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SUMMARY

All living things experience an increase in entropy, manifested as a loss of genetic and epigenetic information.
In yeast, epigenetic information is lost over time due to the relocalization of chromatin-modifying proteins to
DNA breaks, causing cells to lose their identity, a hallmark of yeast aging. Using a system called “ICE” (induc-
ible changes to the epigenome), we find that the act of faithful DNA repair advances aging at physiological,
cognitive, and molecular levels, including erosion of the epigenetic landscape, cellular exdifferentiation,
senescence, and advancement of the DNA methylation clock, which can be reversed by OSK-mediated
rejuvenation. These data are consistent with the information theory of aging, which states that a loss of epige-
netic information is a reversible cause of aging.

INTRODUCTION software, or both is not yet known. In the 1950s, Szilard

and Medawar independently proposed that aging is caused

Life is based on the complex interplay between the cellular ma-
chinery and information stored in the genome and epigenome,
which may be thought of as biological hardware and software.
Whether aging is caused by a breakdown in the hardware, the

by a loss of genetic information due to mutations resulting
from DNA damage (Medawar, 1952; Szilard, 1959). The type of
DNA damage that is most consistently linked to aging is
the double-stranded DNA break (DSB), occurring at a rate of
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10-50 per cell per day (Tian et al., 2019; Vilenchik and Knud-
son, 2003).

Recently, however, questions about the primacy of mutations
as a driver of aging have been raised. Many types of old cells
have a paucity of mutations (De Majo et al., 2021; Kaya et al.,
2015), strains of mice or people with higher mutation rates
show little to no evidence of premature aging (Narayanan
et al., 1997; Robinson et al., 2021), and mammals can be cloned
from old somatic cells to produce new individuals with normal
lifespans (Burgstaller and Brem, 2017).

During development, cell identity is specified by transcrip-
tional networks and chromatin structures that direct cells into
metaphorical valleys in the Waddington landscape (Waddington,
1957). To maintain optimal function, cells must retain their
identity by preserving epigenetic information and a state of low
Shannon entropy (Hannum et al.,, 2013; Kane and Sinclair,
2019; Keller, 2009).

Aloss of epigenetic information, rather than genetic, as a poten-
tial cause of aging emerged from yeast studies in the 1990s (Ken-
nedy et al., 1997; Sinclair et al., 1997). We and others showed that
relocalization of the silent information regulator complex (Sir2/3/4)
away from silent mating-type loci to the unstable rDNA is the cause
of sterility, a hallmark of yeast aging (Smeal et al., 1996), coincident
with alterations in histone occupancy, histone modifications (e.g.,
H3K56ac and H4K16ac), and gene transcription (Sen et al., 2016).
Overexpression of SIR2, histones, or deletion of the histone meth-
yltransferase gene SET2 extends yeast lifespan, indicating that
epigenetic changes are not merely a biomarker but a cause of
yeast aging (Dang et al., 2009; Feser et al., 2010; Hu et al., 2014;
Kaeberlein et al., 1999; Ryu et al., 2014).

Epigenetic changes linked to aging, including changes in DNA
methylation (DNAme) patterns, H3K4me3, H3K9me3 and
H3K27me3 (Benayoun et al., 2015; Pal and Tyler, 2016; Sen
et al., 2016), are also seen in multicellular organisms. Examples
include lifespan extension in worms deficient in the H3K4 trime-
thylation complex (Greer et al., 2010, 2011) or in flies overex-
pressing the Sir2 gene (Jiang et al., 2013; Rogina and Helfand,
2004; Wood et al., 2016), and the relatively stable epigenome
of long-lived naked mole rats (Tan et al., 2017). Many epigenetic
changes follow a specific pattern, including methylation of spe-
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cific CpGs of the epigenetic clock (Hannum et al., 2013; Horvath,
2013; Luetal., 2021; Petkovich et al., 2017; Weidner et al., 2014).

Why the mammalian epigenome changes over time is not yet
known. Again, clues have come from yeast. A major driver in
yeast is the DSB (Park et al., 1999), the repair of which requires
epigenetic regulators Sir2, Hst1, Rpd3, Gen5, and Esal (Martin
et al., 1999; McAinsh et al., 1999; Mills et al., 1999; Tamburini
and Tyler, 2005). Our relocalization of chromatin modifiers or
“RCM” hypothesis and subsequent “Information Theory of
Aging” propose that aging in eukaryotes is due to the loss of
transcriptional networks and epigenetic information over time,
driven by a conserved mechanism that evolved to co-regulate
responses to cellular damage, such as a DSB or a crush injury
(Mills et al., 1999; Oberdoerffer et al., 2008; Oberdoerffer and
Sinclair, 2007; Sinclair and LaPlante, 2019).

To test whether epigenetic changes are a cause of mammalian
aging, we developed systems to degrade and reset epigenetic
information in cells and mice. Our data are consistent with aging
in mammals being the equivalent of a software problem, the
result of corrupted epigenetic information that can be restored
from an existing back-up copy.

RESULTS

A system to induce epigenetic aging

To create DSBs in cells and mice without causing mutations, we
employed |-Ppol, an endonuclease from Physarum polycepha-
lum (Berkovich et al., 2007; Dobbin et al., 2013; McCord et al.,
2009; Mosammaparast et al., 2013). |-Ppol recognizes the
DNA sequence CTCTCTTAAYGGTAGC (Monnat et al., 1999),
which occurs at 20 canonical targets in the mouse genome, 19
of which are non-coding, including the rDNA, and none of which
occur in mitochondrial DNA (Berkovich et al., 2007).

The system consists of a fusion of the I-Ppol gene to the C ter-
minus of a tamoxifen (TAM)-regulated mutant estrogen receptor
domain gene (ER™), a transcriptional loxP-STOP-loxP cassette
(Berkovich et al., 2007; Figure 1A), and a TAM-regulated Cre re-
combinase gene (Cre-ER™) upstream of a ubiquitin promoter for
whole-body expression (Ruzankina et al., 2007). In the presence
of TAM, Cre-ER™ excises the stop cassette, facilitating
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transcription of the ERT-HA-I1-Ppol-IRES-GFP cassette that
produces nuclear localized ER™-I-Ppol, which is degraded
upon removal of TAM (Figure 1A). C57BL6/J transgenic mice
with heterozygous ER™?-I-Ppol and Cre-ER™ are named induc-
ible changes to the epigenome or ICE mice. Wild type (WT), I-
Ppol, and Cre close relatives served as negative controls
(Figure S1A). We reasoned that the four-complimentary base
overhangs that |-Ppol creates would have a far lower rate of
mutation than other ways of creating DSBs, such as CRISPR,
chemicals, and radiation.

Mouse embryonic fibroblasts (MEFs) were isolated from ICE
and control embryos. After the addition of TAM, HA-I-Ppol
was detected in nuclei of ICE cells, but not of controls (Figure 1B),
and the number of serine-139-phosphorylated H2AX (YH2AX)
foci, a marker of DSBs, reached a maximum of 4-fold above
background after 24 h, with locus-dependent cutting
(Figures 1C and 1D). Compared with etoposide (ETS), a topo-
isomerase |l inhibitor, and phleomycin, a free-radical inducer,
the number of yH2AX foci, the extent of DNA breakage,
and the DNA damage response in ICE MEFs was minimal
(Figures S1B-S1D). During and after I-Ppol induction, there
was no detectable change in cell-cycle profile, apoptosis, or
senescence (Figures STE-S1G). We could not detect changes
in mutation frequency at the 28S rDNA (Figures 1K and S2A-
S2C), RNA levels (Figures S2D and S2F), or overall translation ef-
ficiency (Figures S2K and S2L). Sensitive ligation-mediated PCR
(LM-PCR) (Figure S2G) did not detect residual I-Ppol activity 96 h
post treatment (Figures S2H and S2I).

If the RCM hypothesis is correct, we would expect the post-
treated ICE cells to be epigenetically older than untreated cells
and show characteristics of cells from older mice. Using reduced
representation bisulfite sequencing (RRBS), a weighted sum of
89 age-associated methylation sites, and a refined set of 74 sites
(Petkovich et al., 2017), ICE cells were ~1.5-fold older than
the Cre control cells (Figure 1E; p = 0.0042 and p = 0.004,
respectively).

One of the most robust and reproducible effects of aging
is an increased sensitivity to DNA-damaging agents (Li
et al., 2016; Mapuskar et al., 2017; Miyoshi et al., 2006). The
post-treated ICE cells were significantly more susceptible
than Cre controls to DNA-damaging agents (Figures S1H and
S1l). Another hallmark of aging is reduced lamin B1, an event
that can promote cellular senescence, as indicated by
increased senescence-associated B-galactosidase (SA-B-Gal)

Cell

activity, IL-6, Ccl2, Ccl20, LINE-1, and IAP (Freund
et al., 2012; Shah et al., 2013). At later times post-treatment
(120-168 h), ICE cells had lower lamin B1 levels (Figures S1J
and S1K) and increased indicators of cellular senescence
(Figures 1F=1H).

Based on extensive whole-genome sequencing (WGS), there
was no difference in mutation frequency at canonical, non-ca-
nonical, or ~100,000 random sites in treated Cre and ICE cells
(Wittmayer et al., 1998; Figures 11, S1L, and S1M), nor was there
a difference in mutation frequency between Cre and ICE cells at
each I-Ppol recognition site (Figures 1J, 1K, and S1N). Thus, in
MEFs, faithful DSB repair accelerates aspects of aging, including
epigenetic age.

The ICE system induces non-mutagenic cuts in vivo
To test our hypothesis in vivo, we performed whole-body I-Ppol
expression in 4- to 6-month-old mice for 3 weeks (Figure 1L).
The extent of STOP cassette removal was similar in muscle
(67%), liver (71%), hippocampus (61%), and cortex (72%) (Fig-
ure S3A). HA-I-Ppol, YH2AX, and eGFP were detectable during
TAM treatment but not post-treatment in all tissues tested
(Figures S3B-S3E).

To assess the location and extent of I-Ppol cutting, we used
a biotinylated oligo with the overhang 5-TTAA-3' to capture
I-Ppol-cut DNA (Chailleux et al., 2014; Figure 1M). In skeletal
muscle, liver, and kidney, the Tmem56 intron and the 28S
I-Ppol site were cut during TAM treatment and, as expected,
no cutting was detectable 1 and 10 months later (Figures 1N
and S3F). At the rDNA in particular, there was no evidence of
residual cutting (Figure S2J), changes in copy number (Fig-
ure S20), 28S expression levels (Figure S2P), or protein synthe-
sis (Figures S2M and S2N). There was also no difference in
mutation frequency at canonical or non-canonical I-Ppol recog-
nition sites (Wittmayer et al., 1998) or across the genome
(Figures S3G-S3l). Thus, the ICE system induces specific
DNA breaks with no evidence of mutations or immediate dele-
terious effects.

The ICE system phenocopies aging in vivo

If the RCM hypothesis is correct, I-Ppol induction should
advance epigenetic age and accelerate other characteristics of
aging (Figures 1L and 2A). As mice age, they undergo character-
istic physical and physiological changes, including alopecia, hair
graying, kyphosis, decreased body weight, motion in dark

Figure 1. The inducible changes to the epigenome (ICE) system
(A) The ICE system with a TAM-inducible I-Ppol endonuclease.

(B and C) YH2AX foci in DAPI-stained nuclei of MEFs after TAM (4-OHT, 0.5 uM) treatment. Scale bars, 10 um. Two-way ANOVA-Bonferroni.
(D) gPCR analysis of cutting at I-Ppol canonical sites. One-way ANOVA-Bonferroni.
(E) Epigenetic age of 96-h post-treated ICE cells. All clock DNAme sites (left) and clock DNAme sites post-batch effect correction (right). Two-tailed Student’s

t test.

(F and G) Senescence-associated B-galactosidase (SA-B-Gal) staining of post-treated cells. Two-tailed Student’s t test.
(H) mRNA levels of genes known to change during senescence 144-h post-treatment. Two-tailed Student’s t test.

(I and J) Non-mutated I-Ppol canonical sequences in 96-h post-treated cells assessed by deep sequencing (>50x).

(K) Mutation frequency of 28S rDNA in 96-h post-treated cells. Two-tailed Student’s t test.

(L) Experimental design.

(M and N) Immunoprecipitation and quantification of a I-Ppol cut site (Tmem56) in skeletal muscle, liver, and kidney during and after TAM treatment (0-, 1-, and 10-

month post-treatment). Two-tailed Student’s t test.

Data are mean (n > 3) = SD or + SEM (N). n.s.: p > 0.05; *p < 0.05; **p < 0.01; **p < 0.001.
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phase, and a reduced respiratory exchange ratio (RER) (Ackert-
Bicknell et al., 2015; Harkema et al., 2016; Houtkooper et al.,
2011; Koks et al., 2016).

During I-Ppol induction, there were no detectable differences
between ICE mice and the negative controls in terms of behavior,
activity, or food intake. After 1 month, however, there were subtle
differences in the ICE mice, including alopecia and a loss of
pigment on the feet, tail, ears, and nose, resembling middle-
aged WT mice (Liu et al., 2019; Nishimura et al., 2005; Figure 2B).

At 10-month post-treatment, the ICE mice exhibited classic
features of old age, including reduced body weight and fat
mass, independent of food intake (Figures 2B-2E and S4A-
S4E), a lower RER during the day (Figures 2F and S4F), and
decreased motion in the dark phase (Figure 2G).

The mouse frailty index (Fl) is a compendium of health
measures including body weight, coat condition, grip strength,
mobility, vision, and hearing (Whitehead et al., 2014).
One month post-treatment, there was no significant difference
in Fl between ICE mice and controls, but after 10 and 12 months
the ICE mice had a higher Fl resembling that of 24-month-old WT
mice (p = 0.0006 and <0.0001, respectively) (Figure 2H), along
with other features of aging, including kyphosis, loss of cortical
bone thickness, and trabecular bone density in the inner layer
(Ferguson et al., 2003; Katzman et al., 2010; Figures 2l and 2J).

To determine whether ICE mice mimicked the histological
changes seen during aging, we assessed two tissues,
kidney and skin, that undergo well characterized age-related
changes (Roeder et al., 2015; Russell-Goldman and Murphy,
2020). Compared with age-matched controls, the kidneys of
10-month post-treated ICE mice had fewer healthy glomeruli (1+)
and podocytes (Figures 2K-2N). The glomerular parietal epithelial
cells (PECs) of ICE mice experienced a greater epithelial to mesen-
chymal transition (EMT), another characteristic of aged kidneys
(Roeder et al., 2015; Figures 20 and 2P). Key features of skin aging
were apparent, including subepidermal thinning and hair graying
duetoaloss of KIT/CD117-positive melanocyte stem cells (Matsu-
mura et al., 2016; Nishimura et al., 2005; Figures S4J-S4M).

ICE mice phenocopy brain aging

Mammalian aging is associated with a decline in central nervous
system function (Figure 3A; Johnson et al., 2018; Ungvari et al.,
2017). During aging, mice move less in the dark phase and have

Cell

a characteristic loss of coordination. ICE mice moved ~50%
less in the dark phase (Figure 3B) with an impaired gait
(Figures S4N-S4P). Hippocampal function, critical for spatial
and memory consolidation, declines with age (Gallagher et al.,
2010; Miller and O’Callaghan, 2005; Park and Reuter-Lorenz,
2009) and is often measured by fear conditioning, which measures
short-term memory. On the second day, ~75% of the young mice
and ~40% of old mice froze, indicating reduced contextual recall,
with a similar difference between Cre and ICE mice (Figures 3C—
3E). In the Barnes maze test, a measure of long-term memory,
the recall of ICE mice was about half that of Cre controls, similar
to that of 24-month-old WT mice (Figures 3F and 3G).
Astrocytes and microglia, mediators of the innate immune
response of the central nervous system, become hyper-activated
with age (Baruch et al., 2014; Norden and Godbout, 2013). Similar
to the hippocampi of aged mice, ICE mice had greater numbers of
activated astrocytes (1.6x) and microglia (3.5 %) (Figures 3H-3K).

ICE mice phenocopy muscle aging

Exercise endurance, strength, muscle mass, vascularization, and
mitochondrial function decrease in skeletal muscle with age (Das
et al., 2019; Demontis et al., 2013; Figure 4A). Molecular hallmarks
of muscle aging include reduced ATP, mitochondrial DNA, and al-
terations in subsarcolemmal and intermyofibrillar morphology (De-
montis etal.,2013; Leduc-Gaudet etal., 2015). At 16 months of age,
ICE mice had significantly less muscle mass (Figure 4B), reduced
endurance (Figure 4C), greater lactate levels post-exercise (Fig-
ure S5A), reduced grip strength (Figure S5B), and other molecular
hallmarks of muscle aging (Figures 4D-4F and S5C-S5F).

At 10-month post-treatment, the ICE mice had 6-fold fewer cy-
tochrome oxidase (COX)-positive myofibers (Figures S5G and
S5H), about half the capillary to fiber ratio (Figures 4G and 4H),
a loss of silencing at repetitive elements and the transcription
of retrotransposons, paralleling normal aging (Das et al., 2019;
De Cecco et al., 2019; Oberdoerffer et al., 2008; Wenz et al.,
2009; Figure S5I). The ICE mice also had thinner left ventricular
(LV) posterior walls, implying possible dilated cardiomyopathy
(Figures S5K and S5L).

ICE mice undergo accelerated epigenetic aging
Gene expression and DNAme patterns of ICE mice were
compared with normal young and old mice. In skeletal muscle,

Figure 2. ICE mice phenocopy normal aging
(A) Experimental design.
(B) Images of Cre and ICE mice.

(C-E) Weight and body mass. Two-way ANOVA-Bonferroni (C). One-way ANOVA-Bonferroni (D, left). Two-way ANOVA-Bonferroni (D right and E).
(F) Respiratory exchange rate (RER) of 10-month post-treated mice. Repeated measures two-way ANOVA-Bonferroni.

(G) Average motion over 24 h.

(H) Frailty indices of Cre, ICE, WT 3- and 24-month-old mice. Two-tailed Student’s t test (left) or two-way ANOVA-Bonferroni (right).
(I and J) CT of whole skeleton and micro-CT of trabecular and cortical bones. Kyphosis assessment (1), bone/tissue volume (J, left), and trabecular separation

(J, right). Two-tailed Student’s t test.

(Kand L) Average damage scores (1+ normal-4+ global scarring) of glomeruli of 10-month post-treated ICE mice. OC, outer cortex; JM, juxtamedullary glomeruli.

Two-tailed Student’s t test.

(M and N) p57 (podocyte) and periodic acid-Schiff staining, and podocyte density of 10-month post-treated ICE mice. Circles with broken line indicate glomeruli.

Scale bars, 50 um. Two-tailed Student’s t test.

(O and P) Fraction of a-SMA-positive cells in parietal epithelial cells (PECs) along Bowman’s capsule (arrows) of 10-month post-treated ICE mice showing an
epithelial to mesenchymal transition (EMT). Circles with broken line indicate glomeruli. Scale bars, 50 pm. Two-tailed Student’s t test.

Data are mean + SEM. n.s.: p > 0.05; *p < 0.05; ***p < 0.001; ***p < 0.0001.
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Figure 3. ICE mice phenocopy brain aging
(A) Experimental design.

(B) Ambulatory activity of 10-month post-treated mice in light and dark cycles. Two-way ANOVA-Bonferroni.
(C-E) Immediate and contextual freezing in fear conditioning tests in 10-month post-treated mice. One-way ANOVA-Bonferroni (D, left and E, left) or two-tailed

Student’s t test (D, right and E, right).

(F and G) Representative images of Barnes maze tests and mean number of pokes at each hole in 10-month post-treated mice. Two-way ANOVA-Bonferroni.
(H-K) Immunofluorescence of the hippocampal CA3 region stained for astrocyte activation (GFAP) and microglia (IBA1) in 10-month post-treated mice. Scale

bars, 100 um. Two-tailed Student’s t test.

Data are mean + SEM. n.s.: p > 0.05; *p < 0.05; **p < 0.01; **p < 0.001; ****p < 0.0001.

genes that were significantly dysregulated in ICE mice correlated
with changes in old mice (Figures 4l, 4J, and S5M-S50;
Table S2), including Cdknia (cyclin-dependent kinase inhibitor
1A or p21), a mediator of p53-mediated cellular senescence
(Beggs et al., 2004; Choudhury et al., 2007; Welle et al., 2004),
Myl4 (myosin light chain 4), a form of myosin upregulated during
aging (Lin et al., 2018), Nirc5 (NLR family CARD domain contain-

ing 5), which inhibits NF-kB (Boisvert et al., 2018; Soto et al.,
2015; Yoshihama et al., 2016; Zeng et al., 2018), and Mrpl55
(mitochondrial ribosomal protein L55), the methylation of which
is associated with longer lifespan (Weidner et al., 2014; Zhang
et al., 2017).

Epigenetic clocks serve as a biomarker of biological age in
mammals (Hannum et al., 2013; Horvath, 2013; Petkovich
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Figure 4. ICE mice phenocopy muscle aging

(A) Timeline of phenotypic assessments of mice.

(B) Muscle mass of 10-month post-treated mice assessed by MRI. Two-tailed Student’s t test.
(C) Treadmill endurance in WT, 10-month post-treated mice. Two-tailed Student’s t test.
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etal., 2017; Weidner et al., 2014). We used 61 WT muscle and 28
WT blood samples from male and female mice aged 2-30 months
to define the training set (Figures S6A and S6C). RRBS identified
age-associated CpGs for blood (743) and muscle (2,048) by
Elastic Net regression model using CpG sites with >300 reads.
The epigenetic ages of muscle and blood samples were calcu-
lated as: epigenetic age = inverse.F(by + b;CpG;+ -+ +b,CpG,),
with b as the coefficient from the trained model, by as the inter-
cept, and CpG, DNAme values. Within the training dataset,
epigenetic age was correlated with chronological age (R? =
0.995 and 0.991 for muscle and blood, respectively)
(Figures S6A and S6C; Table S3).

For validation, 18 muscle and 90 blood samples from mice 2 to
30 months old were used for testing (Figures S6B and S6D;
Table S3). Validation sets had R? = 0.915 and 0.944 for muscle
and blood, respectively, demonstrating accurate age estima-
tions using independent datasets. There was no overlap be-
tween the clock CpGs and I-Ppol recognition sequences (Fig-
ure S6E). Based on the two mouse clocks, the rate of
epigenetic aging was ~50% faster in the ICE mice than Cre con-
trols (p < 0.0001), closely paralleling treated ICE fibroblasts
(Figures 4K-4M).

Faithful DNA repair alters the epigenetic landscape
Aging is associated with specific changes in histone levels and
post-translational modifications. Reduced levels of H3K122ac
extend the lifespan of budding yeast (Sen et al., 2015) and levels
of H3K27ac and H3K56ac decrease in many human immune cell
types (Cheung et al., 2018; Dang et al., 2009). Mass spectro-
metric quantification of 46 different histone modifications de-
tected relatively lower amounts of H3K27ac and H3K56ac and
higher amounts of H3K122ac in treated ICE cells (Figures 5A
and S6F). Chromatin immunoprecipitation followed by DNA
sequencing (ChlP-seq) with spiked in Drosophila S2+ cells
(Orlando et al., 2014) showed ICE cells had relatively less chro-
matin-bound H3K27ac and H3K56ac (2% and 5%, respectively)
(Figure S6G; Table S4).

Based on ChIP-seq and assay for transposase accessible
chromatin using sequencing (ATAC-seq), H3K27ac was en-
riched in accessible regions, consistent with the known associ-
ation of H3K27ac with active promoters and enhancers (Heinz
et al., 2015; Klemm et al., 2019). In post-treated ICE cells, re-
gions with higher accessibility lost H3K27ac, and those with
lower accessibility gained it (Figure S6H). Loci with higher
H3K27ac peak intensities tended to lose the most signal and
vice versa, consistent with a genome-wide erosion of the
H3K27ac landscape, with no apparent changes specifically at
I-Ppol recognition sites (Figure S6l). Erosion was also seen
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across H3K27ac peaks genome-wide and in the top or bottom
40% quantile of H3K27ac signals. The ICE:Cre ratio of
H3K27ac signals was inversely correlated with basal H3K27ac
signals (Figures 5B and S6J), demonstrating that the ICE treat-
ment corrupted epigenetic information and increased Shannon
entropy (Hannum et al., 2013).

Erosion of the epigenetic landscape disrupts
developmental genes

Consistent with RCM being an ancient stress response that dis-
rupts cell identity (Oberdoerffer et al., 2008), analysis of genes
with significant increases in H3K27ac and H3K56ac and de-
creases in H3K27me3 by gene ontology (GO) analysis indicated
that cell identity and developmental processes were disrupted in
ICE cells. Of the top 20 processes, half of them were involved in
development (Figure 5C; Tables S5 and S6). Loci that experi-
enced a decrease in H3K27ac were predominately involved in
stress responses, nucleobase synthesis, DNA repair, chromatin
structure, and metabolism (Table S6).

The intersection of the ChlP-seq datasets was cross-refer-
enced with the TreeFam database, which provides orthology
and paralogy predictions of gene families (Li et al., 2006; Ruan
et al., 2008; Figure 5D). At the intersection were two gene fam-
ilies, both comprised homeobox (Hox) developmental transcrip-
tion factor genes. In the epigenetically aged ICE cells, all the Hox
gene clusters had significant alterations in H3K27ac, H3K56ac,
and H3K27me3 peaks, with coincident changes in mRNA levels
(Figures 5E and 5F). From Hoxa1 to Hoxa6, levels of H3K27ac
and H3K56ac decreased, and from Hoxa9 to Hoxal3, they
increased, with concomitant changes in H3K27me3 and mRNA
levels (Figures 5F and S6K).

To test whether the effects of DSB repair on Hoxa were spe-
cific to I-Ppol, we isolated MEFs from a mouse strain with an
inducible homing endonuclease from budding yeast called
I-Scel, which cuts at ~18 cryptic (non-canonical) sites in the
mouse genome, far from any |-Ppol sites (Chiarle et al., 2011).
Paralleling the effects of I-Ppol on post-recovery gene expres-
sion, I-Scel induction altered mMRNA levels of genes in the Hoxa
cluster. Thus, the effect of DSBs on Hoxa expression apparently
does not depend on where the DNA breaks occur (Figure S6L).

Faithful DSB repair alters spatial chromatin contacts

The spatial organization of chromatin, including a variety of long-
range DNA interactions, plays a key role in controlling gene
expression and maintaining cellular identity (Gorkin et al.,
2014; Kundu et al., 2017; Narendra et al., 2015; Schoenfelder
et al., 2015; Zirkel et al., 2018). High-resolution spatial chromatin
contacts between promoters and enhancers were assessed by

(D) ATP levels in 10-month post-treated muscle. Two-tailed Student’s t test (left) or two-way ANOVA-Bonferroni (right).
(E and F) Mitochondrial morphology and area of 10-month post-treated muscle. Scale bars, 500 nm. Two-tailed Student’s t test.
(G and H) 10-month post-treated gastrocnemius. Laminin (red) and CD31(green), marking extracellular matrix and capillaries, respectively. Two-tailed Student’s

t test.

() Scatter plot of genes changed (p < 0.01) in muscle from 10-month post-treated ICE and 24-month-old WT mice with significantly changed genes (padj < 0.05)

in color.

(J) Heatmaps of the top 200 most significantly altered genes in skeletal muscle.

(K) Epigenetic age of gastrocnemii 1-, 10-, and 14-month post-treatment. Linear regression analysis.
(L and M) Epigenetic age of muscle and blood of mice, 10-month post-treatment (A age = epigenetic age — chronological age). Two-tailed Student’s t test.
Data are mean + SEM. n.s.: p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001; ***p < 0.0001.
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Figure 5. Erosion of the epigenetic landscape in ICE cells
(A) Quantitative mass spectrometry of histone H3 and H4 modifications in 96-h post-treated ICE cells. %, relative abundance; unmod, unmodified; me,

methylation; ac, acetylation.

(B) Genome-wide changes of H3K27ac in 96-h post-treated cells. Heatmap of ICE/Cre.

(C) Gene ontology analysis of H3K27ac-increased, H3K56ac-increased, or H3K27me3-decreased peaks ordered by top 20 processes enriched in H3K27ac-
increased regions (padj < 0.01). 1, Cre < ICE peaks, padj < 0.01; |, Cre > ICE peaks, padj < 0.01.

(legend continued on next page)
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Hi-C and HiChlIP to assess H3K27ac-associated chromatin con-
tacts (Mumbach et al., 2016). While topologically associated
domains (TADs) remained intact in ICE cells (Figure 5G),
H3K27ac-positive posterior Hoxa gene promoters (Hoxa 9-13)
formed new contacts with active enhancers in an adjacent
TAD, with concomitant increases in mRNA levels, consistent
with weakened insulation and disordered promoter-enhancer
(P-E) communication. As far as we know, this is the first evidence
that faithful DNA repair alters multiple layers of epigenetic infor-
mation, including spatial chromatin contacts, chromatin insula-
tion, and P-E communication.

Epigenetically aged cells lose the ability to maintain
cellular identity

The smoothening of the epigenetic landscape, particularly at
genes involved in development and differentiation, prompted us
to test whether the identity of the ICE-treated fibroblasts was
compromised. Of the genes with decreased H3K27me3, 4/10 of
the top GO processes and 6/10 tissue-specific transcriptional
profiles were related to neuronal processes or neuronal tissue
types (Figures 6A and 6B). H3K27me3 signals were lower across
the promoter regions of the neuronal fate genes Neurod1 and
Nefh (Figure 6C). We reasoned that ICE treatment may shift fibro-
blasts away from their lineage and be primed for differentiating
into other cell types, such as neurons. To test this, we reprog-
rammed the post-treated Cre and ICE cells into neurons by chem-
ical means (Li et al., 2015) and found that Neurod1 and Nefh were
8- to 15-fold more easily derepressed in the ICE MEFs (Figures 6D
and 6E), coincident with increases in neuron count and the
neuronal cell marker TUJ1 (Figures 6F and 6G).

Cellular identity changes in ICE mice

We refer to the loss of cell identity due to damage or aging as “ex-
differentiation” and the reversal of it as “redifferentiation” (Cutler,
1982; Sinclair and LaPlante, 2019). To test whether DSBs accel-
erate exdifferentiation in vivo, we performed H3K27ac ChIP-seq
on skeletal muscle of 10-month post-treated ICE mice and
compared the datasets with the epigenome roadmap, a con-
sortium of human epigenomic data from different cell types and tis-
sues (Roadmap Epigenomics Consortium, Kundaje et al., 2015).
Regions with lower H3K27ac (p < 0.01) in Cre vs. ICE showed
the strongest enrichment for muscle tissue signatures (p = 9.0 x
10~8), while regions with higher H3K27ac showed an enrichment
for immune cell enhancers (p = 9.3 x 1072%) (Figures 6H and
S6M). Of the top 20 processes that were increased in ICE muscle,
all were elevated in old WT mice, consistent with WT and ICE mice
undergoing similar epigenetic changes (Figure 6l).

In mammals, cellular identity is established prenatally and
maintained by H3K27ac-enriched super-enhancers (SE) (Hnisz
et al.,, 2013; Whyte et al.,, 2013). Of the regions that gained
H3K27ac in ICE cells, there was overlap with SE regions from im-
mune cells and regulatory regions involved in developmental
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processes and immune cell activation (Figures 61 and S6N). After
ICE treatment, spleen SEs in muscle were derepressed, gaining
H3K27ac (Figure 6J), as were the class |l major histocompatibil-
ity complex (MHC) cluster and the Nfkbid gene, a regulator of hu-
moral immunity (Figure 6K). These data imply that the muscle of
post-treated ICE mice exdifferentiate toward an immune signa-
ture, consistent with data from aged mouse tissues (Benayoun
et al.,, 2019). Together with the neuronal priming of ICE cells
and increased EMT in the ICE kidney, we conclude that the in-
duction of non-mutagenic DSBs accelerates the epigenetic
clock and age-related changes to chromatin, gene expression,
and cellular identity.

Epigenetic reprogramming restores a youthful
epigenome in ICE mice

To further rule out mutations as a cause of the ICE phenotype and
gain further insight into epigenetic alterations as a cause of aging,
we tested the effect of resetting the epigenome in vitro and in vivo.
The cyclic expression of Yamanaka factors Oct4, Sox2, Kif4, and
Myc (OSKM) (Takahashi and Yamanaka, 2006) alleviates the
symptoms and extends the lifespan of progeroid mice and other
aspects of aging (Ocampo et al., 2016; Sarkar et al., 2020). In a
parallel study to this one, we found it possible to safely reverse
epigenetic age and gene expression patterns of old and damaged
neurons to cure blindness in mice, a process requiring DNA de-
methylation (Lu et al., 2020). These findings revealed that cells
possess a back-up copy of youthful epigenetic information that
can restore cell identity (LaPlante and Sinclair, 2019).

Expression of OSK in post-treated ICE cells reversed age-
associated mRNA changes, including those for Hmgb, Chaf1,
Hoxa, and canonical histone genes (Figures 7A-7C and S7E),
similar to the effect of OSK expression in aged fibroblasts
(Figures 7D-7F and S7F), and did not go so far back in age as
to begin to erase cell identity or induce the pluripotency gene
Nanog (Figures S7A-S7E). Based on four different mouse
clocks, the epigenetic age of ICE cells was reversed by up to
57% (Figure 7G; Meer et al., 2018; Petkovich et al., 2017; Stubbs
et al., 2017; Thompson et al., 2018). During normal aging, levels
of H3K9me3 in kidneys decrease and H3K36me2 in muscle in-
crease (Tvardovskiy et al., 2017). Remarkably, after 5 weeks of
inducing adeno-associated virus (AAV)-delivered OSK in the
whole body of ICE mice, the levels of these aging markers in kid-
ney and muscle were rejuvenated to a point where they resem-
bled negative controls (Figures 7H, 71, and S7TH-S7M).

Old mice develop opaque lenses and lose retinal ganglion cells
(RGCs) in the innermost retinal layer (Calkins, 2013; Downs,
2015; Samuel et al., 2011; Wolf et al., 2000; Figure 7J). In the
ICE mice, lens opacity was greater (Figures S7TN-S7P), and the
number of RGC axons in the myelinated region were fewer
than controls (Figures 7K-7N). Remarkably, ectopic expression
of OSK in RGCs (Figure 70) returned mRNA levels to a more
youthful pattern (p < 0.0001). Consistent with the in vitro aging

(D) TreeFam analysis of gene families with overlapping regions with histone modification changes (padj < 0.01) in ICE cells.

(E) Volcano plot of H3K27ac peaks. All peaks and peaks in Hox genes shown white to yellow and blue to purple, respectively.

(F) ChIP-seq track of histone modifications and mRNA levels across the 120 kb Hoxa locus of post-treated ICE cells. Difference = ICE — Cre.

(G) Hi-C contact matrixes and HiChlIP contact loops in Hoxa. Red, chromatin contacts between Hoxa promoters and other regions. Lower panels, regions with
ChIP-seq or RNA-seq peaks. Peak regions, red (Cre < ICE), blue (Cre > ICE) or gray (unchanged).
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Figure 6. Induction of the ICE system disrupts cellular identity
(A) Gene ontology analysis of H3K27me3 decreased regions (padj < 0.05). Red, developmental processes. “Neuronal processes.
(B) Mouse tissue types based on transcriptional profiles of genes that overlap decreased H3K27me3 regions (padj < 0.05) in ICE cells. Red, neuronal tissues.

Numbers indicate rank.
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forward and reversal data, 7/10 of the top upregulated pro-
cesses in the RGCs of 12-month-old mice were involved in
development (Figure 7P), the majority of which (86% of nervous
system developmental genes) were restored by OSK (Figure 7Q).

DISCUSSION

Studies of simple organisms, such as budding yeast, worms, and
flies, indicate that a loss of epigenomic information may be an un-
derlying cause of aging in those species (Imai and Kitano, 1998;
Jiang et al., 2013; Lu et al., 2014; Mills et al., 1999; Oberdoerffer
etal., 2008). Based on yeast work performed in our lab and others,
we proposed the RCM and Information Theories of Aging, which
state that a loss of epigenetic information, driven in part by cellular
repair events, is a cause of aging (Oberdoerffer et al., 2008; Sin-
clair and Guarente, 1997; Sinclair and LaPlante, 2019; Sinclair
et al., 1997). In this paper, we show that non-mutagenic DSB
repair causes the epigenetic landscape to erode and cells to drift
into adjacent Waddington valleys, where they malfunction and
cause aging, consistent with the Information Theory of Aging.

There is vigorous debate about the contribution of mutations
to aging, relative to other aging hallmarks (Kabacik et al., 2022;
Narayanan et al., 1997; Robinson et al., 2021). Separating
genomic from epigenomic effects on aging has been challenging
because inducing DNA damage, either by chemicals, radiation,
or deleting DNA repair genes, causes unnatural and over-
whelming DNA damage and disrupts other major cellular pro-
cesses (Birkisdottir et al., 2021; Zhang et al., 2011).

While it is incontrovertible that certain types of DNA damage
mimic aging, including chemotherapy, radiation, smoking, and
progeria (Carrero et al., 2016; Hofstatter et al., 2018; Horvath
and Levine, 2015; Maccormick, 2006; Nance and Berry, 1992;
Salk et al., 1985; White and Vijg, 2016), evidence to the contrary
includes the fact that cloned animals or mice engineered to
accumulate mutations have normal health and lifespans
(Narayanan et al., 1997; Wakayama et al., 2013).

By introducing DSBs without causing mutations, we provide ev-
idence that it is the cell’s reaction to damage and the resulting loss
of epigenetic information that drives mammalian aging forward.
This would explain why aging proceeds through a predictable se-
ries of molecular and physiological changes, even though DNA
damage can occur anywhere in the genome. We do not, however,
discount the possibility that the effects of genomic and epige-
nomic information loss on cell senescence and aging are mutually
reinforcing. Indeed, we see that advancement of epigenetic age is
associated with an increase in DSBs (Figures S1H and S1l).

The fact that the DSB repair efficiency of mammals correlates
with lifespan, but not other types of repair, such as nucleotide

¢? CellPress

excision repair (NER) and base excision repair (BER), indicates
that DSBs are a special case, perhaps because only severe
threats to cell survival disrupt the epigenome sufficiently to
cause aging (Brown and Stuart, 2007; Tian et al., 2019). This
idea is consistent with our observation that severe nerve damage
also accelerates aging (Lu et al., 2020).

Chromatin-modifying factors known to relocalize during DSB
repair include SIRT1, SIRT6, HDAC1, and PARP1. Studies of
these proteins indicate that repeated triggering of the RCM
response disrupts youthful gene expression patterns and liber-
ates retrotransposons, such as those silenced by SIRT1 and
SIRT6 (De Cecco et al., 2019; Oberdoerffer et al., 2008; Simon
et al., 2019). How the epigenetic clock is advanced by DSBs is
not known, but one possibility is that DSBs cause the relocaliza-
tion of ten-eleven translocation enzymes (TETs) and DNA meth-
yltransferases (DNMTs) (O’Hagan et al., 2008).

Short-lived species and organoids made from induced plurip-
otent stem cells (iPSCs) have proven sub-optimal for studying
aspects of human aging. The ICE system may help solve this
problem by advancing the epigenetic age of cells and organisms
to resemble old human tissues.

Given that RCM is ultimately lethal to the individual, why did it
evolve? We propose that RCM is an example of antagonistic plei-
otropy, a process that promotes survival in young individuals but
does the opposite later in life (Williams, 1957). The benefit is that
the relocalization of chromatin factors to sites of repair places cells
in survival mode until repair is complete (Kennedy et al., 1997;
Mills et al., 1999; Oberdoerffer et al., 2008; Sinclair and LaPlante,
2019; Smeal et al., 1996). Over time, however, repeated activation
causes chromatin factors to scatter and long-range DNA interac-
tions to change, thereby aging cells and tissues.

RCM may have evolved to allow cells to deal with the abun-
dance of DSBs that occur during rapid DNA replication in micro-
organisms and then in embryos. Indeed, Wnt and Hox genes
direct embryonic development and also facilitate DSB repair
(Feltes, 2019; Liu et al., 2007; Rubin et al., 2007; Ye et al.,
2007; Zhao et al., 2018). Developmental genes might be more
susceptible to DSB-driven information loss because they are
poised to turn on rapidly and in response to cellular damage
(Brack et al., 2007; Budovskaya et al., 2008; Florian et al.,
2013; Salzer et al., 2018).

Even low levels of DSBs caused a surprisingly strong pheno-
type months later, which raises the specter that some chemical,
enzymatic, and radiological agents that break DNA or otherwise
disrupt the epigenome and are regarded as safe because they
do not cause cancer, may promote aging and age-related
diseases. Fortunately, it is now apparent that mammals retain
a back-up copy of youthful epigenetic information that can

(C) ChIP-seq track of neuronal markers, Neurod?1 and Nefh. Difference = ICE — Cre.
(D and E) Time course of mRNA levels of Col1AT7 (a fibroblast marker), Neurod1 and Nefh (neuronal markers) during neuronal reprogramming. Two-way ANOVA-

Bonferroni.

(F and G) Neuronal marker TUJ1 8 d after reprogramming. DNA stained with DAPI. Scale bars, 100 pm. Two-tailed Student’s t test.
(H) Comparison of H3K27ac increased regions (p < 0.01) to epigenome roadmap data from different human tissue types.
(I) Gene ontology comparison of H3K27ac increased regions in 10-month post-treated ICE mice (16 months) (p < 0.01) to RNA-seq data from skeletal muscle from

old WT mice (24 months) (padj < 0.05).

(J) Aggregation plots of H3K27ac signal in bottom 25% quantile in spleen super-enhancer regions.
(K) H3K27ac ChlP-seq tracks across spleen super-enhancers in the class Il major MHC cluster and Nfkbid in 10-month post-treated muscle.

Data are mean (n > 3) + SD. *p < 0.05; **p < 0.01.
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Figure 7. Epigenetic reprogramming restores youthful epigenetic marks
(A) AAV vectors used for polycistronic OSK expression.
(B) Experimental scheme for AAV-OSK transduction to post-treated ICE cells and mice.
(legend continued on next page)
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safely restore the function of old tissues, akin to reinstalling
software.

Limitations of the study

In this study, we did not determine which chromatin factors are re-
localized, nor did we study chromatin contacts in vivo. We did not
perform epigenomic analyses at the single-cell level, and we
induced the ICE system in the whole body but not in a tissue-spe-
cific manner, so we cannot make conclusions about cell auton-
omy. We also cannot rule out that some of the effects are due to measurement

the cutting of the rDNA locus. Indeed, rDNA instability and nucle- Ambulatory activity

olar size influence the lifespan of lower organisms (Sinclair et al., Treadmill Gait Analysis

1997; Tiku et al., 2017). That said, we saw no effects on rDNA mu- COX and capillary density staining
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(C) Scatter plot of MRNA changes in ICE (AAV-DJ-rtTA, n = 3) and ICE+OSK (AAV-DJ-rtTA and OSK, n = 3) fibroblasts from 1-month post-treated ICE mice. Linear
regression.

(D) Transgenes in the OSK transgenic mouse.

(E) OSK induction in fibroblasts from young (3 months, n = 8) or old (15 months, n = 3) OSK transgenic mice by Dox treatment.

(F) Scatter plot of mMRNA changes by aging or OSK. Linear regression.

(G) Epigenetic age of post-treated ICE (AAV-DJ-tTA, n = 8) and ICE+OSK (AAV-DJ-tTA and OSK, n = 8) MEFs at 10-day post-AAV transduction. Two-tailed paired
Student’s t test.

(H and ) H3K9me3 in Cre (AAV-MYOB3-tTA, n = 3), ICE (AAV-MYO3-tTA, n = 2) and ICE + OSK (AAV-MYOB3-tTA and OSK, n = 4) kidney, 5 weeks post-AAV
injection. One-way ANOVA-Bonferroni.

(J) Optic nerve head: section used for axon counts (solid blue line). V, retinal blood vessels; MTZ, myelination transition zone; Ax, axon bundles.

(K-N) Density of PPD-stained myelinated optic nerve axons. Scale bars, 10 pm. Two-tailed Student’s t test.

(O) Intravitreal injection of AAV2-OSK and RGC sorting. RGCs isolated by FACS from retinas of young (5 months, n = 5), old (12 months, n = 6) and old mice
injected with AAV2-OSK (15 months, n = 4).

(P) Gene ontology analysis of upregulated genes in RNA-seq data (5 vs. 12 months, padj < 0.01).

(Q) Scatter plot of MRNA changes due to aging or epigenetic reprogramming in age-associated genes (gray) and nervous system development genes (other
colors).

Data are mean + SD or + SEM (L and N). *p < 0.05; ****p < 0.0001.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Rabbit polyclonal anti-H3 Abcam Cat# ab1791

RRID: AB_302613
Mouse monoclonal anti-H3 Abcam Cat# ab10799

RRID: AB_470239
Rabbit polyclonal anti-H3K27ac Active motif Cat# 39134

RRID: AB_2722569
Rabbit polyclonal anti-H3K56ac Millipore Cat# 07-677-1

RRID: AB_390167
Rabbit polyclonal anti-H3K27me3 Millipore Cat# 07-449

RRID: AB_310624
Rabbit polyclonal anti-H4K20me3 Abcam Cat# ab9053

RRID: AB_306969
Rabbit polyclonal anti-H3K36me2 Abcam Cat# ab9049

RRID: AB_1280939
Rabbit polyclonal anti-H3K9me3 Active Motif Cat# 39161

RRID: AB_2532132
Rabbit polyclonal anti-yH2AX Abcam Cat# ab2893

Rabbit polyclonal anti-yH2AX

Mouse monoclonal anti-yH2AX

Rabbit polyclonal anti-H2AX

Rabbit polyclonal anti-53BP1

Rabbit polyclonal anti-P53p

Mouse monoclonal anti-P53

Mouse monoclonal anti-ATMp

Rabbit polyclonal anti-p16

Rabbit polyclonal anti-PARP1

Rat monoclonal anti-CD31

Rabbit polyclonal anti-Laminin

Rabbit polyclonal anti-Iba1

Rabbit polyclonal anti-GFAP

Mouse monoclonal anti-Lamin A/C

Rabbit polyclonal anti-Lamin B1

Cell Signaling Technology
Novus

Abcam

Novus

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Santa Cruz Biotechnology
Cell Signaling Technology
Abcam

Sigma-Aldrich

Wako

Antibodies.com

BD Bioscience

Abcam

RRID: AB_303388

Cati# 2577
RRID: AB_2118010

Cat# NBP1-19255
RRID: AB_1642310

Cat# ab11175
RRID: AB_297814

Cat# NB100-304
RRID: AB_10003037

Cat# 9284
RRID: AB_331464

Cat# 2524
RRID: AB_331743

Cat# 4526
RRID: AB_2062663

Cat# sc-1207
RRID: AB_632106

Cat# 9542
RRID: AB_2160739

Cat# ab56299
RRID: AB_940884

Cat# L9393
RRID: AB_477163

Cat# 01919741
RRID: 01919741

Cat# A85419
RRID: AB_2752917

Cat# 612163
RRID: AB_399534

Cat# ab16048
RRID: ab16048
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Rabbit polyclonal anti-macroH2A1 Active motif Cat# 39593
RRID: AB_2793271
Mouse monoclonal anti-GAPDH Millipore Cat# MAB374
RRID: AB_2107445
Mouse monoclonal anti-TUJ1 BioLegend Cat# 801201
RRID: AB_2313773
Rat monoclonal anti-HA-Peroxidase Roche Cat# 12013819001

Mouse monoclonal anti-Oct3/4

Goat polyclonal anti-Kif4

Alexa Fluor® 488 Goat Anti-Mouse IgG (H+L)

Alexa Fluor® 568 Goat Anti-Rabbit IgG (H+L)

BD Biosciences

R&D systems

Thermo Fisher Scientific

Thermo Fisher Scientific

RRID: AB_390917

Cat# 611203

RRID: AB_398737
Cat# AF3158

RRID: AB_2130245
Cat# A-11029

RRID: AB_138404
Cat# A-11036

RRID: AB_10563566

Alexa Fluor® 568 Donkey Anti- Mouse IgG (H+L) Thermo Fisher Scientific Cat# A10037
RRID: AB_2534013
Alexa Fluor® 488 Donkey Anti- Goat IgG (H+L) Thermo Fisher Scientific Cat# A32814
RRID: AB_2762838
Anti-rabbit IgG Millipore Cat# 12-370
RRID: AB_145841
Bacterial and virus strains
AAV-DJ-rtTA Lu et al., 2020 N/A
AAV-DJ-tTA Lu et al., 2020 N/A
AAV-DJ-OSK Lu et al., 2020 N/A
AAV-MYOS3-tTA This paper N/A
AAV-MYO3-0OSK This paper N/A
Chemicals, peptides, and recombinant proteins
(2)-4-Hydroxytamoxifen Sigma-Aldrich Cat# H7904
Tamoxifen citrate salt Sigma-Aldrich Cat# T9262
Triamcinolone acetonide Sigma-Aldrich Cat# T6501
Etoposide CALBIOCHEM Cat# 341205
Camptothecin CALBIOCHEM Cat# 208925
Paraquat SIGMA Cat# 36541
Hydrogen peroxide SIGMA Cat# 216763
Phleomycin InvivoGen Cat# ant-ph-1
dCTP [«-32P] PerkinElmer Cat# BLU513H500UC
L-[35S]-Methionine PerkinElmer Cat# NEG709A500UC
Recombinant I-Ppol Promega Cat# R7031
Rodent Chow Diet LabDiet Cat# 5053
LightCycler 480 SYBR Green | Master Roche Cat# 4707516001

Dynabeads® Protein A for Immunoprecipitation
Dynabeads® Protein G for Immunoprecipitation
Dynabeads® M-280 Streptavidin

UltraPure™ Buffer-Saturated Phenol
Phenylalanine, L-[2,3,4,5,6-3H]

Hematoxylin solution modified acc. to Gill Il
Eosin Y-solution 0.5% alcoholic

e2 Cell 186, 1-22.e1-e14, January 19, 2023

Life Technologies
Life Technologies
Life Technologies
Thermo Fisher
PerkinElmer
Millipore

Millipore

Cat# 10001D

Cat# 10003D

Cat# 11205D

Cat# 15513039

Cat# NET1122001MC
Cat# 1051750500
Cat# 1024390500
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REAGENT or RESOURCE SOURCE IDENTIFIER
Fluoroshield mounting medium with DAPI Sigma-Aldrich Cat# F6057
bFGF STEM CELL Cat# 78003.1
ISX9 CAYMAN CHEM Cat# 16165
Forskolin CAYMAN CHEM Cat# 11018
CHIR99021 LC Laboratories Cat# C-6556
I-BET151 CAYMAN CHEM Cat# 11181
Fasudil Selleckchem Cat# S1573
SB203580 Selleckchem Cat# S1076

Dynabeads® Protein A

Dynabeads® Protein G

AMPure® XP Beads

Propidium lodide

Premium Grade Fetal Bovine Serum

Charcoal stripped FBS

Tet System Approved FBS

N-2 Supplement

B-27™ Supplement

GlutaMAX™ Supplement

Neurobasal™ Medium

0.1% Gelatin

Formaldehyde

Paraformaldehyde

Adenosine-5’-triphosphate disodium salt hydrate
NEBNext® High-Fidelity 2X PCR Master Mix
TRIzol® Reagent

VECTASHIELD® PLUS Antifade Mounting Medium
cOmplete™ EDTA-free Protease Inhibitor Cocktail
Phosphatase Inhibitor Cocktail 2

Phosphatase Inhibitor Cocktail 3

SuperScript® Ill Reverse Transcriptase

Thermo Fisher

Thermo Fisher
BECKMAN COULTER
Abcam

Seradigm

VWR

TAKARA

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Millipore

CALBIOCHEM

Electron Microscopy Sciences
VWR

New England Biolabs
Thermo Fisher Scientific
Vector Laboratories
Roche

SIGMA

SIGMA

Thermo Fisher Scientific

Cat# 10001D
Cat# 10003D
Cat# A63881
Cat# ab14083
Cat# 1500-500
Cat# 35-072-CV
Cat# 631106
Cat# 17502001
Cat# 17504044
Cat# 35050061
Cat# 21103049
Cat# ES-006-B
Cat# 344198
Cat# 15710
Cat# AAJ61125-09
Cat# M0541S
Cat# 15596-026
Cat# H-1900-10
Cat# 4693132001
Cat# P5726
Cat# P0044
Cat# 18080093

Critical commercial assays

E.Z.N.A.® Tissue DNA Kit

E.Z.N.A.® Total RNA Kit |

iScript cDNA synthesis kit

NEBNext® ChlP-Seq Library Prep Master Mix
NEBNext® Multiplex Oligos for lllumina
RNeasy MinElute Cleanup Kit
NEXTflex™ Rapid RNA Sequencing Kit
NEXTflex™ RNA-Seq Barcodes — 12
Nextera DNA Library Prep Kit
Dovetail™ HiChIP MNase Kit
QuantiFluor® dsDNA System
QuantiFluor® RNA System

Library Quantification Kits

ChIP DNA clean & concentrator
Surveyor® Mutation Detection Kits
ChIP DNA Clean & Concentrator™

Omega Bio-tek
Omega Bio-tek
Bio-rad

New England Biolabs
New England Biolabs
QIAGEN

Bioo Scientific

Bioo Scientific
lllumina

Dovetail Genomics
Promega

Promega

Kapa Biosystems
Zymo

Transgenomic

Zymo Research

Cat# D3396

Cat# R6834

Cat# 1708891
Cat# NEB E6240L
Cat# NEB E7335S
Cat# 74204

Cat# 5138-01
Cat# 512912

Cat# FC-121-1030
Cat# 21007

Cat# E2670

Cat# E3310

Cat# KK4854
Cat# D5201

Cat# 706025

Cat# D5201
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REAGENT or RESOURCE SOURCE IDENTIFIER
Click-iT™ EdU Alexa Fluor™ 488 Flow Thermo Fisher Scientific Cat# C-10425
Cytometry Assay Kit

Senescence B-Galactosidase Staining Cell Signaling Technology Cat# 9860
Deposited data

Next generation sequencing data BioProject ID: PRINA554729, N/A
(ChIP-seq, ATAC-seq, RNA-seq, WGS and Hi-C data) PRJNA655981

Experimental models: Cell lines

WT mouse embryonic fibroblasts This paper N/A

I-Ppol mouse embryonic fibroblasts This paper N/A

Cre mouse embryonic fibroblasts This paper N/A

ICE mouse embryonic fibroblasts This paper N/A

Cre mouse adult fibroblasts This paper N/A

ICE mouse adult fibroblasts This paper N/A

|1-Scel mouse embryonic fibroblasts This paper N/A

3 mo. OSK-tg mouse adult fibroblasts This paper N/A

15 mo. OSK-tg mouse adult fibroblasts This paper N/A
Experimental models: Organisms/strains

C57BL/6 mouse NIA (USA) N/A
C57BL/6 HA-ERT2-I-Ppol mouse This paper N/A
C57BL/6 Cre-ERT2 mouse Ruzankina et al., 2007 N/A

I-Scel mouse Chiarle et al., 2011 N/A
Oligonucleotides

PCR primers This paper Table S1
Recombinant DNA

pAAV-CMV-rtTA Lu et al., 2020 N/A
pAAV-CMV-tTA Lu et al., 2020 N/A
pAAV-TRE3G-OSK Lu et al., 2020 N/A
pAAVMYO3 El Andari et al., 2022 N/A
Software and algorithms

Cellprofiler Broad Institute http://cellprofiler.org
Ensembl blat European Bioinformatics Institute http://www.ensembl.org/Multi/Tools/

GraphPad Prism
Metacore
Galaxy

GREAT

Enrichr
ChlIP-enrich
Easeq
Primer-BLAST

GraphPad Software
GeneGo

Penn State University
Stanford University
Mount Sinai

University of Michigan
University of Copenhagen
NIH

Blast?db=core

https://www.graphpad.com
https://portal.genego.com

https://usegalaxy.org
http://great.stanford.edu/public/html
http://amp.pharm.mssm.edu/Enrichr
http://chip-enrich.med.umich.edu/chipMain.jsp
https://easeq.net
https://www.ncbi.nlm.nih.gov/tools/primer-blast

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, David A.

Sinclair (david_sinclair@hms.harvard.edu).

Materials availability

Reagents and methods in this study will be made available by the lead contact upon request.
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Data and code availability

The NGS datasets generated during this study are available through the BioSample database (NCBI) under BioProject ID:
PRJNA554729 and PRJINAG55981. Details of the analysis are provided in the STAR Methods section. Any additional information
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice and treatments

I-PpolSTOP knock-in mouse ES cells were generated. Briefly, an estrogen receptor nuclear translocation domain (ER™)
tagged with HA at N-terminus and I-Ppol were inserted into STOP-eGFP-ROSA26TV plasmid (addgene, plasmid #11739)
together followed by IRES and EGFP sequence. HA-ER"-1-PpolST°F cassette was integrated at Rosa26 loci and the targeted
C57BL6 ES cells were injected into C57BL/6 albino (cBRD/cBRD) blastocysts. After back-crossing I-Ppol ST°%* chimeric mice
with C57BL/6 mice, ICE mice were generated by crossing I-Ppol ST°"* mice to CreE*™* mice harboring a single ER' fused to
Cre recombinase that is induced whole body (Ruzankina et al., 2007). 4-6 month-old Cre and ICE mice were fed a modified
AIN-93G purified rodent diet with 360 mg/kg Tamoxifen citrate for 3 weeks to carry out I-Ppol induction. ER™ containing three
mutations selectively binds to 4-hydroxytamoxifen (4-OHT) but not estradiol. Cre-ER protein is translocated into nucleus by
tamoxifen treatment followed by removal of the STOP cassette located at upstream of I-Ppol. In the presence of tamoxifen, Cre-
ER™ and HA-ER™-I-Ppol localize to the nucleus and induce DNA double strand breaks. Wild-type aged mice were
obtained from the NIA aged rodent colonies and acclimatized at least for a month prior to experimentation. Mice were fed
LabDiet 5053 diet and all animal care followed the guidelines of Animal Care and Use Committees (IACUCs) at Harvard Medical
School.

Cell culture

Mouse Embryonic Fibroblast (MEF) cells were isolated from E13.5 mouse littermate embryos at day E13.5 and cultured in low oxygen
(3% v/v). After dissecting out the uterus and yolk sac, fetuses were moved in a new dish containing sterile PBS. The liver, heart, head
were removed and the remaining part was washed in sterile PBS to remove blood. Fetuses were minced in 0.25% trypsin-EDTA and
incubated at 37°C for 30 min. Cells were washed and maintained with MEF growth medium (DMEM containing 20% FBS, 1% pen/
strep, 0.1 mM B-mercaptoethanol). For activation of ER (estrogen receptor)-fused Cre in MEFs, 0.5 uM 4-Hydroxytamoxifen (4-OHT)
was treated for 24 h and medium was switched to one without 4-OHT to stop I-Ppol-mediated DNA breaks. For activation of GR
(glucocorticoid receptor)-fused I-Scel, 200 nM triamcinolone acetonide (TA) were treated in DMEM containing 15% charcoal strip-
ped FBS for 2 d and maintained for 8 d without TA.

Mouse adult fibroblast cells were isolated from ears taken from 3-, 24- and 30-month-old mice. 2 whole ears were washed with
70% EtOH and sterile PBS and minced in DMEM containing 0.14 Wunsch Units/ml Liberase TM and 1% penicillin/streptomycin. After
incubation of minced tissues at 37°C for 45 min with shaking, cells were washed with medium twice and plated on collagen coated
culture dishes.

All cells were cultured in DMEM containing 20% FBS (Seradigm or Takara Tet-free), 1% penicillin/streptomycin, 0.1 mM B-mer-
captoethanol at 37°C, 3% O, and 5% CO, unless otherwise specified.

METHOD DETAILS

Western blot analysis

Cell and tissue samples were lysed in RIPA buffer (50 mM Tris-HCI pH 7.4, 150 mM NaCl, 0.25% deoxycholic acid, 1% NP-40, 1 mM
EDTA) containing a proteinase inhibitor cocktail (Sigma-Aldrich). An equal amount of lysate was incubated with sample buffer (0.05%
Bromophenol blue, 2% sodium dodecyl sulfate, 50 mM Tris-Cl pH 6.8, 5% B-mercaptoethanol) at 95°C for 5 min then separated on
an SDS-PAGE gradient gel, transferred to a membrane using transfer buffer (25 mM Tris-HCI pH 8.3, 190 mM glycine 20% methanol),
blocked with TBSTM (Tris-buffered saline, 0.1% Tween 20, with 5% skim milk), probed with primary and secondary antibodies and
developed using ECL Western Blotting Detection Reagent (Sigma-Aldrich).

Southern blotting

Genomic DNA samples were prepared using EZNATissue DNA Kit (Omega Bio-tek). DNA (3 pg) was run in 0.8% agarose gel, DNA
was depurinated in 0.25 N HCI, denatured in 0.4 N NaOH, and washed with 20X SSC. DNA was transferred to a nylon membrane in
0.4 N NaOH using a TurboBlotter (Whatman), washed with 2X SSC, crosslinked by UV then incubated in pre-hybridization solution
(6X SSC, 5X Denhardt’s solution, 1X SSD,0.0625 M Tris-HCI pH7.5, 75 p/ml salmon sperm DNA) at 65°C for 3 h with rotation. DNA
probes were generated using target-specific PCR with dCTP [«-32P]. Radioactive DNA probes were added to fresh pre-hybridization
solution and incubated with the membrane overnight with rotation. The membrane was washed with 2X SSC, 2X SSC containing 1%
SDS and 0.1X SSC and exposed to X-ray film at -80°C.
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Surveyor assay

I-Ppol target regions were amplified from genomic DNA isolated from either Cre or ICE cells by PCR using flanking primer sets. Het-
ero- or homo-duplexes were hybridized in thermocycler and hybridized DNA (200 ng) was treated with SURVEYOR nuclease S
(Transgenomic) at 42°C for 60 min. Nuclease reactions were stopped and digestion was analyzed by agarose gel electrophoresis
or a Bioanalyzer (Agilent).

Metabolic labeling of MEFs

MEFs were washed twice with pulse-labeling medium (Met- Cys-free DMEM containing 10% dialyzed serum) and incubated in pulse-
labeling medium for 1 h to deplete intracellular Methionine. Pulse-labeling medium with 0.2 mCi/ml methionine [35S] was added to
cells and incubated for 1h. Cells were lysed and 3°S-methionine incorporation was determined by TCA precipitation and scintillation
counting.

Quantification of protein synthesis

Protein synthesis was quantified as published (Garlick et al., 1980; Hofmann et al., 2015). L-*H-phenylalanine (1 mCi/mL) was com-
bined with unlabeled phenylalanine (135 mM) to create 100 mCi/ml. After adjusting the solution to pH 7.1 with NaOH, the labeling
solution was injected via the lateral tail vein at 1 mI/100 g bodyweight under anesthesia with ketamine (75 mg/kg) and xylazine
(10 mg/kg).

Quantification of DSBs

DNA double strand breaks (DSB) generated by |-Ppol were detected as described previously (Chailleux et al., 2014). Briefly, tissue
was homogenized in phenol and genomic DNA was purified with chloroform, ethanol and RNase. Genomic DNA carrying I-Ppol spe-
cific DSBs was subjected to ligation-mediated purification using biotin-conjugated adaptor nucleotides with 5'-AATT-3 overhangs
that bind to the DSB site generated by |-Ppol. Adaptor sequences were as follows: dRbiot-Bglll-IPpol F 5'-CCCTATAGTGAGTCG
TATTAGATCTGCGTTAA-3‘, dRbiot-Bglll-IPpol R 5'-CGCAGATCTTAATACGACTCACTATAGGG-3‘. The biotinylated fragment
was digested using EcoRl for 3 h at 37°C followed by purification with streptavidin magnetic beads (Dynabeads M-280 Streptavidin,
Invitrogen) in binding buffer (20 mM Tris-HCI pH 8.0, 0.1% SDS, 1% Triton X-100, 2mM EDTA, 150 mM NaCl). After 4 h at 4°C, beads
were washed five times with washing buffer (50 mM Tris-HCI pH 8.0, 0.1% SDS, 150 mM NacCl) and once with TE buffer. Cut DNA was
eluted by digesting the adaptor with Bgl/ll at 37°C overnight. DNA was purified using glycogen, sodium acetate and ethanol. DNA
primers were: 5+11 F 5-ACTTAGAACTGGCGCTGAC -3‘, 5+11 R 5'-CTGGCCTGGAACTCAGAAAT-3‘, 28S F CCCACTGT
CCCTACCTACTATC, 28S R AGCTCAACAGGGTCTTCTTTC.

Indirect Calorimetry

Food consumption, ambulatory activity, oxygen consumption (VO,), carbon dioxide production (VCO,) and respiration exchange ra-
tio (RER) were measured using Columbus Instruments CLAMS. Mice were housed in metabolic cages for 3 d prior to collecting data
and body composition was determined by EchoMRI 3-in-1.

MMQPCR

Monochrome multiplex quantitative PCR was performed as described previously (Cawthon, 2009). Briefly, a PCR reaction containing
20 ng of genomic DNA was prepared with SYBR Green system (Applied Biosystems). The PCR program was set up as Step 1: 95°C;
15 min, Step 2; 2 cycles of 94°C for 15 sec and 49°C for 15 sec, Step 3: 32 cycles of 94°C for 15 sec, 62°C for 15 sec, 74°C for 15 sec
with signal acquisition for 28S ampilification, 84°C for 10 sec, 88°C for 15 sec with signal acquisition for Hbbt1 amplification. Primers
are listed in Table S1.

Frailty Index assessment

The Frailty Index (FI) was scored as described previously (Whitehead et al., 2014). Briefly 31 health-related deficits were assessed for
each mouse. Mice were weighed and body surface temperatures were measured three times with an infrared thermometer (La
Crosse Technology), then scored based on the deviation from mean weight and temperature of young mice (Whitehead et al.,
2014). Twenty-nine other items across the integument, physical/musculoskeletal, oscular/nasal, digestive/urogenital and respiratory
systems were scored as 0, 0.5 and 1 based on the severity of the deficit. Total score across the items was divided by the number of
items measured to give a frailty index score between 0 and 1.

Lens opacity scoring
Lens opacity scoring was previously described (Wolf et al., 2008). Mice were held without anesthesia and assessed in a dark room
using a SL-14 Kowa hand-held slit lamp (Kowa, Tokyo, Japan).

Magnetic Resonance Imaging

Mice were anesthetized with 2% isoflurane gas in oxygen and placed in a 4.7 Tesla Bruker Pharamscan magnetic resonance
imager. Rare T1 (TE: 13.4 ms, TR: 900 ms, Rare factor: 4, Matrix: 256 x 256 x 24, Voxel size: 0.215 x 0.156 x 1 mm) and a Rare
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T2 (TE: 18.26 ms, TR: 2000 ms, Rare factor: 8, Matrix: 256 x 256 x 24, Voxel size: 0.215 x 0.156 x 1 mm) scans of the lower thoracic
cavity, abdomen and lower extremities were performed.

Micro CT scanning
Femurs were isolated and placed in 70% ethanol. Micro-CT was performed by using SCANCO Medical n-CT35 at the core facility at
the Harvard School of Dental Medicine (Idelevich et al., 2018).

Quantification of optic nerve axons

To quantify axons, optic nerves were dissected and fixed in Karnovsky’s reagent (50% in phosphate buffer) overnight. Semi-thin
cross-sections of the nerve were taken at 1.0 mm posterior to the globe and stained with 1% p-phenylenediamine (PPD) for evalu-
ation by light microscopy. Six to eight non-overlapping photomicrographs were taken at 60x magnification covering the entire area of
the optic nerve cross-section. Using ImageJ software, a 100 x 100 uM square was placed on each 60x image and all axons within the
square (0.01 mm?) were counted using the threshold and analyze particles function in image J. The average axon counts in 6-8 im-
ages was used to calculate the axon density/mm? of optic nerve. Scorers were blinded to experimental groups.

Immunohistochemistry for mouse skin

Dorsal skin samples were fixed with 4% paraformaldehyde/PBS and kept on ice for 2 h. The fixed skin samples were embedded in
OCT (Sakura Finetek) and snap frozen in liquid nitrogen for histology. After washing in PBS, nonspecific staining was blocked with
PBS containing 3% skim milk and 0.1% Triton-X for 30 min. Sections were incubated with primary antibodies at 4°C overnight: rat
anti-mouse CD117 (BD Pharmingen) and rabbit anti-human KRT5 (COVANCE). Secondary antibodies were conjugated with Alexa
Fluor 488 or 594 (Invitrogen). Nuclei were counterstained with 4’,6-diamidino-2-phenylindole (DAPI) and images were obtained using
FV1000 confocal microscope (Olympus). >100 hair follicles per mouse (n=8) were analyzed for the presence of KIT+ melanocytes in
the bulge.

Quantification of subepidermal thickness

Site-matched skin tissue was fixed in formalin, embedded in paraffin, and 5 um sections were cut and stained with hematoxylin and
eosin. Representative regions of the subcutaneous layer were measured from the limits of the dermis to the panniculus carnosus
(‘subepidermis’) with the assistance of an ocular micrometer. Care was taken to ensure that tissue was embedded perpendicularly
and the subdermal thickness determination was not artificially enhanced due to tangential sectioning. Because the subepidermal
layer reached maximum thickness in control Cre mice at 17-18 months, this timepoint was selected for comparisons with the ICE
mice. A minimum of 10 randomly selected thickness determinations were generated for each tissue section.

Brain immunohistochemistry

For GFAP and Iba1 staining, the tissues were incubated overnight in paraformaldehyde (4% v/v). Fixed brains were embedded in
paraffin and 6-pm sections were generated using a manual rotary microtome (Leica). After deparaffinization and re-hydration of tissue
slides, an antigen revealing step was performed by using antigen unmasking solution (Vector). Sections were blocked in PBS with 5%
BSA and 0.3% Triton-X at 4°C for 1 h and incubated with primary antibodies in PBS with 2% BSA and 0.1% Triton-X at 4°C overnight
with Rabbit anti-GFAP antibody (Abcam, ab7260), Rabbit anti-lbal antibody (Funakoshi, GTX100042). Secondary antibodies con-
jugated with Alexa Fluor 488 or 594 (Invitrogen) were used followed by DPAI staining. To localize I-Ppol expression and DNA damage,
mice were perfused transcardially and brains were post-fixed overnight with 4% paraformaldehyde/PBS, then cleared by 30% su-
crose solution. Brains were embedded in OCT (Sakura Finetek) and 40 um sections were collected using a cryostat (Leica). Sections
were blocked in horse serum/TBS-Triton-X for 30 min at RT, and then incubated with primary antibodies overnight at 4°C with goat
anti-GFP (Abcam) and rabbit anti-y-H2AX (Cell Signaling). Secondary antibodies were conjugated with Alexa Flour 488 and 647
(Jackson ImmunoResearch) and co-stained with DAPI.

ATP and mtDNA measurement

Snap frozen tissue was briefly washed with PBS and 3 ml Tris-HCI TE saturated phenol per 100 mg was added to the tissue
followed by homogenizing with a tissue homogenizer (Omni TH, Omni). After centrifugation, cell lysates were added to an equal
amount of TE saturated phenol, chloroform and water were added to the same tube. After centrifugation, the supernatant was
used for ATP and mtDNA measurement. ATP was measured using an ATP kit (ThermoFisher Scientific) and normalized to tissue
weight. Genomic DNA and mtDNA were purified with 2.5-fold ethanol and glycogen. Primers for 18S ribosomal and CytB were
used to calculate the ratio of mtDNA to genomic DNA. Primers were: mouse 18S, 5-TGTGTTAGGGGACTGGTGGACA-3* (forward)
and 5'-CATCACCCACTTACCCCCAAAA-3 (reverse), mouse Cytb, 5'- CCCTAGCAATCGTTCACCTC-3 and 5- TGGGTCTCCTAG
TATGTCTGG -3 (reverse).

Contextual fear conditioning test

Contextual fear conditioning was assessed using a TSE system. On day 1, mice were placed into an experimental box (52 cm x
52 cm x 65 cm) and allowed to explore freely for 180 s followed by 0.5 mA electric shock for 1 s. One more 0.5 mA shock for 1 s
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was given after 30 s and immediate freezing was measured every 10 s by a visual count, after which mice were returned to their home
cage. Contextual freezing without a tone was assessed for 180s, 24 hours after the shock, counting freezing every 10 sec.

Barnes maze test

The maze consisted of a circular and white platform (90 cm in diameter) with 20 x 5 cm diameter holes arranged around the edge of
the platform, elevated 82 cm above the floor. For visual cues, the platform was surrounded by four pictures with different colors and
shapes. A mouse was placed in the center of maze and then, the mouse was guided to a small chamber termed a target hole at adap-
tation period. After 2 min in the target hole, the mouse was returned to the cage. During the spatial acquisition period, the mouse was
allowed to explore the target hole for 3 min. If the mouse entered the target hole or it passed 3 min, the mouse was left for 1 minin the
hole. The trial was repeated 3 times/day for 5 d. A probe trial was performed to test long-term memory 7 d later by covering the target
hole with a lid. The mouse was allowed to explore the position of target hole for 90 s and the number of pokes in each hole was
measured using TopScanLite version 2.

Grip strength test, treadmill test and lactate measurement

To measure muscular strength, a mouse was held by the tail and allowed to grip a mesh grip with the front paws (BIO-G53, BIOSEB)
then pulled backward until grip was released. After a 10 min break, the experiment was repeated. Maximum exercise endurance was
assessed with a treadmill system (TSE). Mice were trained for 3 d prior to recording the performance to familiarize the mice to the
equipment. An electrical stimulation grid was adjusted as 1 mA and slope was set at 15 degrees. The first day of the training,
mice walked on the treadmill at 10 m/min speed for 10 min, with a 10 min break, then walked at 10 m/min speed for 10 min. On
the second and third day, the initial two steps were the same as first day, then walking was started at 10 m/min and the speed
was increased by 1 m/min every minute to a maximum speed of 20 m/min. On day 4, maximum exercise endurance was measured.
Six mice were placed on the treadmill and the belt speed was started at 5 m/min for 5 min to allow the mice warm up. The speed was
increased by 1 m/min up to 20 m/min. After running for 5 min, the speed was increased from 20 m/min to 21 m/min for 10 min. Mice
were then forced to run at 22 m/min until they remained on the electrical stimulation grid for 10 seconds. Details are available upon
request. The tail blood at pre-exercising and post-exercising was taken and serum lactate level were measured with a lactate meter
(Nova Biomedical).

Ambulatory activity

Animals were maintained in specific-pathogen-free (SPF) facility and single-housed in instrumented individually ventilated cages
(IVC) (Digital Smart House, Vium, San Mateo, CA, and Innovive, San Diego, CA) containing corncob bedding with access to Innowheel
and Innodome (Innovive, San Diego, CA), Bed-r’'Nest (Andersons Lab Bedding, Maumee, OH), and foraging mix (Veggie Relish,
LabDiet). Animals had unrestricted access to food (Pico Rodent Diet 5053, Lab Diet, St. Louis, MO) and acidified, sterile water (In-
novive, San Diego, CA).

Vium Digital Smart Houses slotted in Vium’s proprietary rack system were outfitted with sensors and a high-definition (HD) camera
that enables continuous, 24/7 monitoring of animals and streams data to a secure cloud-based infrastructure. As described else-
where (Lim et al., 2017, 2019), video is processed using computer vision algorithms to produce a digital history of motion (mm/
sec). Motion (mm/s) was averaged across 1 h bins to produce 1 h averages. All 1 h averages from 6am to 7am across 55 d were
averaged and repeated for each hour of the day.

Treadmill Gait Analysis

Gait patterns were measured using forced walking on a treadmill (Columbus Instruments; Columbus, OH). A high-speed digital video
camera recorded images of the ventral side of the mouse through a transparent treadmill belt reflected off a mirror. Mice for approx-
imately 24 sec at speeds of 13, 19, and 25 cm/s. TreadScan® software (CleverSys, Inc, Reston, VA) identified each individual paw of
the mouse in each frame as it walked on the treadmill and measures of stance and swing duration, among other measures, were
assessed.

COX and capillary density staining

Freshly isolated quadriceps and gastrocnemius muscles were mounted in OCT (Tissue-Tek), placed in an isopentane bath, and
slowly cooled in liquid nitrogen. Transverse sections (20 mm) were sectioned on a cryostat (Leica). Sections were fixed in pre-cooled
acetone (-20°C) for 10 min, washed with PBS, then blocked with BlockAid (Invitrogen) for 1 h at RT, and then incubated with CD31
(ab56299, Abcam), Laminin (L9393, Sigma) antibodies diluted in blocking buffer overnight at 4°C. Slides were washed with PBST,
then incubated with anti-rat Alexa Fluor 488-conjugated (Life Technologies) and anti-rabbit Alexa Fluor 594-conjugated (Life Tech-
nologies) diluted to 1:500 in blocking buffer for 2 h at RT. Slides were washed again with PBST and mounted with Fluoroshield with
DAPI mounting medium (Sigma). Images were acquired using a confocal fluorescence microscope (Nikon A1). COX staining was
performed according to a protocol (Ross, 2011). Briefly, 20 um cryostat sections was dried at room temperature for 1 hr and media
containing 1X DAB, 100 pM cytochrome c, 2 ug/ml bovine catalase was added to sections and slides were incubated at 37°C for
40 min. Quantification of capillary number and density were performed using Imaged.
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Electron microscopy

Mice at 15 months of age were anesthetized with isoflurane and sacrificed by cervical dislocation or decapitation, in accordance with
available ethical permits. Muscle was collected and fixed in electron microscopy fixative (consisting of 3% glutaraldehyde, 2.5%
paraformaldehyde, 2 mM calcium chloride, 2% sucrose in 0.1 M cacodylate buffer) and tissue was processed as previously reported
(Le Couteur et al., 2001). Two blocks from different parts of the muscle were used and from each section 10 images were taken at
5000X on a Jeol 1210 transmission microscope and photographed using a Gatan US 4000MP digital camera. Mitochondrial network,
size and number were quantified blindly using FUJI Imaged.

Podocyte density p57 and PAS representative images

Podocyte density was quantitated following staining for p57 on formalin fixed, paraffin-embedded, 4 um kidney sections as previ-
ously described (Ohse et al., 2010; Schneider et al., 2017; Zhang et al., 2013). Briefly, Histoclear (National Diagnostics, Atlanta,
GA) was used to deparaffinize kidney sections, followed by rehydration using graded 100%, 95%, and 70% ethanol baths. Next,
antigen retrieval was performed using 10 mM EDTA pH 6.0. Endogenous peroxidase activity was blocked with 3% v/v H202.
Non-specific antibody binding was blocked using a 5% non-fat milk in PBS. Rabbit polyclonal p57 antibody (Santa Cruz) was diluted
1:800in 1% BSA in PBS, applied to the sections, and incubated overnight at 4°C. Rabbit-on-rodent HRP polymer (Biocare Medical,
Concord, CA) was applied and incubated at room temperature for 45 min. Diaminobenzidine (DAB) (Sigma-Aldrich, St. Louis, MO)
with 0.05% NiCl (Sigma-Aldrich) was used to detect staining. Slides used for podocyte density were not counterstained in order
to improve quantitation sensitivity. For representative images, counterstaining was performed with periodic acid-Schiff. Sections
were placed in 0.5% periodic acid (Sigma-Aldrich), washed in ddH20, incubated for 10 min with Schiff's Reagent (Sigma-
Aldrich), washed in 0.5% sodium metabisulfate (Sigma-Aldrich) and incubated with hematoxylin (Sigma-Aldrich). Tissue was
dehydrated in 95% and 100% ethanol baths, followed by Histoclear and Histomount (National Diagnostics). Podocyte density
was quantitated according to the correction factor method from single histological sections, as previous reported (Venkatareddy
et al., 2014). An average of 119 (+14.1) glomeruli for ICE mice and 139 (+16.1) glomeruli for Cre mice were quantified.

Glomerular Injury

Organized matrix accumulation was detected on paraffin-embedded tissue by Jones’ basement membrane stain (Silver Stain) per-
formed by the University of Washington Pathology Research Services Laboratory following standard protocols (Luna, 1968). Silver
stained slides were quantitated according to the criteria presented in Figure 6G. An average of 156 (+10.8) glomeruli for ICE mice and
187 (+6.36) glomeruli for Cre mice were quantified.

Parietal epithelial cell to mesenchymal transition

Parietal epithelial cells (PECs) were stained for alpha-smooth muscle actin (z-SMA) in order to determine epithelial-mesenchymal
transition (EMT) as described above. Non-specific antibody binding was blocked using Background buster (Accurate Chemical &
Scientific Corporation, Westbury, NY). Rabbit polyclonal a-SMA antibody (Abcam) was diluted 1:400 in 1% BSA in PBS, applied
to the sections, and incubated overnight at 4°C. Detection was performed as described above. Quantification was performed by
counting the number of glomeruli with «-SMA staining in PECs as previously described (Schneider et al., 2017). An average of
110 (£6.22) glomeruli for ICE mice and 122 (+19.3) glomeruli for Cre mice were quantified.

5-Ethynyl-2’-deoxyuridine (EdU) staining

% EdU-positive cells was measured using the Click-iT® EdU Flow Cytometry Assay Kits (Invitrogen). Briefly,10 uM EdU was added to
the culture medium and incubated for 1h. Cells were trypsinized, washed, fixed and permeabilized for Click-iT reaction. EdU+ cells
were analyzed using the BD LSR |l flow cytometer.

Microscopy and imaging for kidney
Imaging and quantification were performed on a Leica DMI400B microscope and an EVOS FL Cell Imaging System. ImageJ 1.51
(NIH) was used to measure podocyte density.

Immunocytochemistry

Cells were washed with sterile PBS and fixed with 4% paraformaldehyde. Fixed cells were permeabilized with 0.5% Triton X-100 in
PBS, then blocked with 2% PBA (PBS containing 2% bovine serum albumin) overnight. Primary antibodies were incubated in 2%
PBA at RT for 1h and cells were washed with PBS 3 times. The secondary antibodies (Alexa Fluor 488 Goat Anti-Mouse IgG or Alexa
Fluor 568 Goat Anti-Rabbit IgG) were incubated in 2% PBA at RT for 30 min. After PBS washes, nuclei were stained with antifade
mounting medium containing DAPI (Vector Laboratories). Immunofluorescence was examined using Olympus Fluoview FV1000
and FV3000 confocal microscope.

Senescence-associated B-galactosidase (SA-B-Gal) assay

Senescence-associated 3-galactosidase assay were performed using Senescence B-galactosidase staining kit (Cell Signaling Tech-
nology). At 96-hour post-treatment when ICE cells were not senescent, the standard medium was switched to low serum (1% FBS)
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medium to preserve senescent cells that appeared later. Cells were fixed at RT for 10 min, washed with PBS and stained in B-galac-
tosidase staining solution containing X-gal (pH 6) at 37°C for overnight in dry incubator. Stained cells were monitored under bright
field microscopy.

Small molecule-driven neuronal reprogramming

Neuronal reprogramming was performed as described in Li et al. (2015). MEFs were transferred to Matrigel-coated plates. When
MEFs were confluent, MEF growth medium was switched to Neurobasal Medium containing 1% N2 and 2% B27 supplements,
1% GlutaMAX (Life technologies), 1% penicillin/streptomycin, 100 ng/ml bFGF (STEM CELL), 20 uM 1SX9, 100 uM Forskolin,
0.5 uM I-BET151 (CAYMAN CHEM), 20 uM CHIR99021 (LC Laboratories), 2 uM Fasudil and 1 pM SB203580 (Selleckchem). After
2 d, cells were maintained without Fasudil and SB203580. gPCR to detect neuronal gene activation was performed at day 2 after
switching to Neurobasal medium, and TUJ1 immunocytochemistry was performed at day 13.

Quantitative real-time PCR for transcription of repetitive elements

Total RNA was isolated from 30-50 mg of tissue using Trizol reagent (ThermoFisher) according to the manufacturer’s instructions.
Prior to the synthesis of cDNA, total RNA was digested with 27.2 Kunitz units of RNase-free DNase (Qiagen) for 45 min at room
temperature and further cleaned up on RNeasy columns (Qiagen) (De Cecco et al., 2013). The effectiveness of the digestion was as-
sessed using controls that omitted reverse transcriptase (RT). Digestion with DNase was repeated until the control lacking RT was
negative for y-satellite sequences. RNA integrity was determined using an Agilent Bioanalyzer 2100 and an RNA-nano chip. Total
RNA (1 pg) of was transcribed into cDNA in 50 pl reactions using the TagMan Gold RT-PCR kit (Applied Biosystems) and random
hexamers, according to the manufacturer’s protocol. This reaction (1.0 pl) was used in subsequent gPCR reactions, performed using
the SYBR Green system (Applied Biosystems) on the ViiA 7 Real Time System (Applied Biosystems), according to the manufacturer’s
specifications. Primers were used at a final concentration of 300 nM. Tissue from 6 individual animals was analyzed in triplicate.
Statistical analysis was determined using Student’s t-test and SigmaPlot 12.5 (Systat Software).

Design of PCR primers for repetitive elements

All primers used in this study are listed in Table S1. For expression analysis of LINE-1, MusD and pericentromeric y-satellite se-
quences (MSAT) we used primers described by Changolkar et al. (Changolkar et al., 2008). Primers for the SINE elements B1 and
B2 were designed using the consensus sequence from Repbase (Genetic Information Research Institute, www.girinst.org/
repbase/index.html) and Primer-Blast software (www.ncbi.nlm.nih.gov/tools/primer-blast/). Primers against GAPDH and B-actin,
used as normalization controls, were designed with Primer-Blast using NCBI reference sequences NC_000072.6 and
NM_007393.3, respectively. Primer sequences were analyzed using the UCSC genome browser in silico PCR tool (genome.ucsc.
edu/cgi-bin/hgPcr) to determine the number of genomic elements that contribute to the amplification products (De Cecco et al.,
2013). All primers were tested with serial dilutions of cDNA to ensure they amplified their target sequences quantitatively.

Mutation frequency of 28S rDNA

Genomic DNA was isolated using E.Z.N.A. Tissue DNA Kit (Omega Bio-tek). 28S rDNA region containing canonical I-Ppol sequence
was amplified by PCR using primers that bind to flanking regions of the I-Ppol sequence. Sanger sequencing data of rDNA PCR prod-
ucts were analyzed with the Inference of CRISPR Edits software (Conant et al., 2022) to calculate mutation frequency.

Production and transduction of adeno-associated viruses

Adeno-associated viruses for OSK expression were produced by the Boston Children’s Hospital Viral Core. Fibroblasts were isolated
from 1-month post-treated Cre or ICE mice and maintained in DMEM with 15% Tet System Approved FBS (Takara) and 1% Pen/
Strep. 24 hours before AAV transduction, 96-hour post-treated MEFs or 1-month post-treated fibroblasts were plated in DMEM con-
taining 1% Tet System Approved FBS. AAV-DJ-TRE-OSK with AAV-CMV-tTA or tTA at 10* genome copies per cell was transduced,
and 2 pg/ml doxycycline was treated from day 7 to day 12 when Tet-On system (rtTA) was used. For AAV transduction in Cre and ICE
mice, AAV-MYO3-TRE-OSK with AAV-MYO3-CMV-tTA at 5X10"! genome copies in 100 ul PBS was retro-orbitally injected (El Andari
et al., 2022). After 3 weeks, tissues from mice transduced with AAV-MYO3-TRE-GFP and AAV-MYO3-CMV-tTA were imaged in Bio-
Rad ChemiDoc MP Imaging System. OSK injected mice were sacrificed after 5 weeks for immunostaining. Intravitreal injection of
AAV2 to deliver OSK to RGC was described in detail previously (Lu et al., 2020).

RGC sorting and RNA-seq
Thy1.2+ and Calcein Blue+ RGS were sorted using a BD FACS Aria Cell Sorter with a 130-pm nozzle and sent to Genewiz for ultra-low
input RNA sequencing as previously published (Lu et al., 2020).

ChIP-sequencing

MEF ChIP was done following the protocol described in Yang et al. (201 1) with minor modifications. 1/4 number of Drosophila S2R+
cells relative to mouse cells were added as a spiked-in control and combined cells were treated as a single sample during the rest of
the procedures. Cells were cross-linked with 1% formaldehyde at RT for 10 min and glycine was added to final concentration 0.125 M
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for 5 min to quench crosslinking. Fixed cells were washed with PBS and nuclei were isolated using Lysis buffer A (10 mM Tris-HCI pH
7.5,10 mM KClI, 5 mM MgClI2, 0.5% NP40, protease inhibitor cocktail). Nuclei were resuspended in SDS lysis buffer (50 mM Tris-HCI
pH 7.9, 10 mM EDTA, 0.5% SDS, protease inhibitor cocktail). Chromatin was sheared using Covaris E210 Ultrasonicator (duty
cycle:5%, intensity:4, cycle/burst:200, time:15-20 min) to generate fragmented chromatin ranging between 200 and 1,000 bp. After
centrifugation, sonicated chromatin solution was 5 fold-diluted with ChlP dilution buffer (12.5 mM Tris-HCI pH 7.9, 187.5 mM NaCl,
1.25% Triton X-100, protease inhibitor cocktail). Antibodies and magnetic beads were added to diluted chromatin solutions and
immunoprecipitation were performed at 4°C overnight with rotation. Immunocomplexes were washed with Low salt wash Buffer
(0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCI pH 8.1, 150 mM NacCl), High salt wash buffer (0.1% SDS, 1% Triton
X-100, 2 mM EDTA, 20 mM Tris-HCI pH 8.1, 500 mM NaCl), LiCl wash buffer (0.25 M LiCl, 1% NP40, 1% deoxycholate, 1 mM
EDTA, 10 mM Tris-HCI pH 8.1), and TE (10 mM Tris-HCI pH 8.0, 1 mM EDTA). Immunocomplexes were eluted in elution buffer
(1% SDS, 0.1 M NaHCO3) at RT for 30min with rotation, and RNaseA (final concentration of 0.5 mg/ml at 37°C for 30 min) and pro-
teinase K (final concentration of 0.5 mg/ml at 55°C for 1 h) were treated. Samples were de-crosslinked at 65°C overnight, and ChIP
DNA was purified using a ChIP DNA clean and concentrator kit (Zymo).

Muscle ChIP was performed as described previously (Gao et al., 2010). Tissue was chopped into small pieces on the ice, and fix
solution (50 mM HEPES pH 7.5, 1 mM EDTA pH 8.0, 0.5 mM EGTA, 100 mM NaCl) and formaldehyde (final 1%) were added to cross-
link the tissue sample. After incubation for 15 min at room temperature, glycine was added as 0.125 M final concentration to stop the
reaction. The sample was washed using cold PBS three times followed by homogenizing it in cell lysis buffer (10 mM Tris-HCI pH 8.0,
10 mM NaCl, 0.2% NP40). Cell lysate was centrifuged at 12,000 rpm for 5 min and suspended in nuclear lysis buffer (1% SDS, 10 mM
EDTA pH 8.0, 50 mM Tris-HCI pH 8.0). Sonication was performed using Covaris E220 Ultrasonicator (duty cycle:5%, intensity:4,
cycle/burst:200, time:120 sec). The resulting chromatin was diluted by 10 fold using dilution buffer (1% Triton X-100, 150 mM
NaCl, 2 mM EDTA, 20 mM Tris-HCI pH 8.0). To reduce non-specific binging to beads, the diluted chromatin was mixed with Dyna-
beads protein A/G for 1 h at 4 °C and the beads were removed prior to incubating chromatin with 2 ug of the appropriate antibodies
with Dynabeads protein A/G. After 4 h incubation at 4 °C, beads were washed three times with wash buffer and once with final wash
buffer, LiCl Buffer and TE buffer each. Wash buffer contains 1% Triton X-100, 150 mM NaCl, 2 mM EDTA, 20 mM Tris-HCI pH 8.0,
0.1% SDS and final wash buffer contains 500 mM NaCl instead of 150 mM NaCl. The composition of LiCl buffer is 0.25 M LiCl, 1%
NP40, 1% deoxycholic acid, 1 mM EDTA, 10 mM Tris-HCI. ChIP DNA was eluted by incubating at 65°C overnight in elution buffer
containing 0.25% SDS, 1 mM EDTA, 10 mM Tris-HCI pH7.5. After treatment of proteinase K and RNase A, DNA was purified using
ethanol precipitation and MinElute kit (QIAGEN).

Purified DNA (1-5 ng) was used for ChlP-seq library construction with NEBNext ChIP-Seq Library Prep Master Mix Set. ChIP DNA
was end-repaired and added with dA tail using Klenow fragment. Sequencing adaptors were ligated to the dA-tailed libraries, and the
libraries raging around 270 bp were selected using AMPure XP beads (Beckman Coulter). Size-selected libraries were enriched by
PCR with index primers. The quantity and quality of libraries were respectively monitored by library quantification kit (Kapa
Biosystems) and Bioanalyzer (Agilent) for 75bp, paired-end Illlumina NextSeq.

Hi-C

Cells were fixed in PBS containing 1% formaldehyde at RT for 15 min, then quenched by adding glycine at final concentration 0.125 M
on ice for 10 min. Dovetail Hi-C libraries were prepared in a similar manner as described previously (Lieberman-Aiden et al., 2009).
Briefly, for each library, chromatin was fixed in place with formaldehyde in the nucleus and then extracted. Fixed chromatin was
digested with Dpnll, the 5’ overhangs filled in with biotinylated nucleotides, and then free blunt ends were ligated. After ligation,
crosslinks were reversed and the DNA purified from protein. Purified DNA was treated to remove biotin that was not internal to ligated
fragments. The DNA was then sheared to ~350 bp mean fragment size and sequencing libraries were generated using NEBNext Ultra
enzymes and lllumina-compatible adapters. Biotin-containing fragments were isolated using streptavidin beads before PCR enrich-
ment of each library.

HiChIP

HiChIP assay was performed on 5x108 post-treated Cre and ICE cells. Frozen cells were resuspended in 1X PBS and crosslinked with
3mM DSG and 1% formaldehyde. Washed cells were digested with 0.5 ul MNase in 100 ul of Nuclease digest buffer with MgCI2. Cells
were lysed with 1X RIPA and clarified lysate (approximately 1400 ng) was used for ChIP. The Protein A/G bead pulldown, proximity
ligation, and libraries were prepared as described in the Dovetail protocol (Dovetail™ HiChlP MNase Kit). Libraries were sequenced
on an lllumina HiSeq 4000. Raw fastq files were aligned using BWA mem with the -5SP HiC options with an index containing only the
21 main chromosome from the mouse genome release mm10 (available from the UCSC genome). The aligned paired reads were
annotated with pairtools parse (https://github.com/open2c/pairtools) with the following options —min-mapq 40 —walks-policy
5unique -max-inter-align-gap 30 and the —chroms-path file corresponding to the size of the chromosome used for the alignment in-
dex. The paired reads were further processed to remove duplicated reads, sorted with unaligned reads removed with the pairtools
sort and the pairtools dedup tools with the basic option to produce an alignment file in the bam format as well as the location of the
valid pair. The valid pairs were finally converted to the.cool and.mcool format using the cooler cload and cooler zoomify tools
(Abdennur and Mirny, 2020) and to the.hic format using the juicer tool (Durand et al., 2016).
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Whole-genome sequencing

Genomic DNA was isolated from snap frozen cells or tissues using DNeasy Blood & Tissue Kit. The genomic DNA was fragmented by
an ultrasonicator Covaris at 500 bp peak and TruSeq DNA Library Preparation Kit added DNA adaptors to double strand DNA by
following the manufacturer’s instructions of lllumina. Deep whole genome sequencing on an lllumina HiSeq X10 platform were per-
formed at BGI.

RRBS and epigenetic (DNA methylation) clock for fibroblasts

RRBS libraries were prepared in two batches. DNA in the first batch was isolated using Quick-DNA Universal kit (Zymo) and in the
second batch using E.Z.N.A. Tissue DNA Kit (Omega Bio-tek). 100 ul of 10 mM Tris-HCI buffer was used to elute the samples. Incu-
bation with 2 pul of RNaseA (Life Technologies) was performed for each sample and followed by a purification using Genomic DNA
Clean & Concentrator-10 (Zymo). DNA was eluted in 25 pl of TE buffer (10 mM Tris-HCI, 0.1 mM EDTA, pH 8.0). 100ng of each sample,
estimated using using a Qubit 2.0 (Life Technologies), was used to prepare RRBS libraries following the previously reported protocol
(Petkovich et al., 2017). Libraries included 6-10 samples. The first batch of samples was sequenced on the lllumina HiSeq 2500 plat-
form using 75 bp paired-end sequencing with more than 14 million reads per sample. The second batch was sequenced on the lllu-
mina HiSeq X Ten using 150 paired-end sequencing with more than 32M reads per sample. To compensate for the low complexity of
RRBS libraries 10-20% of phiX was spiked in.

Raw reads were filtered and mapped as previously described (Meer et al., 2018). More than 3.6 M CpG sites were covered in each
sample and 2.7M were covered in all samples. Data were normalized using ComBat from the SVA package in R. Only CpG sites
covered in all samples were considered for DNA methylation clocks application. This resulted in 89 out of 90 sites being covered
for the blood DNA methylation clock. Increase of the threshold for the CpG sites coverage decreased the number of the clock sites
included in the analysis.

For AAV-transduced cells, RRBS was performed by Zymo Research and data were mapped to the mm10 genome with Bismark
(Krueger and Andrews, 2011). To construct the methylation matrix, bismark.cov files were produced using the bismark methylatio-
n_extractor tool with —no_overlap. For Thompson multi-tissue clock analysis, CpG locations, coefficients, and the formula for
calculating age were taken from supplemental information reported in the manuscript (Thompson et al., 2018). Using R (version
4.0.2) bismark.cov files were read in from each file and organized into a methylation matrix by selecting only the CpGs that were
present in the clock to be analyzed. The sum of weighted methylation values for each sample for each clock was plugged into the
reported formulas for age prediction.

Epigenetic (DNA methylation) clock for blood and muscle

Tissue samples were immediately preserved in DNA/RNA Shield™ (Zymo Research; Cat. No. R1100-50) and genomic DNA were pu-
rified using Quick-DNA Plus Kit (Zymo Research; Cat. No. D4068) according to manufacturer’s instructions. Sample library prepa-
ration and data analyses were performed by Zymo Research, CA. Briefly, genomic DNA (200 ng) was bisulfite-converted using EZ
DNA Methylation-Lightning™ Kit (Zymo Research; Cat. No. D5030). Bisulfite-converted DNA libraries for targeted bisulfite
sequencing platform, called SWARM® (Simplified Whole-panel Amplification Reaction Method) were prepared according the to
the manufacturer’s instructions, then sequenced on a HiSeq 1500 sequencer at >1,000X coverage. Sequence reads were identified
using lllumina basecalling software and aligned to the reference genome using Bismark (Krueger and Andrews, 2011), an aligner
optimized for bisulfite sequence data and methylation calling. The methylation level of each sampled cytosine was estimated as
the number of reads reporting a C, divided by the total number of reads reporting a C or T. DNA methylation levels of >500 age-related
CpG loci were used for age prediction using epigenetic age algorithms.

In the training of the mouse muscle and blood clocks, first, chronological age was transformed using the following function F. If age
<= adult age, F(age) = log (age + 1) — log (adult age + 1), where age is the chronological age; the parameter adult age for mouse was set
as 12 weeks, which was (12 * 12)/52 = 2.8 months. If age > adult age, F(age) = (age — adult age) / (adult age + 1). Then the transformed
age was regressed to the methylation of CpG sites using the elastic net algorithm. To predict methylation age of a sample, its weighted
sum of methylation of CpG sites times their coefficients would be converted/inversed into a predicted age. The age prediction formula
inverse.F was the following: If x < 0, predicted age = (1 + adult age) * exp(x) — 1, where x is the weighted methylation sum. The parameter
adult age for mouse was set as 12 weeks, which was (12 * 12) /52 = 2.8 months. If x >= 0, predicted age = (1 + adult age) * x + adult age.

Histone mass spectrometry

Histone extraction and gMS were performed as previously described (Luense et al., 2016). Acid-extracted histones were propiony-
lated, trypsin-digested and stage-tip desalted with C18 mini-disks. Desalted histone peptides were separated by reversed-phase
HPLC on a Thermo Scientific™ EASY-nLC 1000 system. Histone peptide quantified as described (Luense et al., 2016).

QUANTIFICATION AND STATISTICAL ANALYSIS
ChlP-seq aligning reads

The techniques described for processing the ChlP-seq and ATAC-seq reads are based on ENCODE/Roadmap guidelines with a few
modifications (Gjoneska et al., 2015; Landt et al., 2012; Roadmap Epigenomics et al., 2015). The reads were aligned to the mm10
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(GRCm38) genome (Cunningham et al., 2019) using Bowtie 2 (Langmead and Salzberg, 2012). The genome fasta files were first in-
dexed and then aligned using the command: bowtie2 -x /directory/with/reference/genome/rootfilename —fast -U /directoryTree/
fastq/SAMPLE.fastq -S /directoryTree/fastq/SAMPLE.sam, where SAMPLE was replaced with a unique sample identifier. Following
alignment to the genome, the reads were converted from SAM to BAM format (Li et al., 2009). Low quality reads and reads (q < 20)
that did not map to the genome were removed. For visualization and peak calling, the bamToBed command line tool was used to
convert the BAM files to a modified BED format, called TAGALIGN, which preserved only the read coordinates (Landt et al., 2012;
Quinlan and Hall, 2010).

ChlP-seq spike-in controls

Equal amounts of D. Melanogaster DNA were spiked-into ChlP-seq samples. In addition to aligning to the mouse genome, we aligned
reads to the D. Melanogaster dm6 genome (Cunningham et al., 2019). To provide a sense of total ChlP-seq signal strength, the pro-
portion of reads aligning to the dm6 genome were compared to the proportion aligning to the mouse genome (Orlando et al., 2014). To
compare Cre and ICE mice, a student’s t-test was used on those proportions.

ChlP-seq visualizing read coverage

For visualizing individual samples, the genomecov tool within BedTools was used to convert from the BED format to a BEDGRAPH
format (Quinlan and Hall, 2010). Finally, the BEDGRAPH file was converted to the more efficient BIGWIG format using the UCSC com-
mand line tool bedGraphToBigWig (Kent et al., 2010; Speir et al., 2016). The information was uploaded to the NCBI sequence read
archive and SRA files representing the raw reads, the BAM file representing the aligned reads, and the BigWig files of read coverage
across the genome.

ChlIP-seq visualizing signal relative to background

Macs2 bdgcmp command was used to calculate the signal to noise ratio for every position in the genome for each combination of
histone modification and experimental condition (Cre and ICE) (Feng et al., 2012). The BEDGRAPH file was converted to the more
efficient BIGWIG format using the UCSC command line tool bedGraphToBigWig (Speir et al., 2016).

ChlP-seq peak Calling

For each epigenetic measurement (H3K27ac, H3K56ac, H3K27me3, ATAC-seq) and input samples, the TAGALIGN files
were merged using the unix command zcat and sorted using the unix sort command according to the chromosome using the start
position. For each histone modification, MACS2 was used to call the peaks relative to the input control: macs2 callpeak -t H3K27ac.
tagAlign.gz -f BED -c input.tagAlign.gz -n H3K27ac_signal -g mm -p 1e-2 -nomodel —extsize 73 -B -SPMR (Feng et al., 2012). For
ATAC-Seq, no input control was used. We removed peaks with significance (signal relative to noise) of p > 107°. Peaks that fell into the
ENCODE blacklist regions were removed (Landt et al., 2012). The output of the program is a BED file with peak coordinates for the
mm10 version of the mouse genome.

ChlP-seq peak annotation
Peaks are annotated based on their mapping to the nearest transcription start site, which was performed using BEDTools closestBed
command (Quinlan and Hall, 2010) based on ENSEMBL gene annotations, GRCm38 version 79 (Cunningham et al., 2019).

ChlIP-seq counting reads across peaks
For each histone modification and ATAC-seq sample, the reads from each experiment are counted in the called peaks using featur-
eCounts in the subread package (Liao et al., 2013). To perform the counting the peak BED file were converted to SAF format.

ChlP-seq differential peaks between Cre and ICE

The negative binomial model in the DESeq2 R package was used to identify differential peaks between the CRE and ICE mice (Love
et al., 2014). For MEF experiments, we used a stringent threshold of adjusted p < 0.01. For muscle ChlP-Seq experiments, very few
peaks attained significance levels at that cutoff. Therefore, we restricted our analysis to looking at the group of peaks enriched at
p < 0.01. The varianceStabilizingTransformation function in the DESeq2 package was used to normalize the read counts per
peak. Sex chromosomes were excluded from analyses due to the inconsistency of the sexes of the MEFs.

ChIP-seq metaplots and heatmaps

Metaplots and heatmaps were produced using deepTools version 3.0.1 (Ramirez et al., 2016). Intermediate matrix files were gener-
ated by applying computeMatrix (scale-regions mode) to BIGWIG files over genomic loci in BED format. plotProfile and plotHeatmap
functions were applied to the matrix files to generate output data used to graph each metaplot and heatmap.

Gene ontology of ChiP-seq differential peaks

Gene ontology analysis for ChlP-seq were performed using Genomic Regions Enrichment of Annotations Tool (GREAT) (McLean
etal., 2010). Genomic coordinates of differential ChIP-seq regions and all ChiP-seq peaks were used as test regions and background
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regions, respectively. GO biological processes were ranked by HyperFdrQ and only GO terms made up of at least 5 genes were
included. ChlP-seq data were also analyzed using ChIP-Enrich (Welch et al., 2014). GO terms with at least 5 genes were ranked
by FDR.

Hi-C analysis

Paired-end reads were aligned with bwa mem (v0.7.17) (Li and Durbin, 2009) using the options -S -P. Interaction were parsed and
deduplicated with pairsamtools (v0.0.1). Pairwise interaction frequencies were binned in 50-kb nonoverlapping windows and
intra-chromosome interaction frequencies were normalized by dividing each interaction by the average number of interactions
observed with that distance. Normalized interaction matrices were binned with smoothMat (Yang et al., 2017). Matrix pearson’s
correlations were calculated in R v 3.6.1 (Bunn, 2008, 2010) and used to perform a principal component analysis. The sign of the
first eigenvector for each chromosome was adjusted to correlate with GC content, and were smoothed with loess smoothing using 1
megabase windows.

Whole-genome sequencing analysis

Whole-Genome raw sequencing reads from paired-end library was quality-controlled with FastQC and subsequently mapped to the
reference genome GRCmM38/mm10 (mm10) using the Burrows-Wheeler Alignment (BWA-MEM, version 0.7.17) (Li et al., 2009).
A paired-end mapping strategy with default parameters was utilized. After mapping, the reads were sorted and converted into binary
alignment format (BAM) via Sequence Alignment/Map tools (SAMtools, version 1.9). The best practices recommended by the Broad
Institute for variant calling were then followed (Van der Auwera et al., 2013). The sorted binary alignments underwent post-processing
to remove duplicates via Picard’s MarkDuplicates (v.2.01; http://broadinstitute.github.io/picard) before germline variants were iden-
tified using Genome Analysis Toolkit (GATK; v. 3.7) HaplotypeCaller (McKenna et al., 2010).

Muscle RNA-seq analysis
Paired-end reads from gastrocnemius muscle RNA-Seq were mapped to the UCSC mm10 genome build using HISAT2 version 2.1.0
(Kim et al., 2015). The featureCounts function from the Rsubread package (Rsubread 1.32.2) was used to collect read counts for
genes. DESeqg2 (DESeq2 1.22.2) was applied for differential expression analysis to all genes with rowSums >= 10.

To compare gene expression in gastrocnemius muscles of ICE, Cre, and WT, a table of normalized read counts was exported from
a combined DESeq dataset with all replicates and conditions. The 200 genes with the smallest adjusted p-value for differential
expression between Cre and ICE were selected and ordered by the log,-fold-change difference between Cre and Ice. The heatmap.2
(gplots 3.0.1) R function was used to produce a plot of Z-score values for each gene.
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Figure S1. Effect of the ICE system on the cell cycle, senescence, and mutations, related to Figure 1

(A) Breeding scheme to generate ICE mice and controls (WT, Cre and STOP-I-Ppol).

(B and C) DNA damage response induced by I-Ppol (4-OHT, 0.1, 0.5, and 1 uM) vs. other damaging agents, etoposide (ETS, 1, 10, and 25 uM) and phleomycin
(Phleo, 1, 25, and 50 ug/mL). Scale bars, 10 uM. One-way ANOVA-Bonferroni.

(D) Western blot of DNA damage response proteins.

(E) Cell-cycle profile in 96-h post-treated cells.

(F) Percentage of SA-B-Gal-positive (blue) cells during and after TAM treatment compared with replicative senescent cells. p, passage. One-way ANOVA-
Bonferroni.

(G) Cell diameter after recovery from I-Ppol induction vs. irradiated (IR, senescent) cells. One-way ANOVA-Bonferroni.

(H and 1) YH2AX and 53BP1 in post-treated ICE cells with and without exposure to the DNA-damaging agents (ETS, etoposide; CPT, camptothecin; HyO,,
hydrogen peroxide). Scale bars, 10 um. Two-tailed Student’s t test.

(J and K) Lamin B1 mRNA and protein levels in 144-h post-treated ICE cells. Lamin A/C and actin are loading controls known not to change during senescence.
(L-N) Percent non-mutated I-Ppol canonical (Teme56), non-canonical recognition and random sequences in 96-h post-treated ICE cells assessed by deep
sequencing (>50X).

Data are mean (n > 3) + SD. n.s.: p > 0.05; *p < 0.05; **p < 0.01; **p< 0.001; ***p < 0.0001.



Cell

E

TAM Post c &
< os((/ QO\ @ \QQ’ ® \9‘(/
X X b3 X
o SO0 X FEE S
bp
3 $« éo C}QJ \C)Q/ 1.5 K | s — —— —
-1 — 1K [— — —
bp + -+ -+ -+ :I-Ppol ;gg :———
27 19 TMEM 56 400 |
35
1 1 200 [w—
101’1322 28S 100 [
051 28S (621 bp) 22Rik (846 bp)
3 3 181 bp 440 bp sas
Zz |-P,DO| z CTCTC TTAA GGTAGS WT
28S GAGAGAATGEEATCEPM
1.6kb Y0.8kb I-Ppol site
|
probe
F G B genomic DNA
285 — = 2.0 — /
2
18S— & 1.5 Linker ¢
T ] k) ligation W~
— I © 1.0 -~
— — <
2 0.5 i
o 0.0 \ —> o=
< o -0 ) ) F primer R primer
C} \C)Q/ O& \OQ/ C)‘ \O@ C)‘ \C)Q/ q PCR
TAM Post TAM Post
MEFs J Muscle K MEFs L MEFs M
140 1407 2 S160y = 3
i BCre i Fkkk - 70 =
12017 WICE 1200 = 20| - 51401 5
5100 5100+ 31201 =
o o o
< 804 < 804 - @ 21005 x
Z Z X 801 p
8 60- 8 60- < eol 5
X 401 ® 401 S| wm = S 40 s
204 20{ | ns, _ B 20- 5
0- 33 & & o =
L e &« Eo o S e
QRS S OXY
O B Post
o
= _ P _ nh.s. n.s. P i n.s.
§20 n.s. §209 5 g 207 1S 3
€ n.s. € . [ ﬁn's' )
2 15- 2 154 - < 1.5 <
=z L z : z .. 2
Q L Q - = g Lp =
[&] [&] °
o 1.0 .= g0 —’_[—-I- ) 1.0-—I—iL Q
I<¢) © L N . N
N ® . N . o u o ® 5. )
2 0.5 2 0.5 s 2 0.5 =
s k: oCre g 3
[0] [0} o o
 0.0- € gol—  "ICE 0.0-
o o o 1 10 o o o
%@ q/b‘& er& Post-treatment (mo.) QD(Q qy@ %0@

¢? CellPress

D
g1.4- n.s.
i
z ! i
P 0.81
X 0.6
2 0.44
T 0.2
& 0.0-
R
In vitro
H Fedkdkk
1407 B
120+
3100
% 80+
Q 60-
X 404
20+
0.
I-Ppol: - + +
Ligation: + - +
Brain N Muscle
81 n.s. $207 ;5.
| o |
O
6 o 151
=
x
41 =101
S
21 3 57
C
©
0- = 0
&
0\ \C)Q/ C}Q)\C)Q/
207 % DS
L L
1.54 ° °® -
o FT $
n
05_ [ ) n
= o Cre
0.0- ~ —®ICE

1 10
Post-treatment (mo.)

(legend on next page)




¢ CelPress Cell

Figure S2. No change in 28S rDNA in post-treated ICE cells and muscle, related to Figures 1 and 2

(A) Southern blot of 28S rDNA in 4-OHT treated and post-treated Cre and ICE cells.

(B) In vitro cutting of |-Ppol targets PCR-amplified from genomic DNA from 96-h post-treated Cre and ICE cells.

(C) Surveyor nuclease assay of I-Ppol targets in 96-h post-treated cells. DNA with a point mutation (PM) in the I-Ppol site was the positive control.

(D) 28S rRNA level in 96-h post-treated ICE cells. Two-tailed Student’s t test.

(E) Bioanalyzer tracks of 28S and 18S rRNA in 96-h post-treated cells.

(F) 28S:18S rRNA ratio. Two-tailed Student’s t test.

(G) Scheme for ligation-mediated PCR to detect residual rDNA breaks.

(H-J) Ligation-mediated PCR after I-Ppol digestion in vitro (H), in Cre and ICE cells (l), or in 10-month post-treated muscle (J).

(K and L) Protein translation in 96-h post-treated cells assessed by metabolic 35S-Iabeling. Two-tailed Student’s t test.

(M and N) Protein translation in 10-month post-treated brain (N) and muscle (O) tissue, assessed by metabolic **S-labeling. Two-tailed Student’s t test.
(O) 28S rDNA copy number in 10-month post-treated muscle assessed by monochrome multiplex quantitative PCR (MMQPCR). One-way ANOVA-Bonferroni
(left) or two-way ANOVA-Bonferroni (right).

(P) 28S rRNA levels in 10-month post-treated muscle. One-way ANOVA-Bonferroni (left) or two-way ANOVA-Bonferroni (right).

Data are mean (n > 3) + SD or + SEM (M-P). n.s.: p > 0.05; ***p < 0.0001.
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Figure S3. Validation of the ICE mouse, related to Figure 2
A) Removal of the transcriptional STOP cassette in major tissues. One-way ANOVA-Bonferroni.
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B) Western blot of tissues probed with anti-HA to detect I-Ppol expression and YH2AX after a 4-week TAM treatment.

400x, D).

E) Western blot of tissues probed with anti-HA to detect I-Ppol expression after 3 weeks of TAM and 1-month post-treatment.

F) Immunoprecipitation and quantification of a I-Ppol cut site (28S rDNA) in skeletal muscle, liver, and kidney during and after tamoxifen treatment (0-, 1-, and
10-month post-treatment). Two-tailed Student’s t test. Data are mean (n = 3-6) + SEM. *p < 0.05.
(G-l) Percent non-mutated I-Ppol canonical, non-canonical recognition and random sequences in 1-month post-treated ICE muscle assessed by deep

sequencing (>50X).
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(C and D) Hippocampal sections immunostained for GFP (as a proxy for IRES-linked I-Ppol expression) and yYH2AX. Scale bars, 200 pm (100%, C) and 50 um
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Figure S4. ICE mice phenocopy normal aging, related to Figures 2 and 3
(A) Food consumption of post-treated mice. Two-tailed Student’s t test.
(B) Body weights of female mice post-treatment. Two-way ANOVA-Bonferroni.

(C) Representative images of 10-month post-treated mice from dual energy X-ray absorptiometry (DEXA).

(D) Body mass of 10-month post-treated mice. Two-tailed Student’s t test.
(E) Subcutaneous fat thickness of 10-month post-treated mice. Two-tailed Student’s t test.
(F) Respiratory exchange rate (RER) of female mice. Repeated measures two-way ANOVA.

(legend continued on next page)
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(G and H) Blood glucose levels of 10-month post-treated mice in the fed or fasted state. Two-tailed Student’s t test.

(I) IGF-1 levels in 10-month post-treated mice. Two-way ANOVA-Bonferroni.

(J and K) H&E staining of subcutaneous fat layers and subepidermal thickness of back skin from old WT, 10-month post-treated Cre and ICE mice. Scale bars,
500 pm. One-way ANOVA-Bonferroni (left) or two-tailed Student’s t test (right).

(L) KIT (CD117), KRT55, and DAPI staining of back skin.

(M) Percent hair follicle bulges without KIT staining. Two-tailed Student’s t test.

(N-P) Gait analysis of 10-month post-treated mice. Two-tailed Student’s t test.

Data are mean + SEM. n.s.: p > 0.05; *p < 0.05; **p < 0.01; **p < 0.001.
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Figure S5. Progeroid features of ICE mouse muscle, related to Figure 4

(A) Blood lactate build-up after exercise in WT, 10-month post-treated mice. Two-tailed Student’s t test.

(B) Grip strength measured as maximal “peak force.” Two-tailed Student’s t test.

(C) Mitochondrial DNA copy number. Two-tailed Student’s t test.

(D-F) Mitochondria number (D and E) and mitochondrial perimeter (D and F) of 10-month post-treated muscle determined with electron microscopy. Two-tailed
Student’s t test. Scale bars, 500 nm.

(G and H) Cytochrome oxidase (COX) staining of 10-month post-treated gastrocnemius muscle. Scale bars, 100 um. Two-tailed Student’s t test.

(I and J) Quantification of RNA from repetitive DNA elements in gastrocnemius muscle (I) and liver (J) of 10-month post-treated mice. Two-tailed Student’s t test.
(K and L) Echocardiogram of 10-month post-treated mice. LVPWd, left ventricular posterior wall thickness at end-diastole mm. LVIDd, left ventricular internal
diameter in diastole; LVPWd, left ventricular posterior wall in diastole; LVEF, left ventricular ejection fraction. Two-tailed Student’s t test.

(M) Scatter plot of genes altered (p < 0.01) in muscle from 10-month post-treated ICE mice and WT 24-month-old mice. Significantly changed genes (padj < 0.05)
are blue, red, or green.

(N) Fold change of altered genes (padj < 0.05, Cre vs. ICE mice) in WT 24-month-old mice.

(O) Fold change of altered genes (padj < 0.05, 12 vs. 24 months) in 10-month post-treated ICE mice.

Data are mean + SEM. n.s.: p > 0.05; *p < 0.05; **p < 0.01; ***p< 0.001, ***p< 0.0001.
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Figure S6. Altered epigenetic landscapes in ICE cells and muscle, related to Figures 4, 5, and 6

(A-D) Muscle and blood training (A and C) and testing sets (B and D) of the clock CpG sites in WT C57BL/6J mice.

(E) Circos plot of genomic locations of I-Ppol cut sites (green), clock GpG sites in CpG islands (red), and all muscle clock sites (blue).

(F) Western blotting for histone modifications in 96-h post-treated ICE cells. Histone H3 and macroH2A serve as loading and internal controls.
(G) Spike-in normalization of ChIP-seq data.

(H) ATAC signal in loci with altered H3K27ac peaks.

(I) Aggregation plots of H3K27ac signal in H3K27ac changed regions (padj < 0.01).

(J) Aggregation plots of H3K27ac signal in top 40% or bottom 40% quantile.

(K'and L) gPCR analysis of Hoxa genes in post-treated cells cut with either I-Ppol (K) or I-Scel (L) homing endonucleases. Two-tailed Student’s t test.
(M) Comparison of H3K27ac decreased regions (p < 0.01) in muscle to epigenome roadmap data from different human tissue types.

(N) Super-enhancers (SEs) in different cell types that overlap with regions with increased H3K27ac signals in 10-month post-treated ICE muscle.
Data are mean (n = 3) + SD. *p < 0.05; **p < 0.01.
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Figure S7. Epigenetic reprogramming using adeno-associated virus (AAV)-mediated gene transfer, related to Figure 7

(A and B) Western blot of Oct4 and Kif4 in 293T cells after AAV-DJ transduction.

(C) Dose-dependent increase in mRNA levels of Oct4, Sox2, and KIf4 in mouse fibroblasts at day 4. Two-tailed Student’s t test.

(D) Immunocytochemistry of Oct4 and KIif4 in mouse fibroblasts at day 4. DNA stained with DAPI. Scale bars, 50 um.

(E and F) mRNA levels of Oct4, Sox2, and Kif4 at day 6 of Dox treatment in fibroblasts (E) or at day 5 of Dox treatment in young and old OSK transgenic fibroblasts
(F). One-way ANOVA-Bonferroni.

(G) Epigenetic age of post-treated Cre and ICE MEFs.

(H) Experimental scheme for AAV-OSK injection to Cre and ICE mice.

(I) GFP expression in muscle and kidney at 3 weeks post-AAV injection.

(J and K) gPCR analysis of Oct4 gene in post-treated Cre and ICE kidney (J) and muscle (K) at 5 weeks post-AAV injection.

(L and M) Representative images and quantification of H3K36me2 in the ICE muscle at 5-week post-AAV injection. One-way ANOVA-Bonferroni.
(N) Timeline of phenotype assessments.

(O and P) Lens opacity in 10-month post-treated mice. Two-tailed Student’s t test.

Data are mean (n > 3) + SD or + SEM (P). *p < 0.05; **p < 0.01; ***p< 0.001; ***p< 0.0001.
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