-Horvath  0.99 (0.88-1.11) 0.83 0.99 (0.88-1.12) 0.86
IEAA-Hannum  1.04 (0.89-1.22) 0.59 1.05 (0.89-1.23) 0.56
EEAA 1.08 (0.96-1.21) 0.21 1.08 (0.95-1.22) 0.23
AA-Horvath 1.16 (1.05-1.28) 0.002  1.16 (1.05-1.27) 0.003
AA-Hannum 1.23 (1.09-1.38) <0.001 1.22(1.09-1.38) <0.001
B-cell lymphomas 439 IEAA-Horvath 1.09 (0.99-1.21) 0.09 1.09 (0.98-1.20) 0.11
IEAA-Hannum  1.15(1.01-1.30) 0.03 1.15(1.01-1.30) 0.04
EEAA 1.27 (1.14-1.40) <0.001 1.27(1.14-1.41) <0.001
AA-Horvath 1.03 (0.95-1.11) 0.46 1.03 (0.95-1.11) 0.49
AA-Hannum 0.96 (0.87-1.06) 0.45 0.96 (0.87-1.07) 0.48
Prostate cancer 869 IEAA-Horvath 1.04 (0.96-1.13) 0.38 1.04 (0.96-1.13) 0.37
IEAA-Hannum  0.97 (0.87-1.08)  0.55 0.98 (0.88-1.09) 0.68
EEAA 0.96 (0.88-1.04) 0.30 0.96 (0.89-1.05) 0.37
AA-Horvath 1.02 (0.91-1.13) 0.78 1.03 (0.92-1.15) 0.63
Urothelial cell AA-Hannum 1.07 (0.94-1.21) 0.33 1.06 (0.93-1.22) 0.36
carcinoma 428 IEAA-Horvath 1.03 (0.92-1.15) 0.60 1.03 (0.92-1.16) 0.57
IEAA-Hannum  1.07 (0.93-1.22) 0.34 1.06 (0.92-1.22) 0.45
EEAA 1.08 (0.98-1.20) 0.13 1.07 (0.96-1.20) 0.20 P-het’
AA-Horvath 1.05 (1.01-1.10) 0.01 1.05 (1.01-1.10) 0.01 0.28
AA-Hannum 1.09 (1.03-1.14) <0.001 1.09 (1.04-1.14) <0.001 0.03
Pooled 3,086° IEAA-Horvath 1.05(1.00-1.09) 0.04 1.04 (1.00-1.09) 0.05 0.94
IEAA-Hannum 1.07 (1.01-1.13) 0.01 1.07 (1.01-1.12)  0.02 0.13
EEAA 1.08 (1.04-1.12) <0.001 1.08 (1.04-1.13) <0.001 0.001

* Model 1 included no covariates. Cases and controls were matched on age, sex, ethnicity, sample type
(and smoking for the lung cancer study), and placed consecutively on a same chip of the assay.

® Model 2, we added to Model 1 anthropometric measures, lifestyle factors and socioeconomic
variables (BMI, smoking, alcohol intake, diet quality, physical activity, socioeconomic status and

education)

¢ Only the first cancer diagnosis was considered for the pooled analysis

4 P-het: p-value for heterogeneity between studies
OR: odds ratio, per 5-year age acceleration increase, CI: confidence interval
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Table 3. Age acceleration (per S5-year increment) and cancer risk, by attained age, age at blood draw, and follow-up time, Melbourne
Collaborative Cohort Study (N cases=3,086)

N cases AA-Horvath AA-Hannum IEAA-Horvath IEAA-Hannum EEAA

OR*(95% CI) OR*(95% CI) OR*(95%CI) OR®(95% CI) OR" (95 % CI)
<60 years 429 1.09(0.98-121) 128 (1.11-147) 1.06 (0.95-1.19)  1.22 (1.05-1.43) 1.23 (1.10-1.38)
_ 60-70 1,143 1.11(1.04-1.19) 110 (1.01-1.19)  1.09 (1.02-1.17)  1.04 (0.95-1.14) 1.08 (1.01-1.16)
Attainedage ;¢ 1,256 0.99 (0.93-1.05)  1.02 (0.95-1.10)  1.00 (0.93-1.06)  1.04 (0.96-1.12) 1.03 (0.97-1.09)
80 258 1.09(0.95-1.25)  1.14 (0.98-1.33) 1.03 (0.89-1.19)  1.08 (0.92-1.27) 1.16 (1.03-1.32)

P trend 0.13 0.04 0.20 0.19 0.08
<55 years 797 1.09 (1.01-1.18) 120 (1.08-133) 1.06 (0.97-1.15) _ 1.15 (1.02-1.28) 1.16 (1.07-1.26)
Ageatblood  55-60 570 1.01(0.91-1.11)  1.01 (0.90-1.13) 1.00 (0.90-1.11)  1.00 (0.89-1.12) 1.01 (0.92-1.11)
draw 60-65 743 1.09 (1.01-1.18)  1.08 (0.99-1.19) 1.08 (1.00-1.18)  1.06 (0.96-1.18) 1.09 (1.00-1.17)
>65 976 1.02(0.96-1.09)  1.06 (0.98-1.15) 1.02 (0.95-1.09)  1.05 (0.96-1.15) 1.07 (1.00-1.14)

P trend 0.37 0.11 0.67 0.35 0.18
<5 years 721 111(1.03-120) 120 (1.08-132) 1.11(1.02-120) 118 (1.05-1.31) 1.16 (1.07-1.26)
Time since 5-10 911 1.00 (0.93-1.08)  0.98 (0.89-1.07) 0.99 (0.92-1.08)  0.95 (0.86-1.05) 0.98 (0.91-1.06)
blood draw 10-15 953 1.08 (1.00-1.15)  1.14(1.05-1.24) 1.06 (0.98-1.14)  1.13(1.03-1.24) 1.13 (1.06-1.21)
~15 501 1.01(0.91-1.12)  1.03 (0.91-1.15) 0.97 (0.87-1.09)  0.98 (0.86-1.11) 1.05 (0.95-1.15)

P trend 0.36 0.34 0.16 0.30 0.50

* Model 2, adjusted for BMI, smoking, alcohol intake, diet quality, physical activity, socioeconomic status, education. Cases and controls were matched on

age, sex, ethnicity, sample type (and smoking for the lung cancer study), and placed consecutively on a same chip of the assay.

HR: hazard ratio, CI: confidence interval
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cases=3,086; N deaths=1,726 for overall analysis, and N=1,580 for cause-specific analysis)

Model 1: minimally

Model 2: Model 1 + lifestyle

Mortality outcome N cases / N deaths Age acceleration measure adjusted” factors”
HR (95 % CI) P HR (95 % CI) P
AA-Horvath 1.02 (0.98-1.05) 0.38 1.02 (0.98-1.05) 0.33
AA-Hannum 1.05 (1.01-1.10) 0.01 1.05(1.01-1.10) 0.02
All-cause 3,086 /1,726 IEAA-Horvath 1.02 (0.99-1.06) 0.22 1.02 (0.99-1.06) 0.22
IEAA-Hannum 1.07 (1.02-1.13) 0.003 1.06 (1.01-1.12) 0.01
EEAA 1.05 (1.01-1.08) 0.01 1.04 (1.01-1.08) 0.02
AA-Horvath 1.02 (0.98-1.06) 0.38 1.02 (0.98-1.06) 0.36
AA-Hannum 1.05 (1.00-1.10) 0.05 1.05 (1.00-1.10) 0.06
Cancer 3,086/1,271 IEAA-Horvath 1.03 (0.99-1.08) 0.15 1.03 (0.99-1.08) 0.16
IEAA-Hannum 1.08 (1.03-1.14) 0.004  1.08(1.02-1.14) 0.01
_____________________________________________________________ EEAA  104(100-1.09) 004  1.04(100-.08) 005
AA-Horvath 1.01 (0.93-1.10) 0.82 1.01 (0.93-1.10) 0.87
AA-Hannum 1.15 (1.05-1.27) 0.004  1.14 (1.03-1.26) 0.01
Other cause 3,086 /309 IEAA-Horvath 1.00 (0.91-1.09) 0.97 1.00 (0.91-1.09) 0.93
IEAA-Hannum 1.14 (1.02-1.27) 0.02 1.12 (1.00-1.25) 0.05
EEAA 1.12 (1.03-1.22) 0.005 1.11(1.02-1.20) 0.02

* Model T (minimally adjusted) was adjusted for sex, ethnicity, sample type and batch effects

® Model 2, we added to Model 1 anthropometric measures, lifestyle factors and socioeconomic variables (BMI, smoking, alcohol intake, diet quality, physical

activity, socioeconomic status and education)

In Model2, p-values for heterogeneity by cause of death (data duplication method) were: AA-Horvath: P=0.77, AA-Hannum: P=0.08, IEAA-Horvath:

P=0.92, IEAA-Hannum: P=0.30, EEAA: P=0.40
HR: hazard ratio, CI: confidence interval
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Figure 1: Quartiles of age acceleration measures and cancer risk and all-cause mortality following cancer diagnosis

Legend:
A) Association of age acceleration with cancer risk (Model 2)

B) Association of age acceleration with mortality after cancer (Model 2)
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