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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 DNAmAge 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.

Levine et al. eLife 2020;9:e59201. DOI: https://doi.org/10.7554/eLife.59201 4 of 19

Research article Computational and Systems Biology Genetics and Genomics

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


 

−1 −0.8 −0.6 −0.4 −0.2 0 0.2 0.4 0.6 0.8 1

A
g

e
 a

t 
O

p
e

n
 F

ie
ld

 m
o

n
th

 (
3

0
.4

 d
/m

o
n

)

o
p

e
n

 f
ie

ld
 −

 t
im

e
 r

e
s
ti
n

g
 (

s
)

o
p

e
n

 f
ie

ld
 −

 t
im

e
 i
n

 s
te

re
o

ty
p
y
 (

s
)

ro
ta

ro
d

 −
 t

ri
a

l 
1

 t
im

e
 t

o
 f
a

ll 
(s

e
c
)

ro
ta

ro
d

 −
 t

ri
a

l 
2

 t
im

e
 t

o
 f
a

ll

ro
ta

ro
d

 −
 t

ri
a

l 
3

 t
im

e
 t

o
 f
a

ll

ro
ta

ro
d

 −
 m

e
a

n
 t

im
e

ro
ta

ro
d

 −
 m

a
x
 t

im
e

o
p

e
n

 f
ie

ld
 −

 t
im

e
 i
n

 c
e

n
te

r 
(s

)

o
p

e
n

 f
ie

ld
 −

 v
e

rt
ic

a
l 
a

c
ti
v
it
y
 c

o
u

n
t

o
p

e
n

 f
ie

ld
 −

 t
im

e
 c

lim
b

in
g

 (
s
)

o
p

e
n

 f
ie

ld
 −

 t
im

e
 a

m
b
u

la
to

ry
 (

s
)

o
p

e
n

 f
ie

ld
 −

 d
is

ta
n

c
e

 t
ra

ve
le

d
 (

c
m

)

o
p

e
n

 f
ie

ld
 −

 h
o

ri
z
o

n
ta

l 
a

c
ti
v
it
y
 c

o
u

n
t

Age at Open Field month (30.4 d/mon)

open field − time resting (s)

open field − time in stereotypy (s)

rotarod − trial 1 time to fall (sec)

rotarod − trial 2 time to fall

rotarod − trial 3 time to fall

rotarod − mean time

rotarod − max time

open field − time in center (s)

open field − vertical activity count

open field − time climbing (s)

open field − time ambulatory (s)

open field − distance traveled (cm)

open field − horizontal activity count

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.
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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.
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Figure 2. Age correlation in rats and mice using the restricted overlapping CpGs. (A) PC1 DNAmAge 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.

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

Research article Computational and Systems Biology Genetics and Genomics

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


−
0

.1
5

−
0

.0
5

0
.0

5
0

.1
0

0
.1

5
 p = 1.1e−52

P
C

1
 L

o
a

d
in

g

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). CpGs 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.
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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).

Levine et al. eLife 2020;9:e59201. DOI: https://doi.org/10.7554/eLife.59201 16 of 19

Research article Computational and Systems Biology Genetics and Genomics

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


A 

 

B 

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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