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Figure 1. Principal component analysis (PCA)-based construction of DNAmAge in rats. (A) Supervised approach: A sample of male F344 rats, ages 1 to
27 months, were split into training (n = 102) and test sets (n = 32). Using DNAm levels measured at 5,505,909 CpGs across the genome as input, we
applied elastic net penalized regression to train a predictor of age. Based on training data, 68 CpGs were selected for the DNAmAge measure. The
plot shows the biweight midcorrelation between age (x-axis) and DNAmAge (y-axis) in the test sample. (B) Screeplot of variance explained for PCs1-60.
A large amount of the variance is captured by PCs 1 and 2, with an elbow forming around PC7, suggesting that the amount of variance explained
drops-off significantly after the first six PCs. (C) Unsupervised approach: we converted PC1 (estimated based on PCA in the training sample) to units of
months by regressing age on PC1 and then multiplying the coefficient by PC1 and adding the constant in the test sample. We then tested the biweight
midcorrelation between PC1 DNAmMAge and chronological age.
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Figure 1—figure supplement 1. Tenfold cross-validation of prediction of chronological age using eigenvalues from PCA of DNAm. Principal
component analysis was run on DNAm data and the resulting eigenvalues were used as inputs to train a predictor of age using elastic net penalized
regression. Based on 10-fold cross-validation, we found that the most accurate model was derived from a single variable (PC1). The x-axis represents
the log of the penalty/shrinkage parameter, lambda. The y-axis depicts the MSE for the 10-fold analysis, with means plotted as red dots and standard
errors plots shown. The values across the top of the graph show the number of variables selected as a function of the lambda (x-axis). The lowest MSE
(left most dashed line) was for log(lambda)=0.775, which selected a model with only one variable (PC1).
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Figure 1—figure supplement 2. Age associations for PCs1-3 from FACS and phenotype data. PCs were generated from 39 variables of white blood
cell composition using FACS (top row) and from ten phenotypic variables (bottom row), which included eight summarized open-field test variables and

two rotarod variables (max time and mean time). In both instances, only PC1 is strongly correlated with age.
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Figure 1—figure supplement 3. Associations between chronological age and phenotypic data (open field and rotarod). Sizes and colors of circles
depict correlation coefficients. Variables are ordered according to hieratical clustering.

Levine et al. eLife 2020;9:e59201. DOI: https://doi.org/10.7554/eLife.59201 50f 19


https://doi.org/10.7554/eLife.59201

ELlfe Research article

Computational and Systems Biology | Genetics and Genomics

Naive/effector CD4+ helper T as %
 Naive/effector CD4+ helper T as % FALS SSC lymphs
Naive/effector CD8+ cytotoxic T as % Naive/effector
MHC Il Myeloid cells as % lymphs

Total Myeloid cells as CD45

% lymphs: CD45 vs SSC

Activated effector memory double pos T cells as % total activated T
Activated effector memory double pos T as % memory T
Memory double pos
Memory double
MHC Il

as % memoryT cells
0s T as % FALS SSC’lymphs
yeloid cells as % myeloid cells

Memory CD8+ Cytotoxic T as % memoryT cells
Memory CD8+ Cytotoxic T as % FALS SSC lymphs

B cells as % CD3- cells

MHCII+ lymphs as double gated lymphs
MHCII+ lymphs as FALS vs SSC lymphs
cells as FALS vs SSC lymphs

T cells as % total events

Memory T as FALS vs SSC lymphs

Memory CD4+ He_Irper T as % FALS SSC lymphs

cells as FALS vs SSC lymphs
Memory T as % total events

aive/effector T cells

cells
FALS vs SSC
FALS vs SSC
Total Myeloid cells as total events

Activated CD8+ Cytotoxic T as %total activated T
Activated CD8+ Cytotoxic T as % memc;{é'IE'

MHCII CD4+ Helper T as % activated CD4+ helper T

MHCII CD4+ Helper T as % activated T

Naive/effector double pos T as % Naive/effector T cells
Naive/effector CD8+ cytotoxic T as % FALS SSC lymphs
Naive/effector double pos T as % FALS SSC lymphs
Naive/effector T as FALS vs SSC lymphs

Naive/effector T as % total events

Activated CD4+ HELPER T as %total activated T
Memory CD4+ Helper T as % memory T cells

Activated T as % memory T

Activated CD4+ HELPER T as % memory T
activated lymphs as double gated lymphs
activated lymphs as FALS vs SSC lymphs

Activated T as % FALS SSC lymphs

os T cells as % total activated T

'_
>
2
o
IS
[0}
1S
R
] [2]
c 2
[2] <
L3E 282
avos WE
o~ = O >
2820 g5
Q&‘DE‘(/)=>~O
3590H 05N
o-QE(/JOO(D
R = IS
O>.O°’9.-9®C/J
(DL-OE<OE_I
(/)Ob\ou_ﬁ < o » K]
wEo" c>RL co 2 T 2
SQEaRE,e 25 S S, @
Egoypo8 EZ £ 28
0Eo ued, S8 E &9
QL g0~ % o= o5 Sex
0O9G0 T QO O © 5.9
Q2508 0%, TR @ (Shae]
2820059 oug o8  FRLSH
0o o2 0900 Qg £ SRG
E0o350S6=0>g 22 w9
E=T 0553205 £< Zen Q0D
20080z >0%N > S T2 0
\°:.:‘“>~‘O®+O"O<Q =0 ZZ8>5~
SO SEIS0 LM O 2 o Zp0 ©
<E22S0$08LD2p 5 SLLABn 8 F
QES_OR0L2PERTE ol¥In §F 5 20
2552005023050 080 2 2 BE
® T SIPEuESR-n3OSzAF2n S £ E
O S50 05818 8n 2 £ S5 T T20
o0 LE 0T SLoIgV Lo, . 8E « OS0O<
SoorL =L T "o aSEnes 205
000 S8StoR,t88cg22—E22 § 8RE
0000 25083018800 0R° O £P>
O SI2 %9 0deni%en® g -39
= < —®© oo
® “S382:0F,034%0E -8 T3228 -
oo (o 00 08829 T50RL20 o =TI, 2
00 000 ESa2ipa®rs. ©2ZRNVa 2
o e e® TSE2S38505,8388 TBewxs Se
=20=2X00D= 88 K*©° © 2=
® ) Emomwﬁ.amﬂog NV w e 59
o £ 00 0=% nR B0 > o
000000 595205352 855007 S
eee[ (o [-® ] =50050p10 FI0ERp el 2
L)) ° (00 [ ] Z-c—“a)_q)'ﬁg.q. sFSBF»WERS 9
® 2272000 aso2 o ORE E2
TO= 30N Qo> >% 6 o2
(0 0000 ZIRE‘OO %‘—3'508_(7;@8& Eca
ee 00000 2553 +todod Se £3E
e F5S2 s oasTey o=
SsE 335050068 985,
O 05~ =1
O &5,008588°5 0 305
o oo cesoe0e | ‘@ RUSOSES- 8B5Sy ohE
20000000000 000 L5025 5-Toknig o>
ceeccocceee - co8e. “IP3555: et 500
=52020 wo
0 000:c0cc 00 | 00000 ~S23533i% ol
00ce 000000 ° 000000 Z%BEUD$+$m9
oo o c0@cc0eeo00 0000000 25080, 220
oo o e0®c 000000 00000000 Z5829085 ¢
) ZGEQ'O>-E
0 [ ) <532855%
032553
(] ° () 2*5‘;‘52131—
() () <5%88op
00 IECQ2
N @] 02T
TR >
° 0 [ ] ]F
o0 (oe® o0 <
24 te
o 000
o 000
: : : .III'IIII.IIII
-1 0.8 -0.6 -0.4 0.2 0 0.2 0.4 06 08 1

Figure 1—figure supplement 4. Associations between chronological age and FACS data. Sizes and colors of circles depict correlation coefficients.
Variables are ordered according to hieratical clustering.

Levine et al. eLife 2020;9:e59201. DOI: https://doi.org/10.7554/eLife.59201

6 of 19


https://doi.org/10.7554/eLife.59201

e Llfe Research article

Computational and Systems Biology | Genetics and Genomics

B
Rat bicor=0.92, p=9.8e-14 ) Mouse bicor=0.79, p=5e-39
8 . .
o (QV
Al O
QA |
o z ;
S v | s * 5 ] '..
S - 9 s ° r
> ] © o g 0@
(o) o o 9 - 009w %0
< @ < 7 o 8,2 8. e
= 8 E 0 oo.“ .2.
<ZE o | ° Z ©._ .0.°' ;3.9. o
o -+ o o ' . 00
o © 8
8388 6 o O
< _oi’ ’ '
© ~— ‘ 5) (@) @
© 8
0 0 N e
[ [ [ [ [ [ [ I I
5 10 20 0 10 20 30
Age (Months) Age (Months)

Figure 2. Age correlation in rats and mice using the restricted overlapping CpGs. (A) PC1 DNAmMAge was re-estimated using only the CpGs that were
overlapped between rat and mouse (n = 3,625). Although this variable contained only 0.066% of the CpGs in the original measure, we were able to
observe an equivalent age biweight midcorrelation. (B) This variable was then applied to data from C57BL/6 mice and was found to be strongly
correlated with age (biweight midcorrelation). We also observed the calorie-restricted mice (magenta) trended towards lower DNAmAge than ad
libitum fed animals (green)—significance was tested using OLS regression.
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Figure 2—figure supplement 1. Correlations between duration of caloric restriction and epigenetic age
acceleration. Based on the equation of DNAm regressed on age in ad libitum fed mice, we calculated age
adjusted DNAmAge for calorically restricted animals. This value represents how much epigenetically older/
younger a mouse is compared to what is expected for its chronological age. It is similar to the delta (DNAmAge—
Age), but also accounts for non-linearities and bias in over-/under-estimation with age. We found that this was
correlated with duration the animal had been on CR, suggesting that a longer time spent on the intervention was
associated with a greater reduction in epigenetic age.
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Figure 3. Rejuvenation of fibroblast-derived iPSCs. We applied our DNAmAge measure to data from kidney and lung fibroblast controls and derived
iPSCs (GSE80672). We find that a significant reduction (Kruskal-Wallis test) in DNAmAge for lung- and kidney-derived iPSCs versus controls.
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Figure 4. PC1 loadings (for overlapped CpGs from mouse data) by module. Each of the 3625 CpGs was assigned to a module (i.e. green, purple, pink,
blue, grey). The y-axis shows the loadings from PC1 that was used to signify the DNAmAge measure. The Purple and Blue modules tend to have CpGs
with positive loadings, signifying that DNAm levels for CpGs in these modules were more strongly related to higher DNAmAge. The green module had
CpGs with both high positive and high negative loadings, suggesting that half the CpGs in this module are hypomethylated in accordance with higher

DNAmAge whereas the other half are hypermethylated with higher DNAmAge. p-Values denotes significance using Kruskal-Wallis test.
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Figure 4—figure supplement 1. Dendrogram from WGCNA. The y-axis pertains to distance, such that lower values pertain to higher topological
overlap. The first column displays the module colors for each CpG—the majority of CpGs are unassigned (grey module), whereas a smaller proportion
are in the green, blue, pink, or purple modules. PC1 loadings for the PC used for DNAmAge is shown in the second column (red is positive, blue is
negative). CoGs in the purple and blue module tend to have strong positive loadings, whereas green has a mix of strong positive and negative
loadings, that segregate based on the dendrogram.
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Figure 4—figure supplement 2. Correlations between module-based DNAmAge and age in both rats and mouse. Modules are denoted by color.
Panels in the first column show biweight micorrelations between age and DNAm Age in the validation set for rats. Panels in the second column show
biweight micorrelations for C57BL/6 Mice. Black dots in the right panels denote samples who underwent caloric restriction starting at 14 weeks.

Levine et al. eLife 2020;9:e59201. DOI: https://doi.org/10.7554/eLife.59201 13 of 19


https://doi.org/10.7554/eLife.59201

e Llfe Research article

Computational and Systems Biology | Genetics and Genomics

A

density

60 1
(%)
c
kel
je2]
© 404
=
o
=
2
S 201
p=}
- I
[(cNeoNeNeNeNoNolNo NN} [(cNeoNeoNoNeNoNoNoN o) [cNeNeNoNoNoNo NN Nl [cHeoNeoNeNeoNoeNeNoNoN(e]
OO0 00 500000 OO0 00 OO0 000 OO0 00000 OOOOOOOOOO
TOOr-r2r-rO0O0FTFT TOO0O-L-rO00FF FTOOFrE2r-rOOT T FTOO-L2+-0O0 * %
G)O‘—loov—od)(‘b QJO'—IOO‘—OQ)(D Q)Ov—loow—oﬂ)q) (DOv—IOOv—OGJ(D
T 1 8L - 1 08807 ~v- 1 5880y 71 8L
1T 2258280 0aNA T1T 082882050 N" T1To,8238800nr TT1T 82582800506 nN
Vo+=ol o = = Vo*ol o = = Vo+*ol o = = Vool o = =
= oo o oo -~ o O [oNeNe) ==} o OO -~ 0o o o O o
©© o O - O O © O O — O O © O O - O O © O O — O O
oo o o (== o o o [= NN o o oo o o
+ O | — O + O | - O + O | — O + O | — O
o — - O~ - o - - o~ -
7! T 7! 7!
Distance to TSS
Intergenic Intron Exon PromoterCore PromoterProx
04257 cor=0.27, p=0.00015
o
o [}
°
] - o
0.100 =] L 8 o °
8 . i .
8 s ° ..908
> o
[S] @ o 88 o ° 2. °
0.0751 ° 8, o © io 8 '
2o |e°0 ' .. 8 ° 8
B 2 A @
g o ° °
o
—_ o o
0.050 5 O °
O = o [¢]
e
o g o
o o o
=
- o
S
0.0251 T °g
[fe}
=
S
T o
0.000 T J J
5 10 15
5 10 15 .
CpG Density

CpG Density

Figure 5. Module characteristics. (A) Base-pair proximities of CpGs to Transcription Start Sites (TSS), according to module assignment (denoted by
color). We find a high proportion of CpGs in the blue module (and to some extent the green module) are located 10,000 to 1,000,000 downstream of

Figure 5 continued on next page
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Figure 5 continued

TSS. (B) Proportion of CpGs in various genomic regions as a function of module (denoted by color). Results suggest that 98% of CpGs in the blue
module and 60% of CpGs in the green module are in intergenic regions. (C) Distribution of surrounding CpGs densities according to module (denoted
by color). CpG density was (x-axis) was calculated as the number of CpGs within a 100 bp window (50 bp on either side of the CpG of interest). We
observed that the blue module tended to be comprised of CpGs located in regions of higher CpG density (island), while the green module was
bimodal, with half the CpGs in it being located in high-density regions, and the other half in low-density regions. (D) We then plotted CpG density as a
function of the CpG loading for PC1 that was used to estimate DNAmAge from overlapped CpGs. We find that for the green module, CpGs with
strong negative loadings are in low-density regions, while those with high loadings are in both low- and high-density regions.
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Figure 5—figure supplement 1. Transcription factor binding and histone mark enrichment for blue module. Based on the genomic locations of CpGs
in the blue module (n = 64), Cistrome Project database (http://cistrome.org) was used to assess enrichment for binding overlap of histone marks and

variants (A) and transcription factors and chromatic regulators (B).
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Figure 5—figure supplement 2. Transcription factor binding and histone mark enrichment for green module. Based on the genomic locations of CpGs
in the green module (n = 38), Cistrome Project database (http://cistrome.org) was used to assess enrichment for binding overlap of histone marks and

variants (A) and transcription factors and chromatic regulators (B).
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Figure 5—figure supplement 3. Transcription factor binding and histone mark enrichment for purple module. Based on the genomic locations of
CpGs in the purple module (n = 44), Cistrome Project database (http://cistrome.org) was used to assess enrichment for binding overlap of histone
marks and variants (A) and transcription factors and chromatic regulators (B).
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Figure 5—figure supplement 4. Transcription factor binding and histone mark enrichment for pink module. Based on the genomic locations of CpGs
in the pink module (n = 47), Cistrome Project database (http://cistrome.org) was used to assess enrichment for binding overlap of histone marks and
variants (A) and transcription factors and chromatic regulators (B).
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