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Ageing is a degenerative process that leads to tissue dysfunction and death.
A proposed cause of ageing is the accumulation of epigenetic noise that disrupts gene

expression patterns, leading to decreases in tissue function and regenerative
capacity'>. Changes to DNA methylation patterns over time form the basis of ageing
clocks*, but whether older individuals retain the information needed to restore these
patterns—and, if so, whether this could improve tissue function—is not known. Over
time, the central nervous system (CNS) loses function and regenerative capacity®”’.
Using the eye as amodel CNS tissue, here we show that ectopic expression of Oct4
(also known as Pou5f1), Sox2 and Kif4 genes (OSK) in mouse retinal ganglion cells
restores youthful DNA methylation patterns and transcriptomes, promotes axon
regeneration after injury, and reverses vision loss in amouse model of glaucoma and
inaged mice. The beneficial effects of OSK-induced reprogramming in axon
regeneration and vision require the DNA demethylases TET1and TET2. These data
indicate that mammalian tissues retain arecord of youthful epigenetic information—
encoded in part by DNA methylation—that can be accessed to improve tissue function
and promote regenerationin vivo.

The metaphor of the epigenetic landscape, which was firstinvoked to
explainembryonic development?, isincreasingly being seen as relevant
tothelater stages of life’. Evidence from yeast and mammals supports
aninformation theory of ageing'®", in which the loss of epigenetic
information disrupts youthful gene expression patterns' >, leading to
cellular dysfunction and senescence’>®,

DNA methylation patterns are laid down during embryonic develop-
ment to establish cell type and function. During ageing, for reasons
that are currently unclear, these patterns change in ways that can be
used to calculate DNA methylation age—a representation of biologi-
cal age that can predict future health and lifespan*. In cell culture, the
ectopic expression of the four Yamanaka transcription factors OCT4,
SOX2,KLF4and MYC (OSKM) canreprogram cultured somatic cells to
become pluripotent stem cells'*—a process that erases cellular identity
and resets DNA methylation age*”. Ina premature-ageing mouse model
of Hutchinson-Gilford progeria syndrome, cyclic transgene-mediated
expression of the four genes encoding these transcription factors

alleviates symptoms and extends lifespan, raising the possibility that
OSKM might also counteract normal ageing'. The continuous expres-
sionof all four factorsin mice, however, often induces teratomas” ™ or
is fatal within days', ostensibly due to tissue dysplasia'®.

Ageingis generally considered to be a unidirectional process, akin to
anincrease in entropy. However, living systems are open, not closed,
and in some cases biological age can be fully reset, for example in
‘immortal’ jellyfish and through the cloning of animals by nuclear
transfer. Having previously found evidence for epigenetic noise as an
underlying cause of ageing>", we wondered whether mammalian cells
might retain a faithful copy of epigenetic information from earlier in
life that could serve as instructions to reverse ageing'°.

Reset of ageing signatures rather thanidentity

Our first goal was to find away toreset the epigenome without erasing
cellidentity. Among the genes expressing the Yamanaka factors, Myc
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is an oncogene that reduces the lifespan of mice?® and is not required
for the initiation of cellular reprogramming®. We therefore excluded
MYC from our experiments and expressed only the transcription factors
OCT4,S0X2 and KLF4 (OSK) in fibroblasts from old mice, after which
we monitored the effect ongenes thatare known tobe altered with age,
including Lmnb1, Chafib, and those from the H2a and H2b families®.
Even without MYC, the expression of OSK for five days promoted a
youthful mRNA profile, with no apparent loss of cellular identity or
induction of NANOG—atranscription factor thatis indicative of pluri-
potency and oncogenicity (Extended DataFig. 1a-c).

Next we tested the long-term safety of ectopically expressing OSK
invivo. Todeliver and control OSK expression in mice, we engineered
adual adeno-associated virus (AAV) system under the tight control
of atetracycline response element (TRE) promoter (Fig. 1a). The TRE
promoter can be activated either by reverse tetracycline-controlled
transactivator (rtTA) in the presence of the tetracycline derivative doxy-
cycline (DOX) (‘Tet-On’) or by tetracycline-controlled transactivator
(tTA) inthe absence of DOX (‘Tet-Off”). Extraneous AAV sequences were
removed from the vector toaccommodate OSK as a polycistron. To test
if AAV-mediated OSK expression was toxicin vivo, we co-infected young
(5-month-old) and aged (20-month-old) mice with AAV9-rt TA;TRE-OSK
viaintravenous delivery. OSK expression was theninduced by providing
DOX in the drinking water, our rationale being that the weak tropism
of AAV for the digestive system might avoid the dysplasia and weight
loss that is seenin transgenic mouse models'® (Extended Data Fig. 1d-i).
After10-18 months of continuous OSK induction, no increasein tumour
incidence or negative effects on overall health were observed, indi-
cating that cellular identity was maintained in OSK-expressing cells
(Extended DataFig.1j-n).

OSK stimulates axonregeneration

Almost all species experience adeclineinregenerative potential dur-
ing ageing. In mammals, one of the first systems to lose regenerative
potential is the CNS*”. Retinal ganglion cells (RGCs) of the CNS project
axons away fromthe retinato formthe optic nerve. If damaged, RGCs
of embryos and neonates can regenerate axons, but this capacity is
lost within days after birth, probably due to amolecular program that
is intrinsic to the RGCs®?. Attempts to reverse optic-nerve damage
have been only moderately successful, and there are currently no
treatments that can restore eyesight either in late-stage glaucoma
orinoldage®.

To test whether it is possible to provide adult RGCs with the regen-
erative capacity of younger RGCs, we induced OSK in an optic-nerve
crush-injury model. To deliver genes into the retina, Tet-Off AAV2s
carrying an OSK polycistron were injected into the vitreous body,
resulting in DOX-responsive OSK gene expression in around 40% of
RGCs, as estimated by immunostaining (Fig. 1b, Extended Data Fig. 2a,
b). Even after 15 months of continuous induction, OSK expression did
notinduce any tumours or structural changes in the retina (Extended
DataFig. 2c-i, Supplementary Videos 1-3).

In a separate cohort, RGCs were infected with Tet-Off AAV2 and
optic-nerve crush was performed two weeks later (Fig. 1c). After
another two weeks, Alexa Fluor 555-conjugated cholera toxin subunit
B (CTB)—an anterograde axonal tracer—was delivered by intravitreal
injectionto quantify axonregeneration. Independent of RGC prolifera-
tion (Extended DataFig.3a, b), the greatest extent of axon regeneration
and RGC survival occurred when all three genes were delivered and
expressed as a polycistron within the same AAV particle (Fig. 1d, e).
Notably, when polycistronic OSK wasinduced for 12-16 weeks, regen-
erating and sprouting RGC axon fibres extended over 5 mm into the
chiasm, where the optic nerve connects to the brain (Extended Data
Fig. 3¢, d). Suppression of polycistronic OSK by DOX treatment pre-
vented both regenerative and survival effects (Fig. 1d, e, Extended
DataFig. 3e).

C Tet-Off AAV2s  Crush

o~ oL

OSK 4-week-old  +2 weeks
d 1500

CTB  Perfusion

D

+2 weeks +2 days

Tet-Off
JOEGFP
[Octd]
*|Sox2)
P<1x10% +[Kif4]
*[Oct4]Sox2]
4)+/Sox2)+([Kit4]
=[Oct4[Sox2Kif4
t[Sox2|KIf4] off

P<1x10*

1,000

@
=}
=}

Estimated number of
regenerating axons

=,

Horizontal cells 200 500

1,000 1,500
— Bipolar cells Distance from injury (um)

Amacrine cells e

Retina flat-mount ; %
v

} Cross-section

4-week-old; 2 wpc

1,000
P<1x10™* o d2EGFP

| Ganglion cells

©
=}
=)

@ OSK
* d2EGFP

o OSK |Amacr|ne cells

- )
o 9
S o

Estimated number of @
ny
o
o

12-month-old; 5 wpc
regenerating axons

200 500 1,000 1,500
Distance from injury (um)

Fig.1|AAV2-delivered polycistronic OSK promotes axonregeneration and
RGCsurvival after optic nerveinjury. a, Schematic of the Tet-On and Tet-Off
dual AAV vectors. OSK denotes Oct4-P2A-Sox2-T2A-Klf4.b, Schematic (top) and
representative retinal wholemount (bottom left) and cross-sections (bottom
right) (n=10), two weeks after intravitreal injection of AAV2-tTA;TRE-OSK,
showing Klf4 (green) expressionin the RGCs (blue, visualized by RBPMS as
marker).Scale bars,1mm (left); 100 um (right). ¢, Experimental outline of the
optic-nerve crush-injury study using the Tet-Off system. 555-CTB was used for
anterograde axonal tracing.d, The number of axons 16 days after crushinjury,
atdistancesdistal tothelesion,inmice treated with AAV2 encoding:
destabilized enhanced green fluorescent protein (A2EGFP); Oct4; Sox2; KIf4;
Oct4 and Sox2; allthree OSK genes on three monocistronic AAV2s (indicated as
separated by +signs); or all three OSK genes on asingle polycistronic AAV2
(n=5,4,4,4,4,4and7 eyes, respectively).Ind, e, suppression of polycistronic
OSK expression by DOX (n=5eyes) is shown as OSK off. e, Representative
images of longitudinal sections through the optic nerves of 4-week-old (young)
mice after receiving intravitreal injections of AAV2-tTA;TRE-OSKin the
presence (n=5) orabsence (n=7) of DOX. CTB-labelled axons are shown 16 days
post-crush. Asterisksindicate the optic-nerve crushsite. f, Representative
confocalimages of longitudinal sections through the optic nerve showing
CTB-labelled axons in12-month-old (old) mice, 5 weeks post-crush, with
AAV2-mediated expression of either GFP or OSK. Representative results from
n=5eyes.Scalebars (e, f),200 pm. g, The number of axons 16 days post-crush
atmultiple distances distal to the lesion site in transgenic Cre lines that
selectively express OSK eitherin RGCs (Vglut2-Cre) orinamacrine cells
(Vgat-Cre) after intravitreal injection of AAV2-FLEx-tTA;TRE-OSK (n =4 eyes for
each condition). Further details are givenin Extended Data Fig. 4e-h. One-way
ANOVA with Bonferronicorrection (d, g), with comparisons to d2EGFP shown
inf. Alldataare presented as mean +s.e.m.

When Oct4, Sox2 and Klf4 were co-delivered by separate monocis-
tronic AAVs, no effect on axon regeneration was observed; this was
ostensibly due to the lower frequency of co-infection or inconsist-
ent stoichiometry (Fig. 1d, Extended Data Fig. 3f-i). When delivered
singly, Oct4 or Sox2 alone increased RGC survival slightly (Extended
DataFig. 3e), but none of the single factors alone had any effect on
regenerative capacity (Fig. 1d). Because KIf4 can repress rather than
promote axonal growth?*, we tested a dual-cistron of only Oct4 and
Sox2 and observed no regenerative effect.
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Many regenerative approaches that work well in young individuals
often fail in older ones*?.In 12-month-old mice, OSK treatment dou-
bled RGCsurvival, similar to theresults observedin1-and 3-month-old
mice (Extended DataFig.4a). Although axon regeneration was slightly
weaker inthe older mice (Extended Data Fig.4b), when treatment was
extended for 3 more weeks (thus measuring regeneration 5Sweeks after
the optic-nerve crush), robust axon regeneration still occurred, with
no increase in RGC number (Fig. 1f, Extended Data Fig. 4c, d). These
dataindicate that ageing does not greatly diminish the ability of OSK
transcription factors to induce axon regeneration.

Totest whether OSK was acting directly on RGCs or through amacrine
cells”—the other type of retinal cells that AAV2 can infect after intra-
vitreal injection—we introduced tTA in a double-floxed inverse orien-
tation (AAV2-FLEx-tTA) with AAV2-TRE-OSK into two Cre transgenic
mouse lines, so that OSK was selectively expressed either in RGCs
(Vglut2-Cre) or amacrine cells (Vgat-Cre) (Extended Data Fig. 4e, f).
OSK expression in RGCs alone promoted axon regeneration, whereas
expressioninamacrine cells did not (Fig. 1g, Extended DataFig. 4g, h).
The survival frequency of OSK-positive RGCs was roughly three times
that of nearby OSK-negative cells or that of RGCs in GFP-expressing
retinas, resultingin agreater relative abundance of OSK-positive RGCs
after injury (Extended Data Fig. 4i-k). Therefore, the ability of OSK to
increase survival seems to be mediated within the RGC and is largely
cell-autonomous. The mRNA levels of Stat3, a pro-regeneration gene?,
robustly increased in response to OSK and were maintained post-injury
(Extended Data Fig. 5a, Supplementary Table 1). Stat3 upregulation,
however, does not seem to be mediated by the PTEN-mTOR-S6K or
the SOCS3 pathways, two canonical Stat3 regulatory pathways that
affect RGC axon regeneration®** (Extended Data Fig. 5b, ¢, Supple-
mentary Table1).

OSK countersinjury-induced DNA methylation ageing

Currently, thereis noknowntreatment that caninduce robust RGC axon
regeneration when the treatment is started after crush injury. Using
our Tet-On AAV system, which rapidly induces OSK expression (Fig. 2a,
Extended Data Figs. 2b, 5d, e), we observed significant improvement
in axon regeneration and RGC survival, even when OSK was induced
afterinjury. The longer the duration of the OSK induction the greater
the distance the axons extended, with no sign of RGC proliferation
(Fig.2b, ¢, Extended Data Fig. 5f).

Giventhe effectiveness of OSK induction after injury and the ability
of Yamanaka factors to reverse DNA methylation age in vitro*">**?, we
speculated that OSK might act to regenerate axons by counteracting the
effect of injury on DNA methylation. The DNA methylation age of RGCs
was calculated on the basis of a ribosomal DNA methylation clock®,
which provided the best site coverage (67 out of 72 CpGssites) and was
highly correlated with chronological age (Extended Data Fig. 5g). At day
4 after injury, RGCs experienced an acceleration of DNA methylation
age, whereas OSK expression counteracted this effect (Fig. 2d). Pat-
terns of global DNA methylation were also altered by injury inamanner
similar to that of ageing, without affecting average DNA methylation
levels (Extended DataFig. 5h, i). Notably, OSK reversed the global DNA
methylation changes caused by injury, and this reversal was enriched
atgenes thatare associated with light detection and synaptic transmis-
sion (Fig. 2e, Extended DataFig. 5j, k).

Regeneration requires DNA demethylation

Next we asked whether the DNA methylation changesinduced by OSK
arenecessary for RGC survival and axon regrowth. DNA demethylation
iscatalysed by ten-eleven translocation methylcytosine dioxygenases
(TET1-TET3), either passively through DNA replication or actively—
even in non-replicating cells—by reversion to cytosine via thymine
DNA glycosylase (TDG)**. Because TET1and TET2—but not TET3—were
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Fig.2|DNA demethylationisrequired for OSK-induced axonregeneration
afterinjury. a, Strategies forinduction of OSK pre- and post-injury. b, Survival
of RGCs (number of RGCs per mm?) at 2 and 4 weeks post-crush (wpc) in
response to OSK induction either pre- or post-injury (inj.) (n =4 eyes, except
for the post-injury ‘on’ group at 2 weeks post-crush, for which n=7eyes).

¢, Representative longitudinal sections through the optic nerve showing
CTB-labelled axons at 4 weeks post-crush, without (top) or with (bottom) the
induction of OSK after injury. Asterisks indicate the optic-nerve crushsite.
Results arerepresentative fromn=4 eyes. Scale bars, 200 pm. d, Ribosomal
DNA methylation age (in months) of 6-week-old RGCsisolated from axon-intact
retinasinfected with or without GFP-expressing AAV2 (intact), or from
axon-injured retinas infected with GFP- or OSK-expressing AAV2 at 4 days
post-crush (injured) (n=6,4,8and 8 eyes, respectively). DNA methylation age
estimates of neurons tend to be lower than their chronological ages but remain
correlated (see Extended Data Fig. 5g and Methods). e, Hierarchical clustered
heat map of DNA methylation levels of CpGs that significantly changed in RGCs
after crushinjury (intact GFP vsinjured GFP, g < 0.05) and the effect of OSK

at4 days post-crush (injured OSK). f, Axon regeneration in response to OSK
expression (AAV2-tTA; TRE-OSK), 16 days post-crush in Tet2™/**mice infected
with saline (Tet2 wild type (WT); n=3for each condition) or AAV2-Cre

(Tet2 cKO; n=4 for each condition). One-way ANOVA with Bonferroni’s multiple
comparisontest (b, d, f). Forallbargraphs, dataare meants.e.m.

upregulated by OSK*¢ (Extended Data Fig. 6a), we tested the effect of
knocking down their encoding genes Tet1 or Tet2 (using short hairpin
(sh)RNA delivered by AAV¥) in the context of damaged, OSK-treated
RGCs (Extended Data Fig. 6b-d).

The knockdown of either TetI or Tet2 blocked the ability of OSK to
increase Stat3 mRNA levels and to promote RGC survival and axon
regeneration (Extended Data Fig. 6e-g). Knocking out Tet2in RGCs
by delivering AAV2-Cre*® intravitreally to Tet2™"** mice also abro-
gated theincreaseinregenerationand survival (Fig. 2f, Extended Data
Fig. 6h-j). OSK-expressing RGCs showed no evidence of DNAreplication
ina5-bromo-2’-deoxyuridine (BrdU) assay (Extended Data Fig. 3a, b),
and knockdown of Tdg*® completely abolished the beneficial effects
of OSK (Extended Data Fig. 7a-d); however, aglobal reduction of DNA
methylation mediated by overexpression of the TET1 catalytic domain®
had no protective or regenerative effect (Extended Data Fig. 7e-h).
These dataindicate that active DNA demethylationis necessary—butis
notsufficient by itself—in order for OSK to protect RGCs and to regen-
erate axons (Extended Data Fig. 7i).

Axonregenerationin human neurons

Paralleling the mouse RGC data, the expression of OSK in differentiated
human neurons effectively counteracted axonal loss and the advance-
ment of DNA methylationageinduced by vincristine—achemotherapeutic
drugthatinducesaxoninjury—inthe absence of cell proliferation or global
DNA demethylation (Extended Data Fig. 8a-g). Nine days after damage,
the neurite area was 15-fold greater in the rejuvenated OSK-transduced
cells compared with control cells (Extended Data Fig. 8h, i).



OSK-mediated recovery of the neurite area, as well as both the num-
ber and the length of axons, were blocked by Tet2knockdown but not
by inhibition of the mTOR-S6K pathway (Extended Data Fig. 8j-s).
Again, overexpression of the TET1 catalytic domain alone failed to
promote axon regeneration (Extended DataFig. 8t). The ability of OSK
toreprogram neurons and to promote axongrowthin a Tet2-dependent
manner therefore seems to be conserved across mice and humans.

Recovery of vision in mice with glaucoma

We then tested whether OSK induction could restore the function of
RGCsin adisease setting. Glaucoma, a leading cause of age-related
blindness worldwide, is characterized by a progressive loss of RGCs and
their axons, and often coincides with increased intraocular pressure.
Weinduced increased intraocular pressure unilaterally for 21 days by
injecting microbeads into the anterior chamber of the eye* (Fig. 3a, b),
using saline injections as non-glaucomatous controls. At the 4-week
time point, after asignificant decrease in axonal density and the num-
ber of RGCs (baseline, Extended Data Fig. 9a, b), AAVs were injected
intravitreally and OSK expression was induced for another 4 weeks
(Fig.3a). Compared with glaucomatous eyes that received either PBS
or AAVs withno OSK induction (-OSK), the OSK-treated glaucomatous
eyes (+OSK) presented with arestored axon density equivalent to that
inthe non-glaucomatous eyes, with no evidence of RGC proliferation
(Extended Data Fig.9c, d).

Asignificant increase in visual acuity relative to the pre-treatment
function baseline was observed for eyes treated with OSK: the opto-
motor response assay indicated that half of the visual acuity lost from
increased intraocular pressure was restored (Fig. 3¢, d). A similar
improvement associated with OSK expression was also seen in pat-
ternelectroretinogram (PERG) analysis (N1+P1), areadout of electrical
waves generated specifically by RGCs (Fig. 3e, f). To our knowledge, this
is the first example of vision-loss reversal after glaucomatous injury
has occurred; previous attempts have focused on neuroprotection
delivered at an early stage to prevent further disease progression**
(Supplementary Information).

Restoration of vision in old mice

The finding that OSK induction could effectively restore the DNA meth-
ylation age of RGCs after injury indicated that vision loss caused by
natural ageing might be reversible too. To test this, we treated 3- and
11-month-old mice with OSK AAVs and induced OSK expression for
4 weeks (Fig.4a). Optomotor response and PERG measurements were
thencarried out. Inthe absence of OSKinduction, there was a significant
reductioninvisualacuity andin RGC electrical activity by 12 months of
age—alossthat wasrestored by OSK induction (Fig. 4b, Extended Data
Fig.9e). Restoration of visual acuity was not seen in18-month-old mice
(Extended DataFig.9e, f), probably because assessment was hindered
by anage-dependent increase in corneal opacity®.

Because there was no obvious increase in the number of RGCs or
in axon density in the 12-month-old mice treated with +OSK AAV
(Extended Data Fig. 9g, h), we hypothesized that the visual improve-
ments were due to transcriptomic changes. RGCs from 12-month-old
mice, either untreated or treated with AAVs for 4 weeks, were purified
by fluorescence-activated cell sorting and analysed by RNA sequenc-
ing. Compared with RGCs from young (5-month-old) mice, the mRNA
levels of 464 genes were altered during ageing. Around 90% of these
wererestored to youthfullevels by OSK treatment (Fig. 4c, d, Extended
Data Fig. 9i, Supplementary Table 2). Of the 268 age-downregulated
genes, 44 are linked to sensory perception and axon targeting**, rais-
ing the possibility that they contribute to the decline in vision caused
by ageing (Fig. 4d, Extended Data Figs. 9j, 10a). Another 196 genes
that were upregulated during ageing are involved inion transport or
neuronal projection development, including Efemp1 (Extended Data
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stimulation to measure optomotor response. Reflexive head movements were
trackedinresponseto the rotation of amovingstriped patternthatincreased
inspatial frequency.d, Optomotor response of each mouse before treatment
(baseline) and 4 weeks after intravitreal injection of AAVs (treated; see ffor key)
(n=10,7,12and 12 mice for each condition; similar results from 3 independent
experiments combined). e, Representative PERG waveformsinresponsetoa
reversing contrast checkerboard pattern, recorded from the same eye both at
the pre-injectionbaseline and at 4 weeks after —~OSK (top) or +OSK (bottom)
AAVinjection. f, Mean PERG amplitudes of recordings from eachmouseind at
the baseline before treatmentand at 4 weeks afterintravitreal AAVinjection
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experiments combined). -OSK (notinduced), AAV2-rtTA;TRE-OSK; +OSK
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Fig.10b-d), a TET1- and TET2-regulated gene that is associated with
glaucoma*® and age-related macular degeneration*.
Togaininsightsintohow DNA methylation changes might be involved
inthe effects of OSK, we used machine learning toidentify amethylation
ageing signature based on 1,226 sites from genome-wide DNA meth-
ylation datasets, derived from the first principal component (PC1) in
multi-age training samples (Extended Data Fig. 10e, Supplementary
Table 3).Inanindependent set of test samples, OSK reversed the DNA
methylation ageing signature in the context of bothinjury and ageing
(Fig.4e, Extended Data Fig.10f). Notably, the signature CpG sites were
associated with genes that are involved in synaptic and neuronal pro-
cessesand are enriched for the binding of polycomb repressive complex
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2 (PRC2) and its histone methyltransferase product—trimethylated
Lys27 of histone H3 (H3K27me3)—both of which are known to recruit
TET enzymes**® (Extended Data Fig.10g-i). Knockdown of either Tet1
or Tet2 altered the methylation status of the signature CpG sitesina
similar manner and counteracted the effect of OSK on DNA methylation
age (Extended Data Fig. 10j-1). Both Tet and Tet2 were also required
for theimprovement of RGC function and visionin12-month-old mice
(Fig. 4f, Extended DataFig.10m), indicating that changes in DNA meth-
ylation might have a functional role in the restoration of vision in old
mice by OSK.

Discussion

Here we show that it is possible to safely reverse the age of a complex
tissue and restore its biological function in vivo. Using the eye as a
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model system, we present evidence that the ectopic expression of
OSK transcription factors safely induces in vivo epigenetic restora-
tion of aged CNS neurons, without causing a loss of cell identity or
pluripotency. Instead, OSK promotes a youthful epigenetic signature
and gene-expression pattern that causes the neurons to function as
though they were young again. The requirement for active demethyla-
tionin this process supports theidea that changesin DNA methylation
patterns are involved in the ageing process and its functional reversal
(Extended Data Fig.10n). However, we do not wish to imply that DNA
methylation is the only epigenetic mark involved in this process. It is
likely to involve other transcription factors and epigenetic modifica-
tions, such as the PRC2 complex and H3K27me3, both of which are
involved in maintaining stem cell plasticity and are associated with
DNA methylation clock sites**>*°,

Perhaps the most interesting question raised by these datais how
cellsencode and store youthful epigenetic information. Possibilities for
information storage include covalent DNA modifications, DNA-binding
proteins, RNA-guided chromatin modifying factors, and RNA-DNA
hybridsthat are established early inlife. The role of these youth marks
would be akin to the ‘observer’ininformation theory, which preserves
anoriginal backup copy of informationin caseitislost or obscured by
noise'. We suggest that epigenetic reprogramming, either by gene
therapy or other means, could promote tissue repair and the reversal
of age-related decline in humans.
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Methods

Nostatistical methods were used to predetermine sample size. The mice
wererandomly assigned to experimental groups, exceptin experiments
that required specific genotypes. The investigators were blinded to
animal allocation but not cell cultures or outcome assessment.

Mouse lines

For optic-nerve crush and glaucoma model experiments, C57BL6/)
wild type mice were purchased from the Jackson Laboratory (000664).
Young and old females from the NIA Aged Rodent Colonies were used
for ageing experiments. Rosa26-M2rtTA/Collal-tetOP-OKS-mCherry
alleles were fromthe Hochedlinger laboratory (Massachusetts General
Hospital)™. Rosa-CAG-lox-STOP-lox-Tomato mice were provided by F.
Wang (McGovern Institute). Vglut2-IRES-Cre (016963), Vgat-IRES-Cre
(016962), Tet2™°x(017573)** and Rosa26-M2rtTA/Collal-tetOP-OSKM
(011011) were purchased from the Jackson Laboratory. All animal work
was approved by the Institutional Animal Care and Use Committees
(IACUCs) at Harvard Medical School, Boston Children’s Hospital, and
the Mass Eye and Ear Institution. Animals were housed under 12-h
light/dark cycles (6:00/18:00), at anambient temperature of 70-72 °F
(21-22°C) and 40-50% humidity.

Surgery

Mice were anaesthetized by intraperitoneal injection of a mixture of
ketamine (100 mgkg™; Ketaset; Fort Dodge Animal Health) and xylazine
(10 mgkg™; TranquiVed; Vedco) supplemented by topical application
of proparacaine to the ocular surface (0.5%; Bausch & Lomb). All animal
procedures were approved by the IACUC of the respective institutions
and according to appropriate animal welfare regulations.

Production of adeno-associated viruses

Vectors of AAV-TRE-OSK were made by cloning mouse Oct4, Sox2 and
KIf4cDNAinto an AAV plasmid consisting of the tetracycline response
element (TRE3G) promoter and the SV40 element. The other home-
made vectors were made using a similar strategy or directly chemi-
cally synthesized. All pAAVs, as listed (Supplementary Table 4), were
then packaged into AAVs of serotype 2/2, 2/DJ or 2/9 (titres: >5 x 10*2
genome copies per ml). AAVs were produced by the Boston Children’s
Hospital Viral Core.

Systemic delivery of AAV9

Expression in internal organs was achieved through retro-orbital
injection of AAV9: 7 x 10" gene copies (gc) of UBC-rtTA and 3 x 10" gc
of TRE-OSK for 5-month-old mice; 7 x 10" gc of UBC-rtTAand 5 x10" gc
of TRE-OSK (or TRE-GFP) for 20-month-old mice. Toinduce OSK expres-
sion, DOX (1 mg ml™; MP Biochemicals) was given in drinking water
continuously until the end of the experiment, 3 weeks after AAV
injection.

Cell culture of ear fibroblasts

Ear fibroblasts were isolated from Reprogramming 4F (Jackson Labora-
tory 011011) or 3F (Hochedlinger laboratory, Massachusetts General
Hospital) mice and cultured at 37 °Cin DMEM (Invitrogen) containing
non-essential amino acids, 10% tetracycline-free fetal bovine serum
(TaKaRa Bio, 631106) and 1% penicillin/streptomycin (ThermoFisher
Scientific,15140122). Ear fibroblasts of transgenic mice were passaged
to P3 and treated with DOX (2 pg mlI™) for the indicated time periods
inthe culture medium. All cell lines used were mycoplasma negative.

AAV2intravitreal injection

Adult animals were anaesthetized with ketamine/xylazine (100/10 mg
kg™, and then AAV (1-2 pl) was injected intravitreally, just posterior
to the limbus with a fine glass pipette attached to a Hamilton syringe
using plastic tubing. In the increased IOP model, mice received a1 pl

intravitreal injection between 3 and 4 weeks after microbead injec-
tion. The injected volume of AAV-shRNA is one-fifth the volume of
other AAVs.

Optical coherence tomography

Optical coherence tomography (OCT) images were taken with a Biopti-
gen Envisu R-Class OCT (Leica Microsystems). The animals were anaes-
thetized with a ketamine/xylazine (100-200/20 mg kg™) cocktail and
eyes were treated with a drop of 1% tropicamide solution to dilate the
pupils and adrop of GenTeal gel to keep the lens hydrated. Full retinal
OCT scans were obtained for all eyes (1,000x%,100x,10). One-hundred
B-scans were converted into videos (7 frames per second (fps)) with
ImageJ. Representative OCT images of the retina were taken near the
head of the optic nerve, and theimaging location was marked on the vol-
umeintensity projectionimage withawhiteline. The retinal thickness
in each eye was measured using 4 B-scans at a distance of 50-600 pm
onboth sides of the optic nerve head and averaged using ImageJ.

Creation of retinoblastoma tumours

To create the space to inject the retinoblastoma tumour cells into the
subretinal space, atransient retinal detachment was created. Intraocu-
lar pressure was decreased by first making a corneal incision, followed
by asubretinalinjection 0f10,000 retinoblastoma tumour cells (Rb116)
viaa30-gauge needleinatotal volume of 10 pl. Two weeks after injec-
tion the mice were observed using OCT.

Opticnerve crush

Two weeks afterintravitreal AAVinjection, the optic nerve was accessed
intraorbitally and crushed in anaesthetized animals using a pair of
Dumont #5 forceps (FST). Alexa-conjugated cholera toxin beta subu-
nit (CTB-555,1 mg ml™; 1-2 pl) injection was performed 2 days before
euthanasia to trace regenerating RGC axons. The surgical methods
have been described in more detail previously?.

Invivo DOX induction or suppression

Induction of the Tet-On or suppression of the Tet-Off AAV2 systems in
theretinawas performed by administration of DOX (2mg ml™) (Sigma)
in the drinking water. Induction of Tet-On AAV9 system systemically
was performed by administration of DOX (1 mg ml™) (USP grade, MP
Biomedicals 0219895505) in the drinking water.

Quantification of axon regeneration for the optic-nerve crush
model

The number of regenerating axons in the optic nerve was estimated
by counting the number of CTB-labelled axons at different distances
from the crushsite, as described previously?.

Wholemount optic nerve preparation

Opticnerves and the connecting chiasm were dehydrated in methanol
for 5 min, then incubated overnight with Visikol HISTO-1. The next
day, nerves were transferred to Visikol HISTO-2 and then incubated for
3 h. Finally, optic nerves and connecting chiasm were mounted with
Visikol HISTO-2.

Immunofluorescence

Wholemount retinas were blocked with horse serum at 4 °C overnight
thenincubated at 4 °C for 3 days with primary antibodies diluted in
PBS, BSA (3%) Triton X-100 (0.5%). Then, tissues were incubated at
4 °C overnight with appropriate Alexa Fluor-conjugated secondary
antibodies (Alexa 405,488, 567, 674; Invitrogen) diluted with the same
blocking solution as the primary antibodies, generally used at 1:400
final dilution. Frozen sections were stained overnight with primary
antibodies at 4 °C and then secondary antibodies at room tempera-
ture for 2 h. Between changes of solutions, all wholemounts or slices
were washed 3 times, for 5 min each time. Sections or wholemount



retinas were mounted with Vectashield Antifade Mounting Medium.
Antibodies used were as follows: mouse anti-OCT4 (1:100, BD
Bioscience 611203), rabbit anti-SOX2 (1:100, Cell Signaling 14962), goat
anti-KLF4 (1:100, R&D systems AF3158), tabbit anti-phosphorylated
S6Ser235/236 (1:100, Cell Signaling 4857), mouse anti-BRN3A (1:200,
EMD Millipore MAB1585), rabbit anti-Ki67(1:100, Abcam ab15580),
mouse anti-AP2 alpha (1:100, Developmental Studies Hybridoma
Bank 3B5), rabbit anti-pSTAT3 (Tyr705) (1:100, Cell Signaling 9145S),
rat anti-HA (1:400, Roche 11867423001), rabbit anti-5mC (1:100, Cell
Signaling 28692S), rabbit anti-5ShmC (1:100, Active Motif 39769), rat
anti-BrdU (1:200, Abcam ab6326), rabbit anti-Olig2 (1:100, Novusbio
NBP1-28667), chicken anti-GFP (1:10,000, Aves Labs GFP-1020) and
guineapiganti-RBPMS (1:400, Raygene custom order AO08712 to pep-
tide GGKAEKENTPSEANLQEEEVRC). Note that successful staining for
anti-5mC, anti-5hmC, anti-Ki67 and anti-BrdU requires pre-treatment
with2 M HCI for 30 min at room temperature, followed by 3 washes with
0.1Msodiumborate (pH 8.3) and PBST each before the serumblocking.

Bromodeoxyuridine labelling

After crushinjury, mice were injected intraperitoneally with 5-bromo-
2’-deoxyuridine (BrdU) (Sigma, B5002) at adose of 100 mg kg™ daily the
week before they were euthanized. Optic nerves and retinas were col-
lected either1or2wpc. Optic nerve sections and retinawholemounts
were then performed with the same procedure described forimmuno-
fluorescence (including HCl pre-treatment) to complete the staining.

Westernblot

SDS-PAGE and western blot analysis was performed according to stand-
ardprocedures and detected with an ECL detectionkit. Antibodies used:
rabbit anti-SOX2 (1:100, EMD Millipore, AB5603), mouse anti-KLF4
(1:1,000, ReproCell, 09-0021), rabbit anti-p-S6 (S240/244) (1:1,000,
CST, 2215), mouse anti-S6 (1:1,000, CST, 2317), mouse anti-p-tubulin
(1:1,000, Sigma-Aldrich, 05-661), mouse anti-B-actin—Peroxidase anti-
body (1:20,000, Sigma-Aldrich, A3854).

RGC survival and phospho-Sé6 signal

RBPMS-positive cells in the ganglion layer were stained with an
anti-RBPMS antibody (1:400, Raygene custom order AOO8712 to pep-
tide GGKAEKENTPSEANLQEEEVRC), and a total of four 10x fields per
retina, one in each quadrant, were enumerated. The average number
ofviable RGCs per field was determined. Phospho-S6 (1:100, Cell Signal-
ing 4857) staining was performed under the same conditions and the
percentages of phopsho-S6-positive RGCs were obtained by comparing
the value to the number of all viable RGCs in the same field.

Human neuron differentiation and regeneration assay

We chose to use differentiated human neurons that would maintain
ageing signatures®. SH-SY5Y neuroblastoma cells were obtained from
the American Type Culture Collection (ATCC, CRL-2266). Cells were
confirmed as negative for mycoplasma, then cultured in a1:1 mixture
of EMEM (ATCC, 30-2003) and F12 medium (Thermo Fisher Scientific,
11765054) supplemented with 10% FBS (Sigma, F0926) and 1% penicillin/
streptomycin (Thermo Fisher Scientific,15140122). Cells were cultured
at 37 °C with 5% CO, and 3% O,. Cells were passaged at around 80%
confluency. SH-SY5Y cells were differentiated into neurons as previ-
ously described** with modifications. In brief, 1 day after plating, cell
differentiation was induced for 3 days using EMEM/F12 medium (1:1)
containing 2.5% FBS, 1x penicillin/streptomycin, and 10 pM all-trans
retinoic acid (ATRA, StemCell Technologies, 72264) (Differentiation
Medium1), followed by a3 day incubationin EMEM/F12 (1:1) containing
1% FBS, 1x penicillin/streptomycin, and 10 pM ATRA (Differentiation
Medium2). Cells were then splitinto 35-mm cell culture plates coated
with poly-D-lysine (Thermo Fisher Scientific, A3890401). A day after
splitting, neurons were matured in serum-free neurobasal/B27 plus
culture medium (Thermo Fisher Scientific, A3653401) containing

1x Glutamax (Thermo Fisher Scientific, 35050061), 1x penicillin/
streptomycin, and 50 ng ml™ BDNF (Alomone Labs) (Differentiation
Medium 3) for at least 5 days. Differentiated SH-SY5Y cells were trans-
duced with AAV.DJ vectors at 10° genome copies per cell. Five days
after transduction, vincristine (100 nM; Sigma, V8879) was added
for 24 h to induce neurite degeneration. Neurons were then washed
once with PBS and fresh Differentiation Medium 3 was added back to
the plates. Neurite outgrowth was monitored for 2-3 weeks by taking
phase-contrastimages at 100x magnification every 3-4 days. Neurite
area, axon number and length of each cluster of neurons were quanti-
fied using ImageJ.

Cell cycle analysis

Cells were collected and fixed with 70% cold ethanol for 16 h at 4 °C.
After fixation, cells were washed twice with PBS and incubated with
PBS containing 50 pg ml™ propidiumiodide (PI) (Biotium,40017) and
100 pg mI RNase A (Omega) for 1 h at room temperature. Pl-stained
samples were analysed onaBD LSR Il analyser and only single cells were
gated for analysis. Cell cycle profiles were analysed using FCS Express
6 (De Novo Software).

Human neuron DNA methylation analyses

DNAwasextracted usingthe Zymo Quick DNA mini-prep pluskit (D4069)
and DNA methylation levels were measured on Illumina 850 EPIC arrays.
The Illumina BeadChip (EPIC) measured bisulfite-conversion-based,
single-CpG resolution DNA methylation levels at different CpGsitesin
the human genome. Data were generated viathe standard protocol of
Illumina methylation assays (GSE147436), which quantifies methyla-
tionlevels by the S value using the ratio of intensities between methyl-
ated and unmethylated alleles. Specifically, the S value was calculated
from the intensity of the methylated (M corresponding to signal A)
and unmethylated (U corresponding to signal B) alleles, as the ratio of
fluorescent signals 8 = Max(M,0)/(Max(M,0)+ Max(U,0) +100). Thus,
B values ranged from O (completely unmethylated) to 1 (completely
methylated). ‘Noob’ normalization was implemented using the ‘minfi’
R package’>*®. The mathematical algorithm and available software
underlying the skin and blood clock for in vitro studies (based on
391 CpGs) has been previously published®”.

Microbead-induced increased intraocular pressure (IOP)
Increase of IOP was induced unilaterally by injection of polystyrene
microbeads (FluoSpheres, Invitrogen; 15-um diameter) to the anterior
chamber of the right eye of each mouse under a surgical microscope,
as previously reported*°. In brief, microbeads were prepared ata con-
centration of 5.0 x10° beads per mlin sterile physiologic saline. A 2-pl
volumewasinjected into the anterior chamber through a trans-corneal
incision using a sharp glass micropipette connected to a Hamilton
syringe (World Precision Instruments) followed by an air bubble to
prevent leakage. Any mice that developed signs of inflammation (cloud-
ing or an oedematous cornea) were excluded.

I0P measurements

10Ps were measured with a rebound TonoLab tonometer (Colonial
Medical Supply) as previously described*°. Mice were anaesthetized by
3% isoflurane in 100% oxygen (induction) followed by 1.5% isoflurane
in100% oxygen (maintenance) delivered with a precision vaporizer.
IOP measurement was initiated within 2-3 min after the loss of a toe
ortail pinchreflex. Anaesthetized mice were placed on aplatform, and
the tip of the pressure sensor was placed approximately 1/8 of aninch
fromthe central cornea. Average IOP was displayed automatically after
6 measurements after elimination of the highest and lowest values.
The machine-generated mean was considered as one reading, and six
readings were obtained for each eye. All IOPs were taken at the same
time of day (between 10:00 and 12:00) owing to the variation of IOP
throughout the day.
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Optomotor response

Thevisual acuity of mice was measured using an optomotor reflex-based
spatial frequency threshold test*®. Mice were able to freely move and
were placed onapedestallocatedin the centre of anareaformed by four
computer monitorsarranged in a quadrangle. The monitors displayed
amoving vertical black and white sinusoidal grating pattern. Ablinded
observer, unable to see the direction of the moving bars, monitored
the tracking behaviour of the mouse. Tracking was considered positive
when there wasamovement of the head (motor response) to the direc-
tion of the bars or rotation of the body in the direction concordant with
the stimulus. Each eye was tested separately depending on the direction
of rotation of the grating. The staircase method was used to determine
the spatial frequency start from 0.15 to 0.40 cycles per degree, with
intervals of 0.05 cycles per degree. Rotation speed (12°s™) and con-
trast (100%) were kept constant. Responses were measured before and
after treatment by individuals blinded to the group of the mouse and
the treatment. Mice that had intravitreal bleeding or developed signs
of inflammation (clouding or an oedematous cornea) during or post
intravitreal injection were excluded from optomotor response and
histological analyses. Exclusion criteria were pre-determined before
experimentation.

Pattern electroretinogram

Mice were anaesthetized with ketamine/xylazine (100 mg kg™ and
20 mgkg™) and the pupils dilated with one drop of 1% tropicamide oph-
thalmic solution. The mice were kept under dimred light throughout
the procedure onabuilt-inwarming plate (Celeris, Full-Field and Pattern
Stimulation for the rodent model) to maintain their body tempera-
ture at 37 °C. A black and white reversing checkerboard pattern with
acheck size of 1° was displayed on light guide electrode-stimulators
placed directly onthe ocular surface of both eyes and centred with the
pupil. The visual stimuli were presented at 98% contrast and constant
mean luminance of 50 cd m~, with a spatial frequency of 0.05 cycles
per degree and a temporal frequency of 1 Hz. A total of 300 complete
contrast reversals of PERG were repeated twice in each eye and the
600 cycles were segmented, averaged and recorded. The averaged
PERGs were analysed to evaluate the peak-to-trough N1to P1 (positive
wave) amplitude.

Quantification of optic-nerve axons in the glaucoma model

For quantification of axons, optic nerves were dissected and fixed
overnightinKarnovsky’s reagent (50% in phosphate buffer). 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 evaluation by light
microscopy. Optic-nerve cross-sections were imaged at 60x magnifica-
tion using a Nikon microscope (Eclipse ES00, Nikon) with DP Controller
v.1.2.1.108 and DP Manager v.1.2.1.107 software (Olympus). Six to eight
non-overlapping photomicrographs were taken to cover the entire area
ofeach opticnerve cross-section. Using ImageJ (v.2.0.0-rc-65/1.51u), a
100 pm x 100 pum square was placed on each 60x image and all axons
within the square (0.01 mm?) were counted using the ‘threshold’ and
‘analyze particles’ functions in ImageJ as previously described**%%,
Damaged axons stain darkly with PPD and were not counted. The aver-
age axon counts in the 6-8 images were used to calculate the axon
density per mm? of optic nerve. Individuals performing axon counts
were blinded to the experimental groups.

Quantification of retinal ganglion cells in the glaucoma model

For ganglion cell counting, images of wholemount retinas were
acquired using a 63x oil immersion objective of the Leica TCS SP5
confocal microscope (Leica Microsystems). The retinal wholemount
was divided into four quadrants and two to four images (248.53 pm
x 248.53 um in size) were taken from the midperipheral and periph-
eral regions of each quadrant, for a total of 12 to 16 images per retina.

Theimages were obtained as z-stacks (0.5um), and all BRN3A-positive
cells in the ganglion cell layer of each image were counted using an
automated counting platformas previously described® <, In brief, RGCs
were counted using the ‘Cell Counter’ plugin (http://fiji.sc/Cell_Counter)
in Fiji (Image] Fiji, v.2.0.0-rc-69/1.52n). Each image was loaded into
Fiji, and a colour counter type was chosen to mark all BRN3A-stained
RGCs within each image (0.025 mm?). The average number of RGCsin
the 12-16 images were used to calculate the RGC density per square
millimetre of retina. Two individuals blinded to the experimental
groups performed all RGC counts.

RGCenrichment

Retinas were dissected in AMES solution (oxygenated with 95% O,/5%
CO,), digested in papain, and dissociated to single-cell suspensions with
manual triturationin ovomucoid solution. Cells were spun down at 450g
for 8 min, and resuspended in AMES +4%BSA to a concentration of 10°
cells per ml. Thy1.2-PE-Cy7 antibody (1:2,000, Invitrogen 25-0902-81)
was added andincubated for 15 min, followed by washing with an excess
of media. Cells were spun down at 450g for 8 min and resuspended again
in AMES +4%BSA at a concentration of around 7 x 106 cells per ml. The
live cell marker Calcein Blue (1 pul mI™) was added before filtering cells
through 35-um cell strainer into fluorescence activated cell sorting
(FACS) tubes. More than 10,000 high Thy1.2+ and Calcein Blue+ cells
were collected usingaBD FACS Aria Cell Sorter with an130-pm nozzle.
Frozen cells were sent to Genewiz for RNA extraction and ultra-low
input RNA sequencing, or to Zymo Research for DNA extraction and
genome-wide reduced representation bisulfite sequencing (RRBS).

RRBS library preparation

RGC DNA from mice at different ages and treatments (Supplementary
Table 5) was extracted using Quick-DNA Plus Kit Microprep Kit. Start-
ing input genomic DNA (2-10 ng) was digested with 30 units of Mspl
(NEB). Fragments were ligated to pre-annealed adapters containing
5’-methylcytosineinstead of cytosine according to lllumina’s specified
guidelines. Adaptor-ligated fragments >50 bp in size were recovered
using the DNA Clean & Concentrator-5 (cat.no.: D4003). The fragments
were thenbisulfite-treated using the EZ DNA Methylation-Lightning Kit
(cat. no.: D5030). Preparative-scale PCR products were purified with
DNA Clean & Concentrator-5 (cat. no.: D4003) for sequencing on an
Illumina HiSeq using 2 x 125 bp paired end (PE).

DNA methylation analysis of mouse RGC

Reads werefiltered using Trim Galore v.0.4.1and mapped to the mouse
genome GRCm38 using Bismark v.0.15.0. Methylation counts on both
positions of each CpG site were combined. Only CpG sites covered in
all samples were considered for analysis (BioProject, PRINA655981).
Two outliers were excluded by low intercorrelation (<0.93) within the
batch (Supplementary Table 5). Thisresulted in atotal of 703,583 sites
covered by uniquely mapped reads. Differential methylation for each
CpG site was calculated using two-tailed Student’s ¢-tests on every
siteindependently, followed by the Benjamini-Hochberg procedure
to adjust for false discovery rate. The delta value between groups was
calculated as the difference between the means of values in two cor-
responding groups of samples. Gene Ontology analysis of differentially
methylated sites was performed with Cistrome-GO (http://go.cistrome.
org).Owingtothe repetitive nature of ribosomal DNA sequence, itis not
suitable for whole genome bisulfite mapping. Thus, to determine the
ribosomal DNA methylation age, reads were mapped to ribosomal DNA
repeat BK000964 and the coordinates were adjusted accordingly®.
67 out of 72 sites with at least 10 reads per site were covered for the
ribosomal DNA methylation clock, compared to 102/435 sites of the
whole lifespan multi-tissue clock®, or 248/582 and 77,342/193,651 sites
(ridge) of two entire lifespan multi-tissue clocks®. In agreement with
previous studies™*>** estimates of the DNA methylation age of neurons
tend to be lower than their chronological age but remain correlated.
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Sorted RGC samples were split into training and test sets, with n =38
samples used for candidate CpG selection and biomarker construc-
tion and n =23 samples used for validation (Supplementary Table 6,
Supplementary Data and code within the Supplementary Information).
Thetraining samplesincluded those from 1-month-old controls (1mo;
n=6),6-month-old (n=8),12-month-old (n=2),18-month-old (n=8),
30-month-old (n = 6), 1-month-old GFP-injured (n =4), 12-month-old
GFP (n=2) and 12-month-old OSK (n=2) mice. To generate a methyla-
tionageing signature, we evaluated DNA methylation associations with
threetraits: age, injury and OSK treatment. To avoid batch effects, sub-
samples were evaluated separately as 6-month-old and 18-month-old
inBatch1,and 1-month-old, 12-month-old and 30-month-old in Batch
2 (Supplementary Table 5). Biweight midcorrelation was used to assess
agetrends for CpGs. Given that the second batchincluded samples from
developing (1I-month-old) mice, we applied atransformation to age that
hasbeen used in development of human epigenetic clocks when prena-
taland/or developmental samples are included®. This transformation
accounts for nonlinear changes during development. Biweight midcor-
relation was then applied to test the associations of CpGs changes after
injury and OSK treatment, and results were compared across the four
tests. CpGs were selected if they were consistently in the top 30% of
CpGs withthe strongest absolute biweight midcorrelationsin all four
tests and showed consistency in the directionality of their associations
(forexample, hypomethylated with age in both batches, hypomethyl-
ated withinjury, and hypermethylated after OSK). Of the 703,583 CpGs
that were considered, 1,226 were selected (723 that trended towards
hypermethylation with age and 503 that trended towards hypomethyla-
tion with age, see Supplementary Table 3). Principal component analy-
sis (PCA) was conducted using the training samples from 1-month-old,
12-month-old and 30-month-old controls (n =14). PCl explained 25%
of the variance in this sample. When applying an elastic net model to
train a predictor of age, PCs beyond PC1 did not increase the robust-
ness of the age prediction®. Thus, PC1 was used to represent the ageing
signature and was standardized to have amean=0ands.d.=1. Analyses
of the ageing signature in independent validation samples were then
conducted to test associations with age, injury and OSK.

Transcription-factor binding and histone modification
enrichment

To identify factors that may mediate epigenetic reprogramming in
RGCs, we performed transcription factor (TF) binding enrichment
and histone modification enrichment analyses using the genome
coordinates (GRCm38/mm10) of the 1,226 selected CpGs using the
CistromeDBToolkit (http://dbtoolkit.cistrome.org).Asensitivity analysis
was conducted by performing TF and histone enrichment for five sets
of1,226 random CpGs from the 702,357 unselected sites, which was
then compared against the enrichment for our selected set in order
to identify TFs and histone marks that were specific to the selected
set but notto CpGsingeneral.

Total RNA extraction and sample quality control

Total RNA was extracted following the TRIzol Reagent User Guide
(Thermo Fisher Scientific). Glycogen (1 ul of 10 mg ml™ solution) was
addedtothesupernatanttoincrease RNArecovery. RNA was quantified
using a Qubit 2.0 Fluorometer (Life Technologies), and RNA integrity
was determined using TapeStation (Agilent Technologies).

Ultra-low-input RNA library preparation and multiplexing

RNA samples were quantified using a Qubit 2.0 Fluorometer (Life Tech-
nologies), and RNA integrity was ascertained using a2100 TapeStation
(Agilent Technologies). RNA library preparations, sequencing reac-
tions, and initial bioinformatics analysis were conducted at Genewiz.
A SMART-Seq v4 Ultra Low Input Kit for Sequencing was used for

full-length cDNA synthesis and amplification (Clontech), and Illumina
Nextera XT library was used for sequencing library preparation. In brief,
cDNA was fragmented and adaptors were added using Transposase,
followed by limited-cycle PCRto enrichand add anindex to the cDNA
fragments. The final library was assessed by a Qubit 2.0 Fluorometer
and an Agilent TapeStation.

Paired-end sequencing

The sequencing libraries were multiplexed and clustered on two lanes
of aflowcell. After clustering, the flowcell was loaded on the lllumina
HiSeqinstrumentaccording to the manufacturer’sinstructions. Sam-
ples were sequenced using a 2 x 150 paired-end configuration. Image
analysis and base calling were conducted by the HiSeq Control Software
ontheHiSeqinstrument. Raw sequence data (.bcl files) generated from
an Illumina HiSeq was converted into fastq files and de-multiplexed
using the Illuminabcl2fastqv.2.17 program. One mismatch was allowed
forindex sequence identification.

RNA sequencing analysis

Paired-end reads were aligned with hisat2 v.2.1.0%° to the Ensembl
GRCm38 primary assembly using splice junctions from the Ensembl
release 84 annotation. Paired read counts were quantified using fea-
tureCounts v.1.6.4%” using reads with amapping quality (mapQ) value
>20. Differentially-expressed genes for each pairwise comparison
were identified with edgeR v.3.26%, testing only genes with at least
0.1counts per million (CPM) in at least three samples. Gene Ontology
analysis of differentially expressed genes (BioProject PRJINA655981)
was performed with AmiGO v.2.5.12°7!, The gene selection criteria
for the experiments in Fig. 4c, 4d and Extended Data Fig. 9i, 9j are as
follows: genes significantly changed during ageing (¢ < 0.05, absolute
log,fold-change >1), not low expressed (log,(CPM) >-2) or altered by
mock AAV infection (old vs old (-OSK), g > 0.1).

Statistical analysis and figure preparation

Statistical analyses were performed with GraphPad Prism 7/8, using
two-tailed Student’s ¢-tests, one-way or two-way ANOVA. All of the
statistical tests performed are indicated in the figure legends. The
data are presented as mean + s.e.m., except for the violin plots in
Extended Data Fig. 8e, f, which show median and quartiles. Statisti-
cal analysis of changes to DNA methylations was performed with the
SciPy package in Python. Figures were prepared using Keynote and
Affinity Designer.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

RRBS data for DNA methylation analysis and RNA sequencing data
are available in the BioSample database (NCBI) and under BioProject
PRJNA65598L1. Illumina Human Methylation EPIC array data are avail-
ableinthe Gene Expression Omnibus (GEO) database (NCBI) and under
GSE147436. All other relevant data that support the findings of this
study are available from the corresponding author upon reasonable
request. Source data are provided with this paper.

Code availability

The code for determining methylation ageing signatures is provided
inthe Supplementary Information.
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Extended DataFig.1|Effectiveness and safety of OSK reprogramming.

a, Experimental outline for testing the effects of OSKM and OSK on gene
expressionin fibroblasts fromyoung and old transgenic (TG) mice.

b, ¢, Expression of OSKM (b, R26"™; Col1a1°*™, n=3 biological replicates each
condition) and OSK (c, R26™™; Col1a1°*S™"™ n =3 and 8 biological replicates)

rescue age-associated transcriptional changes withoutinducing Nanog mRNA.

mo, month(s). qPCR primers are listed in Supplementary Table 7.d, AAV-
ubiquitinC (UbC)-rtTAand AAV-TRE-Luc vectors for measuring tissue
distribution. e, Luciferaseimaging of WT mice 2 months after intravenous
injection (retro-orbital) of AAV9-UbC-rtTA;TRE-Luc (1.0 x 10*> gene copies
total). DOX was delivered in drinking water (1mg ml™) for 7 days to +DOX mice.
f, Luciferaseimaging of the eye (Ey), brain (Br), pituitary gland (Pi), heart (He),
thymus (Th), lung (Lu), liver (Li), kidney (Ki), spleen (Sp), pancreas (Pa), testis
(Te), adipose (Ad), muscle (Mu), spinal cord (SC), stomach (St), smallintestine
(In) and caecum (Ce) 2 months after retro-orbital injection of AAV9-UbC-
rtTA;TRE-Luc followed by treatment with DOX for 7 days. The luciferase signal
was primarily inthe liver.Imaging the same tissues with alonger exposure
time (right) with the liver removed revealed a strong signal in the pancreas.

g, Toxicity and safety studies in young and old mice after in vivo delivery of
OSK-expressing AAVs.Inh, i, at the age of 5 months, mice were intravenously

injected with AAV9-rtTA;TRE-OSK (3 and 7 x 10" gene copies of AAV per mouse).

After1month, mice remained untreated (-DOX) or were treated with DOX

(+DOX) for 18 months. WT mice were notinjected with AAV.Inj-n, at the age of
21 months, mice were injected intravenously with 5 x 10" gene copies of AAV9-
rtTAand 7 x 10" of either AAV9-TRE-GFP (GFP) or TRE-OSK (OSK) per mouse.
After 1month, GFP, OSK, and non-injected WT mice were treated with DOX
for10 months. h, SOX2 expressionintheliver of WT mice 2 months after
intravenous delivery of OSK-expressing AAV9s with or without amonth of DOX
induction, andin theliver of OSK transgenic mice, 129S1/C57BL/6) mixed
background.UncroppedscansinareshowninSupplementaryFig.1.i, Body
weight of WT mice, OSK transgenic mice, and AAV-mediated OSK-expressing
micewith or without DOXin the first 4 weeks (left;n=5,3, 6,4, 4 and 3 mice) and
after 17 months (right, n=S5,3, 6 and 4 mice). j, Examples of liver sections from
WT or GFP mice showing the infection of AAV9. Scale bar, 100 pm. k, KLF4 and
GFPproteinlevelsinthelivers of WT, GFP and OSK mice at 32 months of age.
*indicates high OSK expression, +indicates induced protein expression levels
inlivers of OSK transgenic mice. Uncropped scans are shownin Supplementary
Fig.1.1, Tumourincidencein WT, GFP,and OSK mice at age 32 months after

10 months of DOX induction.m, n, Liver tumour scores (m) and white blood cell
counts (n) for WT, GFP and OSK groups at age 32 months after 10 months of
DOXinduction. OSK mice were defined as either high expression (indicated
by *ink) or low expression (WT, n=11mice; GFP, n=10 mice; OSK high,n=7
mice; OSK low, n=8 mice). For m, n, there was no difference betweenthe
groupsusing one-way ANOVA. All dataare presented asmean £s.e.m.
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Extended DataFig.2|Normal architecture and absence of tumoursinthe
retina after long-term OSK expression mediated by AAV2 delivery.

a, b, Representative wholemount retina display of RBPMS (a RGC marker) and
Klf4immunofluorescence showing (a) expression from the AAV2 Tet-Off
system canbe turned off by DOX in drinking water (2 mgml™, 3 days), and (b)
expression from the AAV2 Tet-On system can be turned onby DOX (2 mgml™,
2days). Scale bars,1mm; n=4 retinas for each condition. ¢, Corresponding
retinal wholemountimages stained for RBPMS and KIf4 are shown for each
group tested: top, noinjection, n=6; middle, —OSK (intravitreal injection of
AAV2-rtTA;TRE-OSK without DOX induction), 10 months post-injection, n=3;
bottom, +OSK (intravitreal injection of AAV2-tTA;TRE-OSK with DOX
induction), 15 months post-injection, n=6. All retinas are from 16-month-old
mice, showing similar expression within the group. Scale bars, 100 pm.

d, Volume intensity projection of en-face OCT (optical coherence tomography)

retinalimage with awhiteline indicating the location of e. e, Representative
retinal cross-section B-scanimages. White box indicates thelocation of the
high magnificationscansinf(retinal layers: GCL, ganglion cell layer; INL, inner
nuclear layer; ONL, outer nuclear layer and choroid). Videos of complete retinal
cross-section B-scanimages of the entire globe are provided as Supplementary
Videos1-3.g, Low-and high-power representative images of haemotoxylinand
eosin (H&E)-stained cross-sections of corresponding eyes, verifying retinal
layers. h, Quantitative measurements of retinal thickness, there was no
difference between the groups at any location using two-way ANOVA with
Bonferronicorrection (n=6,3and 6, respectively).i,Immunosuppressed NOD
scidgamma mice received asubretinal injection of approximately 10,000
humanretinoblastoma tumour cells. The OCT image shows asmallretinal
tumour and increased retinal thickness 14 days post-injection, demonstrating
the ability of the OCT scanto detect tumours. *Rbindicates retinoblastoma.
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Extended DataFig. 3 | Polycistronic OSKinduces long-distance axon
regeneration post-injury without RGC proliferation. a, Proliferating cellsin
the optic nerve (for example, glial cells) in BrdU-injected mice as a positive
control (n=2nerves). BrdU staining co-localized with Ki67, a proliferation
marker. b, Representative retina wholemount staining shows OSK-expressing
RGCs donotstainfor BrdU inthe first or second week after crushinjury; n=4
retinas. Scalebars,100 um. ¢, Imaging of optic nerves showing regenerating
and sprouting axons with or without OSK AAV treatment, 12 weeks post-crush
(wpc); n=2nerves.Scalebars,200 pm.d, Whole-nerve imaging showing CTB-
labelled regenerative axonsat16 wpcin WT mice withintravitreal injection of
AAV2-tTA;TRE-OSK (n=2nerves).Scale bars,200 um.e, Survival of RBPMS-

positive cellsinthe RGClayer transduced with different AAV2s,16 dpc
(n=6,4,4,4,4,4,8and 4 eyes). Alldataare mean +s.e.m.f, g, Representative
immunofluorescence (f) and sub-population proportion (g) of wholemount
retinas transduced with a polycistronic AAV vector expressing Oct4, Sox2 and
Klf4in the same cell. White arrows designate triple-positive cells. n=3 retinas.
Scalebars,100 um. h, i, Immunofluorescence (h) and sub-population
proportion (i) of wholemount retinas transduced with AAVs separately
encoding Oct4, Sox2 and KIf4.Red, blue, and green arrows designate single-
positive cells, withawhite arrow marking a triple-positive cell, and other
arrows marking double-positive cells. n=3retinas. Scale bar,100 pm. One-way
ANOVA with Bonferronicorrectionin e, with comparisons to d2EGFP shown.
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Extended DataFig. 4 |Regenerative and pro-survival effects of OSK are
RGC-specificand cell-autonomous. a, Effect of OSK expression on RGC
survival inyoung (1-month-old, n=8), adult (3-month-old, n=5), and old
(12-month-old, n=8) mice after optic-nerve crush-injury compared to
expression of d2EGFP as anegative control (n=6,5and 6, respectively).

b, Axonregeneration after OSK expression compared to d2EGFP controlsin
young (1-month-old, n=35, 6), adult (3-month-old, n=6), and old (12-month-old,
n=4,5)mice,2wpc.c, Number of RGCsin theintact,2wpc or 5wpc retinas of
12-month-old mice expressing GFP (AAV2-tTA;TRE-d2EGFP,n=7,6 and 6,
respectively) or OSK (AAV2-tTA;TRE-OSK, n=5,8 and 6, respectively).d, Axon
regenerationin12-month-old mice with OSK AAV or control AAV (d2EGFP)
treatment, Swpc (n=5nerves). e, Schematic of retinal structure showing
Vglut2-Cre mice selectively expressing Cre in excitatory neurons such asRGCs,
whereas Vgat-Cre mice selectively express Creininhibitory amacrine and
horizontal cells. f, Schematic of the FLEx (flip-excision) Cre-switch system.
AAV2-FLEx-tTAisinverted by Creto express tTA and thereforeinduces OSK
onlyin Cre-positive cells. g, Confocalimage stack demonstrating delivery of
AAV2-FLEX-tTA;TRE-OSK to intact Vglut2-Cre transgenic retinas, resulting in

RGC-specific OSK expression (top) and robust axon regenerationin the optic
nerve (bottom). White arrows indicate RBPMS+ (AP2-)-labelled RGCs that
express Klf4 (green).n=4independentreplicates. h, Confocalimage stack
demonstrating delivery of AAV2-FLEx-tTA;TRE-OSK to intact Vgat-Cre
transgenic retinas, resultingin amacrine-specific OSK expression (top) and
pooraxonregenerationinthe optic nerve (bottom). White arrows indicate
AP2+ (RBPMS-)-labelled amacrine cells thatexpress Kif4 (green).n=4
independentreplicates. i, Representative image of AAV-expressing or non-
expressingRGCsinintactand crushed retinas 2 wpc with AAVs expressing
d2EGFP or OSK. d2EGFP: AAV2-tTA;TRE-d2EGFP, n= 6 retinas; OSK: AAV2-
tTA;TRE-OSK, n=8retinas. j, RGC survival rate (crushed/intact) of d2EGFP-
(n=6eyes) or Klf4-expressing cells (n = 8 eyes) and their surrounding non-
expressing cellsindicatinga cell-autonomous pro-survival effect of OSK-
expressing RGCs after crush, 2wpc.k, Frequency of d2EGFP- or Kif4-positive
RGCs pre-or2 weeks post-injury (n=4, 6, 6 and 8 eyes). Two-way ANOVA with
Bonferronicorrectionina-d, j; one-way ANOVA with Bonferroni correctionin
k.Scalebars (g-i),100 pm. Alldataare mean £s.e.m.
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Extended DataFig. 5| OSK activates Stat3in the absence of mTOR
activation or global demethylation. a, Representativeimages of retinal
wholemounts transduced with AAV2-tTA (-OSK) or AAV2-tTA;TRE-OSK (+OSK)
inthe presence or absence of crushinjury after 3 days. Retinal wholemounts
immunostained for pStat3, KIf4and RBPMS. n=2retinas each condition.

b, Representativeimages of retinal wholemounts transduced with d2EGFP- or
0OSK-encoding AAV2inthe presence or absence of a crushinjury. Retinal
wholemountsimmunostained for RBPMS and mTOR activation marker
phosphorylated S6 (pS6).n =4 retinas for each condition. ¢, Percentage of pSé6-
positive RGCsinintact and crushed samples (n =4 retinas for each condition).
d, Representativeimages of d2EGFP in retinaexpressed from the Tet-On AAV
system.No GFP expression was observed in the absence of DOX. GFP
expressionreached peak levels 2 days after DOX induction and remained
atasimilarlevel at day Safterinduction. n=2retinas each condition.

e, Representativeimages of retinal d22EGFP expression using the Tet-Off AAV
system with various durations of DOX treatments (2mg ml™). Once pre-treated
with DOX to suppress expression (on DOX), GFP was sparse even on day 8 after
DOX withdrawal, lower than peak expression (Never DOX).n=2retinas each
condition. f, Axonregenerationat2or4 wpcinresponse to OSKinduction
either pre-or post-injury (n=4,5,5, 4 and 4 eyes, respectively). g, Correlation

between ribosomal DNA methylation (DNAm) age and chronological age of
sorted mouse RGCs (1 month, n=6;12 months, n=2;30 months, n=5), with the
lightblueregionrepresenting the confidenceinterval. Pvalue of the linear
regressionis calculated by two-sided F-test of overall significance. In
agreement with previous studies, DNA methylation age estimates of neurons
tend to be lower than their chronological age but remain correlated
(seeMethods). h, Average DNA methylation levels across the mouse genomein
RGCs from different ages and treatments, based on 703,583 shared CpG sites
from RRBS of all samples (combined strands),n=6,8,2,8,6,4,8,8,6,5,6,4and
5, respectively. i, Correlation of DNA methylation ateach CpG site versus age
(x-axis; 1month, 12 months, 30 months) and versus injury (y-axis; intact,
injured GFP). The heat map represents the number of sites located in each
block of value coordinates. Pearson’s correlation coefficient, r=0.34, P<1e %,
j, Hierarchical clustered heat map of methylation levels 0f 4,106 CpGs that
significantly changed in RGCs after crushinjury (intact vs injured GFP, g < 0.05)
and the effect of OSK. k, Top biological processes associated with the 698 CpGs
that were significantly altered by both injury and OSK. Two-way ANOVA with
Bonferronicorrectioninc,f.Scalebars(a,b,d,e),100 pm. All dataare
meanzts.e.m.
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Extended DataFig. 6 | Protective and regenerative effect of OSK is
dependenton TET1and TET2. a, Mouse Tet], Tet2and Tet3mRNA levels with
orwithout OSK expressionin RGCs (n =6 biological replicates each condition).
The Pvalueindicated with an asterisk was calculated using an unpaired
one-tailed t-test. b, Representative images of retinal wholemounts transduced
with AAV2-tTA;TRE-OSKin combination witha AAV2-shRNA-YFP (yellow
fluorescent protein) having either ascrambled sequence (sh-Scr) or a hairpin
sequence to knockdown TetI (sh-Tetl) or Tet2 (sh-Tet2) expression, at titre ratio
5:5:1. Retinal wholemounts immunostained for KIf4. n =3 retinas for each
condition. ¢, Quantification of sSIRNA-YFP AAV transduction in OSK-expressing
RGCs (n=3retinas for each condition).d, Mouse Tet1, Tet2 and Tet3 mRNA
levels withsh-Scr (n=5), sh-Tetl(n=4) or sh-Tet2 (n=5) YFP AAV2in RGCsin

the presence of OSK expression. e, f, Quantification of axon regeneration

Tet2 cKO

Tet2 cKO (OSK)

(e,n=4eyeseachcondition) and RGCsurvival (f, n=10,7and 9 eyes) at2wpcin
retinas co-transduced with AAV2- tTA;TRE-OSK;shRNA. g, Mouse Stat3mRNA
levels after knockdown using sh-Scr (n=5), sh-Tetl (n=4) or sh-Tet2 (n=5) in
RGCsinthe presence of OSK expression. h, Cre-dependent Tomato expression
inRGCs afterintravitreal AAV2-Cre injection of Tomato reporter mice
(Rosa-CAG-lox-STOP-lox-Tomato), and the co-expressed frequency of Cre and
Klf4(n=3eyes).i,j, RGCsurvival (i) and representative longitudinal sections of
regenerating axonsinlongitudinal sections (j) in response to OSK expression
(AAV2-tTA;TRE-OSK, n=5foreach condition) compared to no expression
(saline, n=3and 4),16 days after crushinjury in Ter2"™** mice injected with
saline (Tet2WT) or AAV2-Cre (Tet2 cKO). Scale bars (b, handj), 100 pm.
Two-way ANOVAina, d, i; unpaired two-tailed Student’s t-test in g; one-way
ANOVAine,f.Alldataare mean +s.e.m.
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Extended DataFig.7|OSK-induced axonregeneration and survival require
non-global active DNA demethylation through thymine DNA glycosylase.
a, Representative images of retinal wholemounts transduced with sh-Scr-H2B-
GFP or sh-TDG-H2B-GFP AAV2s for 4 weeks, demonstrating that knockdown of
thymine DNA glycosylase (TDG) increased levels of 5-hydroxymethylcytosine
(5-hmC).n=4retinas for each condition. b, Representative retinal wholemount
images and images of longitudinal sections through the optic nerve showing
CTB-labelled regenerative axonsin WT mice, 16 dpc after anintravitreal
injection of AAV2-tTA ;TRE-OSK in combination with AAV2-sh-Scr (sh-Scr) or
AAV2-sh-TDG (sh-TDG) at titre ratio 5:5:1. n =4 retinas for each condition.

c,d, Quantification of regenerating axons (c) and RGC survival (d) in OSK-
treated mice 16 dpc with AAVs carrying sh-Scr or sh-TDG (n=4 nerves for each
condition). e, Representative image of retinal wholemounts transduced

with AAV2-tTA;TRE-OSK. Retinal wholemounts were immunostained for

5-methylcytosine (5-mC) and KIf4, showing alack of global demethylationin
OSK expressing RGCs. n=3retinas. f, Representative images of retinal
wholemounts transduced with AAV2 vectors encoding the HA-TET1 catalytic
domain (TET1-CD) or its catalytic mutant (TET1-mCD) for 4 weeks,
demonstrating that overexpression of TET1-CD decreases global 5-mClevels.
n=3retinasforeach condition. g, h, Quantification of axonregeneration (g)
and RGCsurvival (h) at2wpcinretinas transduced without or with AAV2
vectors encoding HA-TET1CD mutant or HA-TET1CD (n=3, 4 and 3 eyes).

i, Aschematic diagramillustrating passive demethylation and TDG-dependent
active DNA demethylation. Scalebars (a, b, e, f), 100 pm. One-way ANOVA with
Bonferroni’s multiple comparisontestinc, g, h; unpaired two-tailed Student’s
t-testind. There was no difference between the groupsin gand h using two-way
ANOVA and one-way ANOVA, respectively. Alldataaremean+s.e.m.
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Extended DataFig.8|OSKinduces axonregenerationand reversal of DNA
methylation agein human neurons. a, nRNA levels of mouse Oct4, Sox2

and KIf4in human neurons transduced with vectors packaged by AAV-DJ, a
recombinogenic hybrid capsid that is efficient for in vitro transduction. -OSK:
AAV-DJ-tTA (n=3); +OSK: AAV-DJ-tTA;TRE-OSK (n=3). b, Percentage of cellsinS
phase, as measured by propidiumiodide (Pl)-staining (n=4). ¢, FACS profiles of
G1,Sand G2 phasesin undifferentiated SH-SY5Y cells and differentiated cells
transduced with—-OSK and +OSK vectors. d, Experimental outline for testing
axonregenerationin human neurons after vincristine (VCS) damage. e, f, DNA
methylation (DNAm) age of human neurons without damage (intact), and 1or 9
days after VCS damage in the absence (e) or presence (f) of OSK expression,
measured using the skinand blood clock suited toin vitro studies (see Methods).
Thelinear regression Pvalueine (P=0.55) indicatesnonlinear DNA
methylationage changes, and inf(P=0.008) indicates a continuous decrease
inDNA methylationage (n=3,3and 6). g, Average DNA methylation levels
among 850,000 probes from the EPIC array in human neurons without damage
(intact),and1or 9 days after VCS damage in the absence or presence of OSK
expression (n=3,3and 6). h, i, Representativeimages (h, similar results were
confirmed intwo series of experiments) and quantification (i) of neurite area at
different time points after VCS damage (n=6,7,5,5,7and 5; 2independent

experiments). Cells were not passaged after damage to avoid cell-cell contact
for quantifying maximum axonregeneration. j-1, Human TETI, TET2and TET3
mRNA level with scrambled shRNA (sh-Scr) or sh-Tet2 AAVin humanneuronsin
the presence orabsence of OSK expression (n=4;2independent experiments).
m, Representative images of human neuronsin each AAV treated group,

9 days after VCS damage. Similar results were confirmed in three series of
experiments. n—-p, Neurite area (n), axon number (0) and axon length (p) ineach
AAV-treated group 9 days after VCS damage (n=20, 21,24 and 23; 3
independent experiments). q, Mouse Oct4 mRNA levels (from OSKAAV) in
human neuronswithsh-Scrorsh-Tet2 AAVandin presence or absence of OSK
AAV (n=4).r, The effect of mTOR inhibition by rapamycin (Rap,10 nM) on axon
regeneration of differentiated neurons with or without OSK (n=18,19,13 and
11;2independent experiments). s, S6 phosphorylation levelsin human neurons
Sdays after treatment with rapamycin (Rap, 10 nM). Similar results were seenin
twoindependent experiments. Uncropped scans are shown in Supplementary
Fig.1.t,Neurite areaof neurons expressing TET1catalyticdomain (TET1-CD) or
its catalyticmutant (TET1-mCD) 9 days after VCS damage (n=24,28 and 21; 2
independent experiments). One-way ANOVA with Bonferroni’s multiple
comparisontestinb, e-gand t; two-way ANOVA with Bonferroni’s multiple
comparisontestina,i,j-l1and n-r. Allbar graphsare meants.e.m.
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Extended DataFig.9|Visionrestoration and regenerative effect of 0SK
rely onfunctionalimprovement of existing RGCs. a, Axon density and
representative photomicrographs of PPD-stained optic nerve cross-sections,
4 weeks after microbead or saline injection (baseline, n=5eyes each
condition).Scalebars, 25 um.b, Quantification of RGCs and representative
confocal microscopicimages fromretinal flat-mounts stained with anti-Brn3a
(red), anRGC-specific marker, and DAPI (4’,6-diamidino-2-phenylindole, blue),
anuclearstain, 4 weeks after microbead or saline injection (baseline,n=5eyes
each condition). Scale bar,100 pm. ¢, Axon density and representative
micrographs from PPD-stained optic nerve cross-sections, 4 weeks after AAV2
or PBSinjection (treated,n=9,7, 6 and 8 eyes). Scale, 50 pm. d, Quantification
of RGCs and representative confocal microscopicimages 4 weeks after PBS or
AAVinjection (treated,n=7,5,6 and 5 eyes).Scalebar,100 pm. e, PERG
measurement at different ages 4 weeks after —OSK (n=16,14 and 11 eyes) or
+0SK treatment (n=20,12 and 14 eyes). Similar results from 2 independent
experiments are combined.f, Visual acuity in 18-month-old mice treated

with—-OSK (n=11eyes) or +OSK (n=14 eyes) AAV for 4 weeks. g, h, Axon (g;
n=4,6,10and 9 nerves) and RGC (h; n=5, 4,10 and 8 retinas) density in4-and
12-month-old-mice, 4 weeks after ~-OSK or +OSK AAV injection. i, Scatter plot of
OSK-induced changes and age-associated changesin mRNA levelsin RGCs, with
differentially expressed geneslabelled. Gene selection criteriaare in Methods.
j, Hierarchical clustered heat map showing relative mRNA levels of age-
associated sensory perception genesin FACS-sorted RGCs from untreated
young (5-month-old) or old (12-month-old) mice or old mice treated with either
-0SKor+0OSKAAV.Sensory genes were extracted from the mouse Sensory
Perception (GO:0007600) category of the Gene Ontology database. Gene
selection criteriaarein Methods. ~OSK: AAV2-rtTA;TRE-OSK for c-h, AAV2-
TRE-OSK fori, j; +OSK: AAV2-tTA;TRE-OSK for ¢-j. Unpaired two-tailed
Student’st-testina, b, f; one-way ANOVA with Bonferroni’s multiple
comparisontestinc, d; two-way ANOVA with Bonferroni correctionin

e, g h.Alldataare meants.e.m.
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Extended DataFig.10|OSK expressionin old RGCs restores youthful
epigeneticsignatures. a, b, Top biological processes based on transcriptome
datathatwereeither lower expressed inold compared to young RGCsand
reversed by OSK (a), or higher expressed in old RGCs compared to young and
reversed by OSK (b). ¢, Heat map showing relative mRNA levels of genes
involvedinthe negative regulation of neural projection development, among
the 464 differentially expressed genes during ageing. The accumulation of the
gene Efempl during ageingis suspected to have arolein diseases of the retina.
d, RGC Efempl mRNA levels measured by qPCR (relative to GAPDH) compared
betweenyoung mice, old mice, and old mice treated with —~OSK or +OSK AAV.
Old RGCs with sh-Scr, sh-Tetl or sh-Tet2 knockdown combined with +OSK
AAVareincluded for comparison(n=7,6,5,4,5,5and 6 eyes). e, Principal
componentlvalue ofImonth,12 monthand 30 month RGCtraining samplesin
the PCA analysis. Values are standardized to haveamean=0ands.d.=1(n=6,
2and 6).f, DNA methylation ageing signatures of 6-week-old RGCs isolated
fromaxon-intact retinas infected with GFP-expressing AAV, or from axon-
injured retinas infected with GFP- or OSK- expressing AAV at4 dpc (n=4, 4 and
8eyes).g, Top biological processes associated with the 1,226 signature CpG
sites. h, i, Transcription factor (TF) binding (h) and histone modifications (i)
specifically enriched at the 1,226 signature CpG sites, compared to five sets of
randomly selected CpGs.j, Correlation of TetI and Tet2knockdown-induced

changesin methylation (5-mCand 5-hmCtogether) at the selected CpGs.
r=0.4,P=2.53e ¥ Kk, Deltavalue of ribosomal DNA methylation age (months)
of12-month-old RGCs infected for 4 weeks with+OSK (n=5retinas). Values are
relative to the average of RGCs infected with ~OSK AAV.1, Ribosomal DNA
methylation age (months) of12-month-old OSK-treated RGCs infected for

4 weeks withsh-Tetlor sh-Tet2 (n=4, Sretinas). Values arerelative to the
average of RGCsinfected with sh-Scr.m, PERG amplitudes in old (12-month-old)
mice treated with —OSK, +OSK or +OSK together with either sh-Scr or sh-Tet1/
sh-Tet2-mediated knockdown for 4 weeks (n=8,7,5, 6 and 6 eyes).n, Working
model. The loss of youthful epigeneticinformation during ageing and injury
(including genome-wide changes to DNA methylation, acceleration of the DNA
methylation clock, and disruption of youthful gene expression patterns)
causesadeclineintissue function and regenerative capacity. OSK-mediated
reprogramming recovers youthful epigenetic information, reverses the DNA
methylation clock, restores youthful gene expression patterns, and improves
tissue function and regenerative capacity, a process that requiresactive

DNA demethylationby TET1/TET2and TDG. The PRC2 complex may serve to
recruit TET1and TET2to specificsitesinthe genome, and DNA methylation

by DNA methyltransferases (DNMTs) may be important as well. One-way
ANOVA with Bonferroni’s multiple comparison testin d-f, m. Alldataare
meants.e.m.



