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Abstract: Exceptionally long-lived individuals (ELLI) who are the focus of many healthy longevity
studies around the globe are now being studied in Israel. The Israeli Multi-Ethnic Centenarian
Study (IMECS) cohort is utilized here for assessment of various DNA methylation clocks. Thorough
phenotypic characterization and whole blood samples were obtained from ELLI, offspring of ELLI,
and controls aged 53–87 with no familial exceptional longevity. DNA methylation was assessed using
Illumina MethylationEPIC Beadchip and applied to DNAm age online tool for age and telomere
length predictions. Relative telomere length was assessed using qPCR T/S (Telomere/Single copy
gene) ratios. ELLI demonstrated juvenile performance in DNAm age clocks and overall methylation
measurement, with preserved cognition and relative telomere length. Our findings suggest a favorable
DNA methylation profile in ELLI enabling a slower rate of aging in those individuals in comparison
to controls. It is possible that DNA methylation is a key modulator of the rate of aging and thus the
ELLI DNAm profile promotes healthy longevity.
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1. Introduction

Healthy aging is usually characterized by preserved cognitive and motor functions. A unique
group of aging individuals termed centenarians serves as a healthy aging model, outliving the age of
100, with mostly intact cognition and physical health [1–3]. Such exceptionally long-lived individuals
(ELLI) are the focus of many studies around the world [4–12], and this group is now being studied in
Israel as well. Our newly established cohort of ELLI is part of the Israeli Multi-Ethnic Centenarian
Study (IMECS), which aims to elucidate the mechanisms of their healthy aging process.
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Two of the most-studied hallmarks of aging [13] are DNA methylation and telomere attrition.
Telomere shortening has long been documented to have inverse correlation with age [14–17], with mean
telomere length (TL) considered a marker for cellular senescence and aging [18–20]. Alongside this
inverse correlation, mean TL has also been strongly correlated with several age-associated diseases [21–25],
adding significance to the negative outcomes of telomere shortening. That said, longer TL has been
associated with exceptional longevity [2,26] through several potential mechanisms [27]. Telomere
length is commonly measured by southern blot or by quantitative PCR. The latter method has gained
popularity for its ease of use and robustness [2,28–34].

The other hallmark of aging, DNA methylation, increases with age, mostly through a phenomenon
termed epigenetic drift [35]. The DNA methylation of centenarians, however, seems to be slightly lower,
hinting at a mechanism promoting healthy aging. A study performed on semi-supercentenarians
(ages 105–109 years) and their offspring demonstrated that the semi-supercentenarians and their
offspring displayed younger “epigenetic age” (calculated on DNA methylation values) with
age-matched controls (to the offspring) displaying same “epigenetic age” as actual age [36]. There are
several such “epigenetic age” estimators which are mostly developed and utilized using standardized
DNA methylation data [35,37–41]. There are various methods for measuring DNA methylation,
with the most recently developed Illumina MethylationEPIC beadchip array serving as a thorough,
genome-wide, standardized method. Recently, Lu et al. developed two clocks, one for telomere
length and one for age, based on DNA methylation levels measured using the Illumina arrays [42,43].
To this date, the DNAmTL or DNAmGrimAge have not been used on DNA methylation data of
ELLI. DNAmTL uses 140 CpG sites to estimate telomere length in Kb, while DNAmGrimAge uses
12 sub-DNAm-measures, alongside age and gender, to estimate physiological age with an addition of
an estimate of time-to-death termed DNAmAccelGrim. Prior to the development of DNAmGrimAge,
the same team developed DNAmPhenoAge, a DNA methylation-based aging biomarker that utilizes
513 CpGs to predict the phenotypic age of an individual [44].

The current study utilizes the IMECS cohort (consisting of ELLI, offspring of ELLI, and controls
aged 53–87 with no familial exceptional longevity) to compare between the different DNAm clocks and
actual phenotypic measures (such as relative telomere length measurements, cognitive performance,
and actual age) from the IMECS cohort. We hypothesize that the DNAm age biomarkers and molecular
phenotype of ELLI do not differ from those measures in the much younger offspring and control
populations. These efforts aim to add knowledge on the phenotype of exceptional longevity and perhaps
point at potential therapeutic avenues that might aid in cognitive and physical health preservation or
even improvement (as suggested by Fahy et al. [45]).

2. Results

2.1. DNA Methylation

DNA methylation raw data of all 70 IMECS participants (described in Tables A1 and A2) were
normalized using Noob normalization, and beta values of all CpG sites passing QC filtering were used
to calculate mean beta for each sample, as a measure for global DNA methylation. As can be seen
in Figure 1A, the mean beta value for the centenarian group is slightly lower than that of the control
group, however this difference was not significant. Lack of significance in this value surprisingly
shows great similarity in whole-genome methylation percentage between the groups, hinting at a
juvenile methylation profile for ELLI, seeing as global DNA methylation is known to increase with
age [35,46]. This similarity is continued, as expected, in the offspring group, demonstrating slightly
lower average beta value compared to control as well. In Figure 1B the decrease in methylation with
age is easily visible, and contradicting the increase reported by Hannum et al. [35].
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Figure 1. Mean methylation by group. Methylation levels measured via Illumina MethylationEPIC 
beadchip, converted to beta values with preprocessNoob to remove background read signal through 
Minfi R package. Ncontrol = 28, NELLI = 24, and Noffspring = 17 (one outlier removed). Difference between 
groups found non-significant by one-way Kruskal–Wallis analysis. (A). Mean beta values per group, 
meancontrol = 0.596 ± 0.012, meanELLI = 0.593 ± 0.008, and meanoffspring = 0.592 ± 0.011. (B). Linear regression 
of mean beta values over age, non-significant.  

2.2. DNAm Age Clocks 

We used two recently developed epigenetic clocks, DNAmPhenoAge [44] and DNAmGrimAge 
[42], both developed by the Horvath group at UCLA. In short, DNAmPhenoAge is an age clock based 
on beta values of 513 CpG sites established via correlation with clinical markers, and 
DNAmGrimAge, the more recent and accurate clock, relies on 12 different sub-DNAm-estimators 
alongside actual age and gender. Both clocks aim to describe health and lifespan predictions through 
clinical and phenotypic measurements. Both clocks predict younger age of our groups (Figure 2), 
with DNAmGrimAge outperforming DNAmPhenoAge, and the ELLI estimations are the most 
juvenile (differences between actual age and clocks is largest). The differences between chronological 
age and DNAmGrimAge in the control and offspring groups were very slight (Tables A3 and A4), 
whereas the DNAmPhenoAge consistently underestimated the ages of control and offspring 
participants. This performance is consistent with the DNAmGrimAge performance in the validation 
data used by the developers, yet is the first to be reported in ELLI, whose ages were calculated to be 
younger by DNAmGrimAge.  

Further, there is a high correlation between chronological age and both DNAm clocks (Figure 
3), with DNAmGrimAge outperforming DNAmPhenoAge in actual age prediction. Though 
DNAmGrimAge is more closely related to chronological age (especially due to the use of actual age 
as a parameter of DNAmGrimAge), DNAmPhenoAge was originally designed to capture a 
phenotypic age (rather than chronological age). As depicted by our results, the phenotypic age 
prediction was lower than the chronological age especially for ELLI, indicating a juvenile phenotype 
of this group. With this high correlation in mind, we proceeded to examine correlation between age 
and DNAm clocks with cognitive state of IMECS participants. For this extent, we used the Mini-
Mental State Exam (MMSE) questionnaire score as a measure for the cognitive impairment of 
participants. This assessment revealed no significant correlation between MMSE score and age in 
neither group (Figure 4).  
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Figure 1. Mean methylation by group. Methylation levels measured via Illumina MethylationEPIC
beadchip, converted to beta values with preprocessNoob to remove background read signal through
Minfi R package. Ncontrol = 28, NELLI = 24, and Noffspring = 17 (one outlier removed). Difference
between groups found non-significant by one-way Kruskal–Wallis analysis. (A) Mean beta values
per group, meancontrol = 0.596 ± 0.012, meanELLI = 0.593 ± 0.008, and meanoffspring = 0.592 ± 0.011.
(B) Linear regression of mean beta values over age, non-significant.

2.2. DNAm Age Clocks

We used two recently developed epigenetic clocks, DNAmPhenoAge [44] and DNAmGrimAge [42],
both developed by the Horvath group at UCLA. In short, DNAmPhenoAge is an age clock based on
beta values of 513 CpG sites established via correlation with clinical markers, and DNAmGrimAge,
the more recent and accurate clock, relies on 12 different sub-DNAm-estimators alongside actual age
and gender. Both clocks aim to describe health and lifespan predictions through clinical and phenotypic
measurements. Both clocks predict younger age of our groups (Figure 2), with DNAmGrimAge
outperforming DNAmPhenoAge, and the ELLI estimations are the most juvenile (differences between
actual age and clocks is largest). The differences between chronological age and DNAmGrimAge in
the control and offspring groups were very slight (Tables A3 and A4), whereas the DNAmPhenoAge
consistently underestimated the ages of control and offspring participants. This performance is
consistent with the DNAmGrimAge performance in the validation data used by the developers, yet is
the first to be reported in ELLI, whose ages were calculated to be younger by DNAmGrimAge.
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Figure 2. Comparison of actual age and two age clocks. DNAmGrimAge and DNAmPhenoAge 
calculated by applying methylation beta values to DNAm online tool [37]. Ncontrol = 28, NELLI = 24, and 
Noffspring = 18.  

e 3. Chronological age vs. DNAm epigenetic age clocks. Ncontrol = 28, NELLI = 24, and Noffspring = 18. A. 
DNAmPhenoAge as a function of chronological age, R2 = 0.716, p < 0.001. B. DNAmGrimAge as a 
function of chronological age, R2 = 0.919, p < 0.001. Linear regressions performed and plotted using 
JMP 14 (SAS Institute Inc., Cary, NC, USA). 

 
Figure 4. Cognition vs. age. Mini-Mental State Exam scores used for measuring cognitive impairment. 
A. MMSE score of controls as a function of chronological age, N = 28, p = 0.7021. B. MMSE score of 
ELLI as a function of chronological age, N = 21, p = 0.0776. C. MMSE score of offspring as a function 
of chronological age, N = 16, p = 0.2021. 
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Figure 2. Comparison of actual age and two age clocks. DNAmGrimAge and DNAmPhenoAge
calculated by applying methylation beta values to DNAm online tool [37]. Ncontrol = 28, NELLI = 24,
and Noffspring = 18.
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Further, there is a high correlation between chronological age and both DNAm clocks
(Figure 3), with DNAmGrimAge outperforming DNAmPhenoAge in actual age prediction.
Though DNAmGrimAge is more closely related to chronological age (especially due to the use
of actual age as a parameter of DNAmGrimAge), DNAmPhenoAge was originally designed to capture
a phenotypic age (rather than chronological age). As depicted by our results, the phenotypic age
prediction was lower than the chronological age especially for ELLI, indicating a juvenile phenotype of
this group. With this high correlation in mind, we proceeded to examine correlation between age and
DNAm clocks with cognitive state of IMECS participants. For this extent, we used the Mini-Mental
State Exam (MMSE) questionnaire score as a measure for the cognitive impairment of participants.
This assessment revealed no significant correlation between MMSE score and age in neither group
(Figure 4).
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Figure 3. Chronological age vs. DNAm epigenetic age clocks. Ncontrol = 28, NELLI = 24, and
Noffspring = 18. (A) DNAmPhenoAge as a function of chronological age, R2 = 0.716, p < 0.001.
(B) DNAmGrimAge as a function of chronological age, R2 = 0.919, p < 0.001. Linear regressions
performed and plotted using JMP 14 (SAS Institute Inc., Cary, NC, USA).
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Figure 4. Cognition vs. age. Mini-Mental State Exam scores used for measuring cognitive impairment.
(A) MMSE score of controls as a function of chronological age, N = 28, p = 0.7021. (B) MMSE score of
ELLI as a function of chronological age, N = 21, p = 0.0776. (C) MMSE score of offspring as a function
of chronological age, N = 16, p = 0.2021.

2.3. Telomere length

Finally, we turned to telomere length measurement using qPCR and the DNAm estimator of
telomere length, DNAmTL. Our qPCR results did not demonstrate different T/S ratios between the
three groups (Figure 5 and Table A5). However, the DNAmTL estimator found the telomeres of
ELLI to be approximately 500 bp shorter compared to the control and offspring groups (Figure 6 and
Table A6). When comparing T/S ratio and DNAmTL (Figure A1), there is no correlation between the
two TL measures. Interestingly, when T/S ratio is tested between ELLI and controls with adjustment
by DNAmGrimAge, it approaches significant correlation (p = 0.0508), hinting at a masking effect of the
physiological age (representing juvenile methylation levels of centenarians) on the T/S ratio obtained
with qPCR.
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Figure 5. Average T/S ratio as measured by qPCR. T/S ratio obtained by dividing concentration of
telomeric reaction by concentration of SCG (Single Copy Gene) reaction, as calculated using standard
curve reactions. NELLI = 12, Ncontrol = 17, and Noffspring = 12. All pair comparison (Dunn Joint
Ranking) non-significant.
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Figure 6. DNAmTL calculated using the online tool. DNAmTL was calculated by applying methylation
beta values of 140 CpGs to online tool [37]. Ncontrol = 28, NELLI = 24, and Noffspring = 18. * Significant
differences, p <0.05.

3. Discussion

Many studies are aimed at biomarker discovery and improvement for aging [38,41,42,44,47–52].
The need for such characterization is of upmost importance in light of efforts to achieve longer health
and lifespans across the world. Such biomarker detection would enable tracking and even reversal [45]
of aging processes and allow for drug targeting and development to benefit the already graying
population. Molecular and genomic biomarkers for aging are still sparse and inaccurate with the
exception of the very recent development of DNAmGrimAge [42]. This DNA methylation biomarker
outperforms all previously reported methylation age estimators and serves as a very accurate estimate
of chronological age. Although this is expected due to the use of chronological as a surrogate for the
age prediction, DNAmGrimAge, as DNAmPhenoAge, also serve as an evaluation of health status,
indicative of the rate of epigenetic aging. Use of such biomarkers as indication of rate of age acceleration



Int. J. Mol. Sci. 2020, 21, 615 6 of 12

could promote better understanding of the processes underlying progression of aging and replace use
of chronological age in clinical assessments relating to those conditions.

That said, the centenarian DNAm still remains elusive, even to the most accurate DNAmGrimAge.
We show here that although accurate in offspring of ELLI and unrelated controls, DNAmGrimAge,
along with DNAmPhenoAge, underestimates the chronological age of our IMECS ELLI participants,
predicting a younger epigenetic age. We believe that this represents a slower rate of aging processes
occurring in ELLI, and enabling them to reach such exceptional chronological age. This is in
agreement with the methylation profile of semi-supercentenarians and their offspring, described by
Horvath et al. [36], and replicates their results in our independent cohort.

The juvenile DNAm profile demonstrated in our cohort together with mostly intact cognition
add support to the idea that ELLI age at a slower rate. Even though there was a small decline in the
MMSE scores of the ELLI, this decline was not statistically significant, indicating intact cognition in the
majority of the ELLI participants.

Further, DNAmTL estimated telomere length compared to T/S ratio of qPCR measurement showed
no correlation with each other, until adjusted by DNAmGrimAge, at which the correlation approached
significance. This masking effect of the physiological age (measured by DNAmGrimAge) adds support
to the slower rate of aging. Telomere length has long been argued for and against use as an age
indicator, but it is well-established to be decreased with age. Our qPCR measurements are consistent
with previous observations of longer telomeres in ELLI [2]. While T/S ratio of the ELLI was expected
to shorten in respect to offspring and controls because of their relatively advanced age, it remained
unchanged, indicating a similar telomere length despite almost 30 years average age difference between
group participants, demonstrating once again, a decreased aging rate. Taken together with the juvenile
methylation rates in ELLI, we suggest that ELLI age slower than the general population through
a beneficial methylation profile that may affect telomere length and other aspects of the hallmarks
of aging.

To further draw conclusions, there is a need for bigger sample size and thorough molecular
validation. We acknowledge that these are limitations in our current study and are already planning to
pursue various directions for validation of our results. In addition, since the work presented here is
part of an ongoing study, new IMECS participants are recruited and new recruitment centers should be
established to increase ease and rate of recruitment. We believe that with adequate sample size and
further validation in primary cells from participants we will be able to obtain more information on the
juvenile epigenetic profile of ELLI and their offspring.

4. Materials and Methods

4.1. Ethics Statement

All IMECS participants gave their informed consent for inclusion prior to participation and blood
collection. The study was conducted in accordance with the Declaration of Helsinki, and the protocol
was approved by the Ethics Committee of Clinical Trials Department, Ministry of Health, Israel (project
109-2014) and by the Institutional Review Board at the Rambam Health Care Center in Haifa, Israel
(project RMB 0312-14). Any person over 95 years of age was included in the study with the exclusion
of persons cognitively unable to sign informed consent and cognitively impaired persons with no legal
guardian. For the offspring group, people with one or more parent outliving the age of 95, either alive
or deceased at the time of recruitment, and cognitively able to sign informed consent were included.
For the control group any person in the range of 50–90 years of age both of whose parents did not
reach 95 years of age and cognitively able to sign informed consent were included.

4.2. Sample Collection and Preparation

All IMECS participants (for demographic information see Tables A1 and A2) underwent physical
and cognitive assessment including family history, general health questions, functional assessment
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including Instrumental Activities of Daily Living (IADL) and Basic Activities of Daily Living (BADL),
Mini-Mental State Examination (MMSE), and the 12-item Short Form Health Survey (SF-12). Following
this assessment, 20 mL whole blood was drawn from each participant. White blood cells were separated
using lymphocyte separation medium (LSM, MP Biomedicals, LLC, CA, USA) and DNA extracted
using High Pure PCR Template Preparation Kit (Roche Diagnostics GmbH, Mannheim, Germany)
according to manufacturer instructions and quantified using dsDNA High Sensitivity Kit for Qubit
(Life technologies Corporation, Eugene, OR, USA) and Qubit (Life Technologies Corporation, Carlsbad,
CA, USA).

4.3. DNA Methylation Analysis

For detection of DNA methylation, 500 ng DNA were subjected to bisulfite sequencing and
hybridized to Illumina MethylationEPIC beadchip at the Technion Biomedical Core Facilities,
Rappaport Faculty of Medicine, Haifa, Israel. Raw data underwent an analysis pipeline using
Minfi [53] and BumpHunter [54] (Bioconductor R packages) for quality control and statistical
analyses. PreprocessNoob was used for background correction through dye-bias normalization.
DNAmTL and all age estimators were obtained using the online tool developed by Lu et al.
(https://dnamage.genetics.ucla.edu/home) [37].

4.4. Quantitative PCR for Relative Telomere Length Assessment

Average relative telomere length was measured as previously described [2,28,31,32] with
modifications. IFNB1 was used as a single copy gene as published by Vasilishina et al (primer
sequences detailed in Table A7). qPCR reactions mixes were prepared according to Table A8 with a
standard curve performed for each run. qPCR run in LightCycler 480 II (Roche Diagnostics International
Ltd, Rotkreuz, Switzerland) under following conditions: pre-incubation at 95 ◦C for 10 min, 35 cycles
of 95 ◦C for 15 s, 60 ◦C for 60 s, and 72 ◦C for 10 s, followed by melting curve at 95 ◦C for 5 s, and 65 ◦C
for 60 s. Triplicates for each sample were performed and concentration of sample calculated according
to same-run standard curve and averaged for each sample. Relative telomere length (T/S ratio) of each
sample was calculated as the ratio between average concentration of telomere reactions to the average
concentration of the single copy gene reactions.

4.5. Statistical Analyses

All analyses and plots generated and analyzed using JMP 14 (SAS Institute Inc., Cary, NC, USA).
For all analyses, p-values < 0.05 were considered significant.
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Abbreviations

IMECS Israeli Multi-Ethnic Centenarian Study
ELLI Exceptionally Long-Lived Individuals
DNAm DNA methylation
qPCR Quantitative Polymerase Chain Reaction
MMSE Mini-Mental State Exam
CpG Cytosine Guanine dinucleotide
TL Telomere Length

Appendix A

Table A1. Age distribution of Israeli Multi-Ethnic Centenarian Study (IMECS) participants.

Group Number of Participants Mean Age STDEV Min Age Max Age

ELLI 24 97.1 2.04 95 102
Offspring 18 70.4 6.25 60 82
Control 28 69.7 9.1 53 87

Table A2. IMECS demography.

Group
Gender

% Smokers
Education level

F M Elementary High School College Degree NA

ELLI 12 12 57% 4 10 7 3
Offspring 12 6 37% 1 3 12 2
Control 20 8 39% 0 7 21 0

Table A3. One-way analysis of each age measurement through groups.

Age Measure Group Pairs Kruskal-Wallis P-Value Wilcoxon Post-Hoc

DNAm PhenoAge

ELLI—Offspring

<0.0001

<0.0001

ELLI—Control <0.0001

Control—Offspring 0.5969

DNAm GrimAge

ELLI—Offspring

<0.0001

<0.0001

ELLI—Control <0.0001

Control—Offspring 0.9731

Table A4. Repeated measures test within and among groups.

Measurement Pairs Within Pairs P-Value Among Pairs P-Value

DNAmPhenoAge—actual age <0.0001 <0.0001
DNAmGrimAge—actual age <0.0001 <0.0001

DNAmGrimAge—DNAmPhenoAge 0.7812 <0.0001

Table A5. Distribution of average T/S ratio.

Group Median Average T/S Minimum Average T/S Maximum Average T/S

ELLI 1.01 0.61 5.91
Offspring 1.11 0.33 4.23
Control 0.95 0.39 2.73
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Table A6. One-way analysis of DNAmTL measurements.

Group Pairs ANOVA P-Value Tukey Post-Hoc

ELLI—Offspring

<0.0001

0.0003

ELLI—Control <0.0001

Control—Offspring 0.3388

Table A7. Telomere length qPCR primer information.

Primer Name Primer Sequence Working Concentration

Telo-F CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT 10 µM
Telo-R GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT 10 µM

IFNB1-F GGTTACCTCCGAAACTGAAGA 7.5 µM
IFNB1-R CCTTTCATATGCAGTACATTAGCC 7.5 µM

Table A8. Telomere length qPCR reaction volumes per 1 reaction.

Reagent Telo Reaction IFNB1 Reaction

Ultra-Pure Water (Bio-Lab ltd, Jerusalem, Israel) 6 µL 4 µL

SYBR green (Thermo Fisher Scientific Baltics, Vilnius, Lithuania) 10 µL 10 µL

F primer (Sigma-Aldrich Israel ltd, Rehovot, Israel) 0.2 µL 0.6 µL

R primer (Sigma-Aldrich Israel ltd, Rehovot, Israel) 1.8 µL 1.4 µL

Genomic DNA (5 ng/µL) 2 µL 4 µL
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