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W Check for updates

Over the past decade, there has been adramaticincrease in efforts to
ameliorate aging and the diseases it causes, with transient expression

of nuclear reprogramming factors recently emerging as an intriguing
approach. Expression of these factors, either systemically orin a tissue-
specific manner, has been shown to combat age-related deteriorationin
mouse and human model systems at the cellular, tissue and organismal level.
Here we discuss the current state of epigenetic rejuvenation strategies via
partial reprogramming in both mouse and human models. For each classical
reprogramming factor, we provide a brief description of its contribution to
reprogramming and discuss additional factors or chemical strategies. We
discuss whatis known regarding chromatin remodeling and the molecular

dynamics underlying rejuvenation, and, finally, we consider strategies to
improve the practical uses of epigenetic reprogramming to treat aging
and age-related diseases, focusing on the open questions and remaining
challenges in this emerging field.

Agingisthe primary driver of many leading causes of death, including
type 2 diabetes, neurodegenerative disease and cardiovascular disease.
The precise reason for why we age is not completely understood, but
the progressive nature and influence of external factors suggest that
the process probably stems from afailure of maintenance mechanisms
that ultimately impact epigenetic regulation and gene expression*?.
Several studies highlight how the external environment and the genetic
background of an organism have pivotal roles in the aging process by
affecting events that maintain epigenetic information*>.

Identifying and measuringbiological aging is challenging owing to
its multifactorial nature. Progressinthefield led to theidentification of

critical biological changes based on the following criteria: (1) manifesta-
tion during physiological aging, (2) accelerated aging upon aggravation
and (3) improvement of the aging process and increased lifespan with
intervention"*. These changes, collectively referred to as the ‘hallmarks
ofaging’, include mitochondrial dysfunction, loss of proteostasis, loss
of stemcell function, cellular senescence, DNA damage, telomere attri-
tion and impaired nutrient sensing.

Among the hallmarks of aging, loss of epigeneticinformation has
been proposed as a critical cause of aging that precedes many other
aspects of age-related deterioration>* %, Perturbing these epigenetic
networks leads to extensive changes in gene expression that directly
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BOX1
Key terms

Cellular reprogramming

Cellular reprogramming is the process that allows the conversion
of differentiated cells back into a pluripotent state (generating iPS
cells). This conversion was first achieved in 2006 by Takahashi and
Yamanaka, who demonstrated that the introduction of a specific
combination of transcription factors can reprogram somatic cells,
such as fibroblasts, into a pluripotent state resembling embryonic
stem cells'®'**'**, This groundbreaking discovery has revolutionized
the field of regenerative medicine and opened up possibilities for
disease modeling, drug discovery and personalized therapies.
Cellular reprogramming can also be achieved by using small
molecules able to reset the epigenome’"'?, laying the foundations
for developing safer regenerative therapeutic strategies.

Transdifferentiation

Transdifferentiation, also known as direct epigenetic conversion or
direct cell reprogramming, is a process in which one specialized
cell type is directly converted into another specialized cell type
without passing through an intermediate pluripotent state'”. This
cellular reprogramming approach involves the modification of the
epigenetic landscape of the starting cell, leading to the activation
of a distinct transcriptional program associated with the desired
cell fate. Transcription factors or other regulatory molecules

are introduced into the starting cell to initiate the epigenetic
remodeling and redirect its identity toward the target cell lineage.
This direct conversion strategy offers a promising avenue for
generating specific cell types for regenerative medicine and
disease modeling, bypassing the need for pluripotent stem cells as
an intermediate step.

Rejuvenation

Rejuvenation, in the context of biological systems, refers to the
restoration or enhancement of cellular or organismal functions
to a more youthful or healthier state, retaining their differentiated
state. It encompasses the reversal or the attenuation of age-
related deterioration, aiming to promote longevity and vitality
In the context of rejuvenation research, longitudinal studies
enable the assessment of the sustained effects of interventions

on various parameters, including lifespan, healthspan and
functional outcomes. By following individuals or model organisms
longitudinally, it is possible to gather valuable data on the long-term
efficacy and safety of rejuvenation approaches, as well as potential
side effects or limitations'. Rejuvenation can be achieved through
different strategies, including genetic interventions, epigenetic
modifications, cellular reprogramming, regenerative therapies

or modulating the organism'’s environmental exposure. These
approaches aim to counteract the accumulation of damage, restore
cellular homeostasis and enhance tissue repair and regeneration"'®,

126,127

impact proteostasis, nutrient sensing, senescence and several other
hallmarks of aging, suggesting that epigenetic networks are delicate
and that their disruption probably initiates other events that cause
cells to lose their function over time®”’.

In contrast to the view of aging as an irreversible and unidirec-
tional process akin to anincrease in cell entropy, recent studies have
demonstrated that multiple interventions, acting at different levels,
can delay or even reverse this process'’™". These approaches aim to
mitigate or even prevent aging-associated decline through repair or

replacement strategies. Such interventions have been successful in
reducing cell damage and preserving tissue health, but the long-term
impact on whole organisms is still poorly understood" ™.

Oneemergingstrategy tointerveneinthe progression of biological
aging is epigenetic reprogramming (Box 1), a technique first used by
Shinya Yamanaka'™® torevert differentiated cellsin vitroback toapluripo-
tentstate. Thelandmark paper used four transcription factors, namely
OCT4, SOX2, KLF4 and MYC (OSKM), to erase cell identity and reset
cell-type-specific epigenetic signatures. Subsequent studies showed
induced pluripotent stem (iPS) cellinductionin vivo, indicating the pos-
sibility of cell de-differentiation in living organisms' . Although this
discovery holds great promise for regenerative medicine, the observed
frequency of tissue dysplasia and tumorigenesis implies that full cell
reprogramming is nota viable anti-aging approach. Conversely, other
works have shown that aging-associated DNA methylation patterns and
biomarkers persisted when cells were transdifferentiated (Box 1) to dif*-
ferent cell types, emphasizing the necessity of partial de-differentiation
for rejuvenation (Box 1) to occur®* %, All this evidence ultimately led
to the question of whether a similar, but modified, approach could be
refined to rejuvenate cells in the context of age reversal. Early reports
using cells derived from old donors to generate iPS cellsdemonstrated
beneficial effects on senescence phenotypes and telomere length? %%,

These findings raised the question of whether reprogramming
strategies could be harnessed to target age-related damage by manipu-
lating the epigenome without compromising cell identity or function.

In this Review, we describe the current state of transient repro-
gramming in the context of rejuvenation and discuss areas of future
investigation, including fine-tuning reprogramming approaches for
safety and for tailoring to specific tissues.

Reprogramming factors

OSKM, known collectively as the Yamanaka cocktail, were used in the
first successful generation of mouse iPS cells'®. Shortly after, the same
factors were used toinduce pluripotency in various mouse and human
somatic cell types®*°. Until now, cocktails containing combinations
of the ‘canonical’ Yamanaka cocktail are frequently used for induc-
ing partial reprogramming. In addition, partial reprogramming has
also been achieved using other proteins and/or molecules. Here, we
will review the structure and function of these factors in epigenetic
reprogramming (below).

0CT4

Multiple studies have suggested OCT4 (Fig. 1a) as the master regulator
of epigenetic reprogramming® *, as OCT4 overexpression alone is
sufficient to induce pluripotency when other canonical reprogram-
ming factors are endogenously expressed or are in the presence of
other chromatin remodeling chemical factors®****, Supporting this
notion, optimal reprogramming requires threefold excess of OCT4
relative to the other factors™.

During full reprogramming, OCT4 has been implicated in at least
four distinct mechanisms. First, OCT4 directly recruits the BAF chro-
matin remodeling complex to promote a euchromatic chromatin
state that enhances reprogramming factor binding® *. Second, OCT4
directly binds enhancers of Polycomb group-repressed genes, which
modify histones and silence target genes, to induce conversion of
their associated promoters from monovalent to bivalent domains*>*,
Third, OCT4 binds regulatory regions of pluripotency network genes
to create an autoregulatory pluripotency network*>*, Finally, OCT4
directly binds and upregulates KDM3A and KDM4C, which demethylate
H3K9Me2/3 atregulatory regions of pluripotency genes and promote
their transcription by inducing a permissive epigenetic state*.

SOX2
SOX2is atranscription factor expressed during the emergence of the
inner cell mass and is adevelopmentally essential gene, asits absence
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Fig.1|Structural diagram of each reprogramming factor. The linear domain
structure (left), DNA-binding sequence (center) and DNA-binding domain
structures (right) for OCT4, SOX2, KLF4 and MYC factors.a, OCT4 (PDBID:

3L1P) refers to the isoform OCT4A encoded by the POU5F1 gene, a DNA-binding
transcription factor. The OCT4 DNA-binding (POU) domain consists of a POU-
homeodomain (POUh) and a POU-specific (POUs) domain connected by a linker
region.b, SOX2 (PDBID: 6T90) contains a highly conserved, high mobility group
(HMG) box DNA-binding domain comprising three a-helices, which bind the
DNA minor groove and bend it by 90°. Early structural determination of the HMG
POU-DNA revealed that the enhancers of target genes support the gene-specific
configuration of the SOX2-0OCT4 complex that binds DNA. The HMGincludes
two nuclear localization signals (NLS) and a nuclear export signal (NES). ¢, KLF4
(PDBID: 5KE7) isamember of the cell-type specificity and Kriippel-like factor

(SP/KLF) family, characterized by three zinc finger motifs (ZnF1,ZnF2 and ZnF3)
with conserved BBa structure within the C terminus. The zinc fingers of KLF4,

the second and third motifs, in particular, are responsible for contacting KLF4-
specific sequences at the promoters of target genes, making them essential for
KLF4-dependent reprogramming. d, MYC (PDB ID: 5150) is amember of the basic
helix-loop-helix zipper (bHLHZip) class of transcription factors, containing an
N-terminal transactivation domain (TAD), two highly conserved sequences (known
asMYCboxes), a central region containing a NLS and a C terminus containing the
helix-loop-helix motif. The C terminus of MYC heterodimerizes with its obligatory
partner MAX, which also contains a helix-loop-helix, and forms a stable four-helix
structure, capable of recognizing specific DNA sequences (such as CACGTG) at

the promoters and enhancers of target genes”. The leucine zipper (LZ) domain is
involved in protein dimerization and DNA binding. Created with BioRender.com.

results in embryonic lethality®. Although SOX2 and its multifaceted
roles in developmental as well as cancer biology have been well stud-
ied, most studies of SOX2 in the context of reprogramming focus on
its heterodimerization and cooperative role with OCT4 (refs. 46-50)
(Fig.1b). Single-molecule imaging shows that SOX2 engages the chro-
matin first and primes the target site for subsequent OCT4 binding®’.
This is also supported by in vivo studies, suggesting that SOX2 alone
canopenthe chromatinand bind target DNA sites before the arrival of

OCT4 (ref. 51). Interestingly, OCT4/SOX2-shared sites have the most
profound increase in accessibility during early reprogramming, and
this partnership is critical for inducing pluripotency®.

KLF4

KLF4 is a transcription factor containing both activator and repres-
sor domains, conferring a dual function during cell differentiation®
(Fig. 1c). OCT4 and SOX2 are mainly responsible for increasing

Nature Aging


http://www.nature.com/nataging

Review article

https://doi.org/10.1038/s43587-023-00539-2

chromatin accessibility during full iPS cell reprogramming, and KLF4
(aswellasMYC, described in detail below) is believed to drive the first
wave of transcriptional activation*’. Co-immunoprecipitation and
chromatinimmunoprecipitation followed by sequencing studies reveal
that OCT4-SOX2 binding increases KLF4 binding by several folds,
mostly in chromatin regions that are closed in human fibroblasts****.
We discuss the details of this process in the ‘Partial reprogramming
events’ section.

MYC

Incontrast with the OSK factors, which function synergistically as pio-
neer factors during reprogramming, MYC (Fig. 1d) does not exert this
function®. Although recent studies suggest that MYC is not required
toinitiate reprogramming’®¥, it is considered one of the most potent
amplifiers of reprogramming’. The presence of MYC increases OSK
binding by twofold**>,and MYC binding increases by 40-fold with OSK,
supporting the notion that the modulatory activities of OSKand MYC
oneachotherarebidirectional. The strongly pro-proliferative effects
of MYC underlieits potential oncogenic ability, suggesting thatin vivo
orintherapeutic contexts it should be used with caution®”.

Additional factors

Next to OSKM, the reprogramming potential of additional factors is
being studied and might give us alternatives for therapeutic or clini-
calimplementation. One of the most studied factors besides OKSM is
NANOG, atranscription factor belonging to the pluripotency network™
and sharing 90% of the OCT4 and SOX2 binding regions**. It has been
shown that NANOG and LIN28 in combination with SOX2and OCT4 can
reprogram human somatic cells into iPS cells® by increasing repro-
gramming efficiency by 76-fold*°. Shahini et al. showed that NANOG
alone has a pivotal role in ameliorating of senescence hallmarks and
inducing rejuvenation in myogenic progenitor cells both in vitro and
invivo®. In addition to cell intrinsic transcription factors for cellular
reprogramming, modulators such as vitamin C®*, IL-6°"%, TGFB*’ and
bone morphogenetic proteins’ have been shown to regulate cellular
reprogramming by affecting DNA methylation levels, thereby adjust-
ing the expression of certain microRNAs or facilitating the mesenchy-
mal-to-epithelial transition (MET). Recent studies have demonstrated
the potential of small molecule stimulation in facilitating chemical
reprogramming by inducing an intermediate plastic state” ”*. These
small molecules effectively target key signaling pathways involved in
cellular reprogramming, benefiting both human and mouse somatic
cells”7, Notably, specific small molecules such as 3-deazaneplanocin
A, 5-azacytidine, sodiumbutyrate and RG108 have emerged as potential
epigenetic modifiers’. As chemical reprogramming does not require
integration into the genome, this approach holds the advantages of
increased translational potential, preservation of genomic integrity
and precise control of induction.

Partial reprogramming events

Asepigenetic landscapes are reset, somatic cells undergo multiple inter-
mediate stages during transcription factor-induced reprogramming.
Here, we break down the early interactions between OSKM and chro-
matin that facilitate the cellular rejuvenation phase of reprogramming.

Somaticsilencing and transcriptional remodeling

Cellularrejuvenation through partial reprogramming requires a careful
balance of epigenetic remodeling and cell identity conservation, which
canbeachieved usingasubset of reprogramming factors. Several studies
have tried to define the molecular mechanisms underlying OSKM-driven
reprogramming, but most have focused on pluripotency rather than
cellular rejuvenation as the end goal. Despite these different contexts,
‘early transient events’ evoked by OSKM factors, such as somaticsilencing
and chromatin remodeling while reprogramming is initiated, seem to
be required for both cellular rejuvenation and full reprogramming”™ ",

Silencing the somatic gene-associated chromatin regions is the
earliest eventinreprogramming andis tightly regulated by OSK factors
that canonically functionin pluripotency”’. As OSK factors are generally
known as transcriptional activators’’’, it may seem counterintuitive
for chromatin closing to be the first step induced by these factors.
There are currently two proposed models for how OSK influences
somatic silencing: (1) displacement of somatic transcription factors
away from their enhancers®® and (2) downregulation of somatic factors
with SAP30 through decreasing H3K27ac levels”. Interestingly, both
models suggest that some somatic gene-associated chromatin loci that
become inaccessible following OSK induction are not enriched with
OSK binding motifs, supporting the notion that OSK induces somatic
silencing through direct and indirect mechanisms.

OSK factorsinteract with the genome and each other differently in
mice than in human cells®**"*?, complicating the design and interpreta-
tion of studies. Specifically, in mouse embryonic fibroblasts (MEFs),
OCT4 binds somatic enhancers during reprogramming and may initiate
theirinactivation, whereas in human fetal fibroblasts, 0CT4 and SOX2
bind putative enhancers and remainboundiniPS cells. Ultimately, the
‘intermediate’ stages examined in these studies may reflect more of
anincomplete, almost-pluripotent cell type, as opposed to the true
epigeneticlandscape during reprogramming. Given the differencesin
reprogramming duration and presumably dynamics, detangling the
precise underpinnings of OSK-driven somatic silencing in different
reprogramming contexts is challenging but critical.

As somatic programs are silenced, transcriptional remodeling
events activate the pluripotency program. It was initially reported in
MEFs that transcriptional remodeling occurs in two waves, the first
driven by MYC and KLF4 in the first 3 days and the second by OSK
(ref. 83). Genes associated with cell proliferation, metabolism and
cytoskeleton organization were activated first, with developmental
genes temporarily downregulated. Such changes were highly corre-
lated with altered cell division, DNA replication, chromatin modifica-
tion and the DNA damage response protein levels®*. Clues on how these
events relate to epigenomic rejuvenation may come from examining
the mechanistic behaviors of OSKM, as discussed in the previous sec-
tion. First, MYC primarily facilitates early gene induction for prolifera-
tion, whereas OCT4 and SOX2 induce chromatin opening while also
binding readily open chromatin enriched with KLF4 motif's, supporting
thenotion thatKLF4 recruits OCT4 and SOX2 to somatic chromatin that
laterbecomes closed®. These findings are consistent with the proposed
dualrole of KLF4 in both transcriptional activation and repression.

Thedistinct mechanisms observed among combinations of OCT4
and SOX2 (without KLF4) versus OSK may explain the controversy
regarding whether OSK mainly function as the pioneer factors or bind
readily open chromatinin early reprogramming, or both®>*>%>% Impor-
tantly, we must note that all of the transcriptional remodeling studies
utilizing OSKM occupancy data are limited to the events that occur
in the beginning (fibroblasts) or end points (pluripotent stem cells),
with everythingin betweensstill up for interpretation®>***>, Asthe early
eventsinreprogramming are largely transient®, we are probably miss-
ingcritical transitional OSKM-chromatindynamics duringsuchevents,
leaving mechanistic questions largely unanswered.

Resetting the epigeneticlandscape

Along with transcriptional remodeling of somatic and pluripotency
programs, OSKM transiently induces changes to histone tail post-
translational modifications and DNA methylation. Changes in DNA
methylation wereinitially thought to happenin thelate stages of repro-
gramming®, but a recent study revealed that loci near Oct4, Kif4 and
Nanogare demethylated earlier and de novo DNA methylation occursin
late reprogramming®. This reveals a cooperative relationship between
DNA methylation and histone modifications that was not previously
appreciated. On nucleosomes, levels of H3K4me2, a transcriptional
activation mark, change rapidly at enhancers of pluripotency and
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development-related genes before gene expression changes are
observed. At the same time, H3K4me3 levels at promoters remain
largely stable and are correlated with transcriptional changes®®. By
contrast, repressive H3K27me3 is depleted only inenhancers that gain
H3K4me2 toward a pluripotent state. Thus, alterations or additions
of specific chromatin features are thought to ‘prime’ the transient
epigenetic landscape for reprogramming before gene regulation®.
Consistent with this notion, early loss of H3K27me3 is associated with
acquiring a partially open or primed chromatin state®’.

A valuable tool to enhance reprogramming efficiency and gain
mechanistic insights into epigenetic rejuvenation is the generation
of pre-iPS cells. These cells, which have embryonic stem cell-like mor-
phology® and SSEA-1expression®’, may help to identify critical events
occurringbefore cellidentity programs are erased. Using this system,
Chen and colleagues found that H3K9me3 inhibits full reprogram-
ming of pre-iPS cells into stem cells, effectively functioning as a bar-
rier to pluripotency®. Similarly, reducing H3K9me3 and H3K36me3
through inducible expression of a demethylase (KDM4B) improves
iPS cell reprogramming efficiency®. How histone methylation at cis-
regulatory elements affects transcriptional activation and repression is
becoming more apparent, but the precise temporal order of epigenetic
modifications and fluctuating dynamics over the course of cellular
reprogramming remains elusive. Moreover, there are variations among
cell-type-specific chromatin states during the early-to-intermediate
phases of reprogramming that still need to be defined.

DNA methylation is another epigenetic feature that has a role
in developmental programming and epigenetic reprogramming of
aged cells. DNA methylation during iPS cell reprogramming facili-
tates chromatin remodeling while silencing differentiation-associated
genes’*’!, Despite the extensive changes in DNA methylation immedi-
ately before the final stages of MEF to iPS cell conversion, several sites
intransiently accessible chromatin lack DNA methylation before OSK
binding. Moreover, enhancer chromatin opening generally follows OSK
binding, which suggests that chromatin accessibility establishment
occursindependently of DNA methylation. Thereis also evidence that
changesto methylation occur in parallel with the observed alteration
in chromatin contacts, and active DNA methylation via TET and TDG
enzymes is required for rejuvenation®.

Because the state of chromatin features and engagement with
OSKM factors have primarily been defined in the context of iPS cell
reprogramming, many aspects of partial reprogramming are poorly
defined. It will be interesting to decipher when, where and how the
interplay among chromatin features and OSKM factors change in the
context of epigenetic reprogramming.

Proliferation, metabolic switchand MET

Inadditionto overhauling the epigenetic landscape viasomaticsilenc-
ing and chromatin remodeling, reprogramming to pluripotency
appearstorequire cell division” so that cells can progress through the
cell cycle-associated transcriptional dynamics®. With full reprogram-
ming, the kinetics can beincreased throughboth proliferation-depend-
ent and independent ways, suggesting that multiple mechanisms
coalesce to attain pluripotency. It is worth noting, however, that full
reprogramming is relatively inefficient, with -3% of cells reaching full
reprogramming in the first round®. However, there is evidence that
continued proliferation and OSKM expression eventually convert all
cells to iPS cells, although such treatment can make cells vulnerable
to apoptosis and cellular senescence® >,

Nonetheless, cell proliferation does not seem to be always required
toreach pluripotency. For example, overexpression of LIN28 increases
cellproliferation and acceleratesiPS cell formation, but overexpression
of NANOG achieves the same goal independent of cell proliferation.
As such, proliferation and pluripotency may be complementary to
promote survival during development, rather than acting sequentially.
Hanna and colleagues” point out thatincreased cell proliferation may

promote reprogramming by amplifying transiently reprogrammed
daughter cells that ultimately become stem cells. Additionally, the
group notes that nuclear changes during cell division may stabilize
the dynamic epigenetic landscape governed by the pluripotency net-
work. Whether the ‘transiently reprogrammed’ daughter cells in this
context represent epigenetically rejuvenated youthful cells remains
to be investigated, as well as the molecular mechanisms underlying
heterogeneity of reprogramming latency.

The earliest phenotypic and transcriptional changes following
OSKM expression begin with an immediate increase in cell prolifer-
ation induced by MYC™. At this point, cells also transition from the
mesenchymal-to-epithelial state that is actively induced during this
early phase and are required to progress through the reprogramming
process’ . Interestingly, cells switch from oxidative phosphoryla-
tion to glycolysis during this early reprogramming phase®. Similar to
gene expression changes, clustering analysis of proteins with tempo-
ral expression dynamics similar to gene expression changes reveals
that electron transport chain proteins are downregulated in the first
3 days of reprogramming before a gradual metabolic switch to gly-
colysis, a characteristic that is typically seen in rapidly proliferating
cells®***”. Moreover, multiple extracellular matrix proteins, including
mesenchymal markers, are rapidly reduced, marking the initiation of
MET. This process reverses the epithelial-to-mesenchymal transition
indevelopment and differentiation, characterized by downregulation
of cell adhesion and motility. Interestingly, OSKM facilitates MET by
suppressing the regulation of epithelial-to-mesenchymal transition
through multiple mechanisms, such as OCT4 and MYC repression of
TGFpB signaling®®*, 0CT4 and SOX2 activation of miR-200 family***%, and
0CT4 and KLF4 chromatin opening and activation of epithelial genes™.

Partial reprogramming as a strategy for
epigeneticrejuvenation

Although developmentsin cellular reprogramming have proposed sev-
eral new and promising medical avenues?, continuous expression of
OSKM factorsinvivoislimited by substantial safety concernsincluding
severe weight loss, the formation of circulating totipotent stem cells
and teratomas in several organs'. Ohnishi et al.”! provided evidence
that the duration of OSKM overexpression has a pivotal role in the de-
differentiation process. These initial findings identified the factors’
expression levels and duration of treatment as sensitive components of
the process and helped to establish parameters for in vivo rejuvenation
applications. Through careful fine-tuning of in vivo reprogramming
protocols, subsequent research from Ocampo and colleagues later
established the potential for the technique to modulate phenotypes
ofaging. We will walk through the recent landmark findings targeting
aging and age-related diseases by partial epigenetic reprogramming
below (Fig. 2).

Whole-organism partial reprogramming in mouse

Theideaofinducing epigenetic transition to a ‘youthful’ state without
theloss of cell identity, defined as ‘epigenetic rejuvenation’, was pro-
posed forthefirsttimein 2010 (refs. 99-101). Leveraging these findings
and other works''°?, Ocampo et al. reached an unprecedented mile-
stone:invivo rejuvenation through OSKM by using the LAKI premature
aging mouse model engineered to carry adoxycycline (DOX)-inducible
OSKM polycistronic cassette (4F) (Fig. 3a). Excitingly, pulsing OSKM
expression in heterozygous LAKI 4F mice ameliorated cellular and
physiological aging markers without any sign of teratomas, whichwere
seenifthe same protocol was carried out on ahomozygous 4F mouse.
Inaddition, the Ocampo reprogramming protocol improved recovery
from diabetes and muscle injury in old wild-type mice, confirming
their results in the context of normal physiological aging. However,
the observed rejuvenation effects were transient and diminished after
stopping the DOX cycleinvitro®™. The work from Ocampo et al. opened
anew chapterinthetransientreprogrammingfield and setinto motion
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Fig.2| Timeline highlighting publications on partial reprogramming in mouse and human models. Important takeaways fromin vitro and in vivo partial
reprogramming experiments with the aim of relieving aging phenotypes. Brown and blue boxes indicate works performed in mice and humans, respectively.

experiments attempting to find away to reprogram, prove age reversal
and define optimal parameters.

Mechanistic studies were later complemented from Rodriguez-
Matellan etal., who demonstrated that the cyclic expression of OKSM
improved cognitive functionsin mice by increasing H3K9me3 levelsin
dentate gyrus adult neurons. Migration, survival and, by consequence,
synaptic plasticity (Fig. 3b) were all improved'®, suggesting that cell
physiology couldbe enhanced through partial reprogramming without
affecting cell replication.

As moreinsight was garnered regarding experimental approaches
toachieve partial reprogramming, dynamics of four-factor expression
were identified as a primary variable that needed to be addressed in
reprogramming efficacy. A recent paper published by Alle and col-
leagues demonstrated that rejuvenation outcomes might be more
consistent by modifying OSKM methods (Fig. 3¢c)'%*. Specifically, they
compared continuous overexpression of OSKM with a lower dosage
of DOX (0.2 mg ml™) in LAKI/+;4F/+ mice to the standard protocol of
Ocampo and colleagues and observed anear-identical increase in the
lifespan of mice treated with both protocols. It is noteworthy that,
when the same continuous induction protocol was applied by Abad
et al., it resulted in teratoma formation and mice death, indicating
possible intrinsic genetic differences between the different strains
(probably due to the different 4F insertion and the different genetic
background of the mice R26rtTA/+;Col1al4F2A/+;LmnaG609G/+ ver-
sus R26rtTA/+;Collal4F2A/+;) that could account for the divergent

outcomesobserved. Furthermore, asingle 2.5-week period of continu-
ousoverexpressionincreased lifespan by 15% and partially ameliorated
the premature signs of aging in mice, despite having no noticeable
difference in the median age of death. Interestingly, when the same
protocol was applied to nonprogerice mice, the effects were mark-
edly less pronounced, with lifespan only being extended by 18 weeks.
This finding led authors to speculate that healthy animals may be less
sensitive to partial reprogramming early in life (Fig. 3c).
Additionally, work from the Serrano and Belmonte groups has
further examined reprogrammingin naturally aged mice, using single-
shotand cyclic OSKM, respectively'®'°, In particular, Chondronasiou
and colleagues demonstrated that asingle pulse of continuous OSKM
induction for 7 days (using 0.2 mg ml™ of DOX) in naturally aged mice
cantrigger epigenetic, transcriptomic and metabolomicrejuvenation
patterns (Fig. 3d) (interestingly, no effect on the number of senescent
cells was detected). The study demonstrated that the rejuvenation
effect was more prominent in the pancreas than the spleen, liver and
blood'®. In addition to this, the authors, inarelated study, monitored
the roadmap of reprogramming in the pancreas and identified inter-
mediate reprogramming states by using a single-cell transcriptomic,
which could be functionally relevant for tissue regeneration and reju-
venation'”’. This study also highlights how OSKM overexpression has
drastically different effects on different cell types within the same
organ. Thisis probably due to the different plasticity or susceptibility
of the different cell types to reprogramming, further stressing the
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importance of studying these molecular dynamics in individual cell
types tobe able to design cell-type-specific rejuvenation protocols.

Browder and colleagues have instead increased the duration of
partial reprogramming to up to 10 months using the 4F/+ mouse model
at different ages with a cycling DOX regimen'® (Fig. 3e). In this study,
ashort-term cycling partial reprogramming cohort was compared
with two different cohorts of long-term partial reprogramming and
subsequently examined for markers of rejuvenation (Fig. 3e). They
did not observe teratoma formation during the long-term treatment.
Most importantly, they found that an extended treatment regimen
leads to more pronounced rejuvenation effects as compared with
short term when examining epigenetic clocks, transcriptomics and
metabolomicsinseveral different organs and tissues (skin and kidney
inparticular). Itisimportant to highlight that, whereas previous studies
have predominantly focused on the premature aging LAKI model, these
two studies both implemented wild-type, natural aging models, thus
providing more physiologically relevant insights. In addition, it was
demonstratedinthese studies that cells can be effectively rejuvenated
by employing different regimens of overexpression. These findings
are consistent with Macip and colleagues who reported in 2023 that
adeno-associated viruses encoding aninducible OSK system extended
the median remaining lifespan of extremely old mice by 109% com-
pared with untreated mice and improved several health parameters,
including frailty'.

Tissue-specific partial reprogramming in mouse

Despite making substantial progress and providing clear evidence that
controlled induction of reprogramming factors could improve cell
function and extend lifespan without forming iPS cells in mice, many
questions remained. Why rejuvenation was temporary, how systemic
induction prevented loss of cell identity and whether benefits were
due to cell autonomous or nonautonomous events remained poorly
understood and required further analysis. Doeser et al. took advan-
tage of well-characterized wound healing protocols tofill in the gaps.
Instead of adding DOX to drinking water, they applied DOX directly
to wounds to induce local overexpression of OSKM and measured
the effect on wound healing (Fig. 3f). Results from these experiments
uncovered an essential element of OSKM rejuvenating potential, show-
ing thatlocal and transient factor exposure to cutaneous wounds sig-
nificantly reduced fibrosis'’. Analysis of treated tissues revealed that
the observed effects were due to diminished fibroblast-to-myofiber
differentiation, promoting healing and concomitantly reducing scar
formation. Itis essential to note here that despite the induction being
local, the cell types responsible for the rejuvenation cannot be uniquely
identified because of the heterogeneous composition of the skin at
the cellular level.

The demonstration that the DNA methylation clock can be
reversed in vivo by reprogramming and that long-term reprogram-
ming can be achieved using a specific subset of reprogramming fac-
tors came from Lu et al.in 2020 (ref. 92). The authors showed that the
ectopic and constant expression of OSK in retinal ganglion cells in
vivois able to restore vision by promoting axon regeneration in aged
and glaucomatous mice withoutincreasing cell proliferation (Fig. 3g).
Interestingly, induction of the factors both before and after the optical
nerveinjuryledtoincreased regeneration capability of retinal ganglion
cells. The authors demonstrated that the observed regenerative phe-
notype is mediated by the active contribution of TET1 and TET2 DNA
demethylases and the TDG DNA glycosylase, indicating a critical role
for dynamic DNA methylation during partial reprogramming. Similar
results were also obtained in human neurons, suggesting an evolution-
arily conserved mechanism®2. Of note, when OSK were co-delivered
as monocistronic vectors, no axon regeneration was observed, fur-
ther supporting the idea that specific levels of OSK expressions of
the elements in addition to cell identity are essential to exert optimal
function. Importantly, this study is also the first to show that cellular

damage accelerates epigenetic aging, achange that OSK counteracts to
allow cells toregain youthful gene expression patterns and functions.
Interestingly, whole-body overexpression of OSK for ayear was found
to have no observable negative effects, suggesting that MYC might be
responsible for some of the toxicity. However, it is crucial to note that
continuous ectopic overexpression of OCT4 also resulted in dysplastic
growth in epithelial tissues"’, providing additional evidence for the
tissue-specific nature of these effects.

Similarly, Wang and colleagues focused on muscle stem cells
(MuSCs) and employed a MuSC-specific OSKM inducible mouse model
to investigate OSKM’s effects on muscle regeneration. They showed
increased MuSC activation and proliferation only whenthe factors are
overexpressed before theinjury (bothinold and young mice) without
affecting their self-renewal capability. Thisincrease in MuSC prolifera-
tion upon OKSM overexpression was induced via p53-p21 signaling,
which inhibits Wnt4 and contributes to the activation of MyoD and
YaP in MuSCs, suggesting that manipulation of specific pathways may
be critical to achieving rejuvenation™ (Fig. 3h). Interestingly, the spe-
cific overexpression of the factors in MuSCs did not improve muscle
regeneration, arguing that the rejuvenation effect on MuSCsiis cell
nonautonomous and induced by myofibers™. Shortly after, similar
work showing that partial reprogramming of a specific cell type can
revert aging by promoting cell regeneration came from Chen and col-
leagues™ (Fig. 3i). The authors were able to partially reprogramin vivo
adult mouse cardiomyocytes, bringing them from an adult to a fetal
stage where the cells could proliferate without losing their identity.
Cardiomyocytes were then allowed to regenerate after myocardial
infarction. Interestingly, similar to prior reports, the effects induced
were almost wholly reversed after 6 days of DOX withdrawal?, and
partial de-differentiation results correlated with the cardiomyocyte
developmental stage, confirming the dependence of the phenotype
observed on the epigenetic state of the cells.

Following this work, Hishida et al. showed other evidence of the
importance of the level of expression of OSKM factors, depending on
thetargeted cell type. They examined the effects of partial reprogram-
ming, specifically on liver regeneration capacity, using an Alb-Cre-
transgene 4F mouse model (Hep-4F), and applied an optimized DOX
treatment (0.1 mg mI™)” (Fig. 3j). One day of DOX treatment resulted
inincreased cell proliferationin the liver and loss of mature hepatocyte
markers, indicative of successful partial reprogramming to a pro-
genitor state and enhanced liver regeneration capacity. Inaddition, the
global transcriptomic analysis showed that chromatin accessibility was
actively changed by 4F, suggesting that reprogramming is dependent
on chromatin reshaping. Furthermore, they showed that expressing
only MYC, known as a hepatocyte proliferation accelerator, could not
induce the loss of hepatocyte markers. This suggests that cell prolifera-
tionis not the only driver of partial reprogramming’®.

In vitro partial reprogramming in mouse
The possibility of pushing partial reprogramming further to promote
cellregenerationviapartial de-differentiation by atemporal and partial
loss of cell identity came from the work of Guo and colleagues”. The
authors generated ‘induced progenitor-like cells’ in vitro by expressing
OSKM for 3 weeksin fully differentiated bronchiole secretory cells from
4F mice (Fig. 4a). Proliferative capacity was restored and accompanied
by ashifttoward atranscriptionally intermediate state, characterized
by aminimal expression of embryonic stem cell-related genes and the
constitutive expression of tissue-specific profiles. Interestingly, 2 weeks
after DOX withdrawal, cellsreturned to their fully differentiated stage
by preserving their lineage commitment both in vitro and in vivo, as
shown by their ability to repopulate injured airway epitheliuminvivo™.
Rouxand colleagues obtained a similar partial de-differentiation
event in adipogenic and mesenchymal stem cells from old and young
mice' (Fig. 4b). Using a single-cell approach to account for potential
heterogeneity, the transcriptome of each cell population revealed

Nature Aging


http://www.nature.com/nataging

Review article

https://doi.org/10.1038/s43587-023-00539-2

a Guoetal.2017”

+DOX , -DOX Phenotype:
(1.5 pg ml™) 1. Restored proliferative
Weeks capacity
‘ 4 2. Improved ex vivo
4Fclub  4F progenitor  4F club implantation
cells cell (iPL) cells

fore fere
| | { |

b Rouxetal.2022™

4F versus control adipogenic stem cells

: O

2-4 20-30 +DOX . -DOX
months old months old (4 ug mt™) Days
4F versus control mesenchymal | >
stem cells
Phenotype:
1. Rejuvenated
2.4 20-30 transcriptome
months old months old

Fig.4|Summary of detailed in vitro partial reprogramming protocols in
mouse and human. a,b, Mouse summary of reprogramming protocols for Guo
etal.2017 (ref. 75) (a) and Roux et al. 2021 (ref. 113) (b). ¢,d, Human summary of
reprogramming protocols for Sarkar et al. 2020 (ref. 17) (c) and Gill et al. 2021
(ref. 74) (d). Each panel shows the cell type used with the respective donor or mice

€ Sarkar etal. 2020"

Fibroblast OSKMLN mRNA Phenotype:
(60—79 years old) daily transfection b 1. Rejuvenated transcriptome
> ays\ 2. Decreased epigenetic
. ‘ g aging
Endothelial cell 3. Reversal of aging markers
(45-60 years old)
> Phenotype:
Muscle stem cell 1. Improved contraction
(45-60 years old) 2. Increased muscle
4 regeneration
Chondrocyte ~ OSKMLN mRNA
(50-72 years old) daily transfection Days Phenotype:
| > 1. Reduced inflammation
2. Increased cell proliferation
d ailletal. 2022
Fibroblast +DOX . -DOX Phenotype:
(38-53 years old) (2 ug ml™) Weeks 1. Rejuvenated transcriptome

<> ‘ > 2. Decreased epigenetic aging
ages (left), the protocol of partial reprogramming (middle) and the phenotype
analyzed (right). Pink arrows indicate days or weeks (specified above each
induction protocol) of DOX administration (a,b,d) or mRNA transfections (c),
and purple arrows indicate days or weeks upon DOX removal (a,b,d) or after
mRNA transfections (c). Created with BioRender.com.

suppression of somatic cellidentity genesinboth cell types whileinduc-
ing hallmark pluripotency programs following 3 days of OKSM DOX
exposureand 3 days of DOX withdrawal (Fig. 4b). These findings echoed
previous observations using bulk approaches™", but the resolution of
single-cell RNA sequencing here showed that reprogramming events
are consistently partial. Interestingly, based on RNA velocity analysis,
they forecasted that partially reprogrammed cells tended to transition
back toward their original gene expression states™. Further analysis
will be required to fully understand the role of identity suppression and
retrieval during partial reprogramming. Interestingly, Roux and col-
leagues used the same induction protocol torepeat their analysis and
overexpressed all the possible combinations of the four factorsinboth
celltypesinapooled screen. They found that all combinations of the
Yamanaka factors at least partially suppressed the cellidentity program
and restore youthful gene expression at a magnitude that correlated
with the number of factors used rather than theiridentities. Thiswasa
critical finding because it provided evidence of a synergistic function
between the factors that directlyimpacted reprogramming potential.
Finally, to prove that partial reprogramming can be achieved by also
overexpressing cell-type-specific regenerative factors, they tried anew
partial reprogramming approachin skeletal MuSCs by overexpressing
the Msx1 gene (which is involved in digit and limb regeneration™ ).
They found that thisapproach partially restores youthful gene expres-
sionin myogenic cells and promotes differentiation without inducing
any partial lossin cellidentity', further supporting the idea that other
transcription factors might represent a safer alternative to induce
epigenetic rejuvenation as also reported by other groups®'%,

Invitro partial reprogramming in human cells

Although experiments in mice provided foundational evidence that
epigenetic reprogramming can reverse aspects of aging, itis an open
question of how these effects will translate into human biology. Early
experimentsin human cells were somewhat encouraging as they pro-
vide evidence that some of the biomarkers of aging (that is telomere
lengths) were responding to the epigenetic reprogramming, but
protocols relied upon rejuvenation through re-differentiation after
iPS cell formation?>?*?%, The first attempt to optimize the processin
humans and eliminate the need to start from a blank slate was made

by Manukyan and colleagues in 2014, nearly 2 years earlier than the
landmark publication from Belmonte’s group®. LIN28, anRNA-binding
protein best known for its role in promoting pluripotency via regula-
tion of the microRNA let-7, was added to the OSKM cocktail and used
to treat senescent fibroblasts. After 9 days of reprogramming, HP1b
mobility, anindicator of active cell cycling, was restored to the same
levels found in young fibroblasts without sacrificing cell identity'°.

Adetailed description of reprogramming kinetics in human cells
was provided by Olova and colleagues in 2019 (ref. 114), who analyzed
epigenetic and transcriptomic datato define the time course of human
dermalfibroblast rejuvenation'’, Using Horvath’s clock'?, they found
thatepigeneticrejuvenationstarted betweendays 3 and 7, continuing
until day 20 when the treated cells reached an epigenetic age of zero™.
Transcriptomicanalysis of fibroblast gene signatures showed an overall
reductionin expression with comparatively stable levels until day 15. By
contrast, pluripotency genes showed aninverse relationship that stead-
ily increased over time until reaching an apparent threshold around
the same time. These observationsled to the conclusion that this time
point represents an optimal point for achieving epigenetic rejuvena-
tion without losing cell identity. The rationale for this conclusion
lies in the fact that many aging-associated epigenetic marks are shed
without the initiation of actual pluripotency programs. Maintenance
of somatic profiles makes these cells more probable to revert toward
the original and previously established cell fate when the expression
of reprogramming factors is stopped.

Although thiswork established abenchmark for reprogramming
human cells, it was not possible to consider transcriptional heterogene-
ity during reprogramming as bulk-based analyses were used, which (as
previously discussed) were later shown to exert mosaic-like expression
patternsintissues'™. Exploiting this caveat has led to single-cell-based
transcriptomic approaches and abetter understanding of reprogram-
ming potential in specific cellsand tissues. Leveraging directives from
foundational publications, Sarkar et al. obtained the first evidence of
partial reprogramming-induced rejuvenation in old human cells in
vitro”. A new, noninvasive messenger RNA-based delivery strategy
was used for the transient expression of six reprogramming factors,
OSKM, LIN28 and NANOG (OSKMLN), in human cells (Fig. 4c). Tran-
scriptomic analysis of the three cohorts of cells showed that OSKMLN
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treatmentinduced a more youthful and cell-type-specific gene expres-
sion profile without affecting the expression of cell-specific genes.
Importantly, the extent of OSKMLN reprogramming was multifaceted
and far-reaching, as epigenetic hallmarks of aging (H3K9me3, HP1g,
LAP2aandSIRT1), functional parameters (autophagosomal, mitochon-
drial and proteasomal activities) and epigenetic clocks were signifi-
cantly impacted, with treated cells more closely resembling younger
cellscompared with their age-matched old counterparts. Interestingly,
rejuvenation was retained 6 days after interrupting the treatment.
Similar results were also obtained in chondrocytes and human MuSC
cell types, confirming that this method works in different cell types.
These findings validate anonintegrative clinical method for reprogram-
mingand openavenues forinvitroandinvivorejuvenation strategies.

Although substantial progress was made concerning develop-
ing an efficacious reprogramming cocktail, the timing and duration
of induction was still open for optimization. Fortunately, work in
mice identified a window, known as the maturation phase, during
reprogramming where cells were most probable to experience reju-
venation without crossing the threshold and become iPS cells®. Gill
and colleagues took advantage of this window and induced extended
overexpression of the reprogramming factor cocktail for 10-14 days
before withdrawing for an additional 4 weeks to allow for fibroblast
re-differentiation (Fig. 4d)™. With this protocol, defined as ‘matura-
tion phase partial reprogramming’, they achieved more substantial
rejuvenation than had been described before at levels comparable
to Guo et al.s work in mice™”. Specifically, analysis of the epigenetic
clock after in vitro partial reprogramming showed approximately
30 years of rejuvenation. Surprisingly, rejuvenation only occurred
when the factors were overexpressed for 13 days, and no significant
effects were observed at the other time points, suggesting that day 13 is
acriticaltime pointintherejuvenation process, though, notably, later
time points (days 15 and 17) failed to show an epigenetic rejuvenation
effect. Moreover, rejuvenation effects were maintained for at least
4 weeks after treatment, representing the most extended retention of
youthful status following reprogramming. A possible explanation for
theseinteresting outcomes may be that fibroblast-specificenhancers
remained demethylated during partial reprogramming’, which may
indicateretention of epigenetic memory required for reversion to the
proper somatic state.

Concluding remarks and future perspectives

The ability tore-shape the chromatin into a more youthful state without
inducingirreversible changes to cell identity has pioneered anew area
of aging research. In this Review, we have focused on elucidating the
biological mechanisms and pathways involved in reprogramming initia-
tion, as well as the connection between reprogramming and epigenetic
rejuvenation. Collectively, the works described suggest that timing and
theidentity of each factor and their relative stoichiometry require fine-
tuning in different cell types to achieve a rejuvenated phenotype. For
thesereasons, they may need to be tailored for each organ or tissue to
promote rejuvenation without inducingacomplete loss in cell identity.

In this direction, tissue-specific overexpression studies paired
with single cell-based analyses will be invaluable to better consider the
unique identity of the cells and of their initial chromatin state, as well
as the co-existence in vivo of cell autonomous and nonautonomous
functions.

Animportantaspect to consideris whether a partial ‘de-differen-
tiation’is necessary for effective rejuvenation. Although some studies
suggest that rejuvenation of the epigenome can occur without a de-dif-
ferentiationstep and involve ‘re-differentiation”, othersindicate that
partial de-differentiation has a crucial role. These diverse perspectives
underscore the complexity of cell-type-specific rejuvenation mecha-
nisms and highlight the need for further investigation to determine
the precise requirements in different cellular contexts. In addition to
this, the use of a naturally aged system has important strengths over

premature genetic models, as the latter may introduce confounding
factors that can alter the outcome of the results.

Despite being useful to validate feasibility in human cells and
perform molecular studies, partial reprogramming in vitro poses
additional challenges as cultured cells often lose some aging-related
features observed in vivo and might exhibit confounding environment-
induced phenomena.

Another limiting factor in advancing the field is the lack of suit-
able and universal molecular biomarkers for measuring age reversal.
Existing epigenetic clocks, originally developed for different purposes,
have notbeen thoroughly demonstrated to provide accurate readouts
for anti-aginginterventions.

Lastly, safety remains a critical aspect of partial reprogramming.
Although some studies have not seen any detriment to tissues after
more than a year of overexpression®, this issue remains unresolved.
Although RNA-based approaches or the replacement of OKSM genes
with potentially safer genes or small molecules acting as chromatin
modulators hold promise, comprehensive evaluation and mecha-
nistic investigation will be necessary to establish safety and efficacy
inhumans.

The convergence of these diverse sets of evidence underscores the
necessity for additional strengthening and validation by the scientific
community to establish acceptance and credibility regarding certain
findings. The resulting perplexity serves as a stark reminder of the
ongoing challenge in developing clinically applicable rejuvenation
protocols. However, it also highlights the vitalimportance of compre-
hending the intricate molecular dynamics that underlie this process.
Such understanding is indispensable for paving the way toward the
development of effective and safe strategies that hold the potential
to be applied to humansinaclinical setting.
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