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Unlocking regeneration: how partial reprogramming

resembles tissue healing

Melissa T Adams, Heinrich Jasper and Lluc Mosteiro

Partial reprogramming achieved by the transient expression of
the transcription factors (TFs) Oct4, Sox2, Klf4 and C-Myc
(abbreviated OSKM) can erase aging and damage features in
cells, leading to increased healthspan, lifespan and tissue
regeneration. Recent reports suggest that the mechanisms of
partial reprogramming may share some similarities with natural
dedifferentiation and regeneration. Both processes appear to
involve the transient repression of somatic identity through the
sequestration of somatic identity TFs to noncanonical sites,
which are opened by the high expression of pioneer TFs,
leading to transient dedifferentiation into a fetal-like state. Here,
we review the reported benefits of partial reprogramming on
tissue regeneration and propose a common mechanism of
epigenetic remodeling with natural regeneration after tissue

injury.
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OSKM reprogramming in context

One of the major scientific breakthroughs of this era has
been the ability to convert differentiated cells into
pluripotent cells, known as cellular reprogramming. The
field was pioneered by John Gurdon, who in 1962
transferred the nucleus of an intestinal epithelial cell
into an enucleated oocyte, generating a viable zygote [1].
Cellular reprogramming has also been achieved by cell
fusion of a somatic cell to a pluripotent cell, generating
pluripotent hybrids [2] and transcription factors (TFs)
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such as MyoD were shown to be able to convert somatic
cell identities [3]. These studies paved the way for the
milestone in 2006, when Takahashi and Yamanaka dis-
covered that somatic cells can be reprogrammed into
induced pluripotent stem cells (iPSCs) by the addition
of four TFs (Oct4, Sox2, KIf4 and C-Myc, abbreviated
OSKM) [4]. TF-mediated reprogramming into iPSCs
has had major implications for regenerative and cell
therapies, since it provides an infinite source of plur-
ipotent cells that can be generated from any cell type,
avoiding the ethical constraints related to the use of
embryos to isolate embryonic pluripotent cells and the
associated technical challenges. Furthermore, cellular
reprogramming offers the opportunity to generate pa-
tient-specific iPSCs that can be used for disease mod-
eling, screenings or personalized therapies.

The process and mechanisms of cellular reprogramming
have been an area of intense investigation. OSKM act as
pioneer TFs that trigger widespread epigenetic repro-
gramming. In the early stages of reprogramming, when the
exogenous OSKM are expressed, cells undergo a sup-
pression of somatic cell identity, mesenchymal to epithelial
transition and metabolic switch from oxidative phosphor-
ylation to glycolysis [5-8]. In the latter stages, exogenous
OSKM and tissue-specific TFs are silenced, and en-
dogenous pluripotency factors are activated, accompanied
by DNA and histone methylation changes [9-11]. The
reprogramming process is sequential, with many transi-
tional states before the acquisition of full pluripotency
[12-15]. 'The earlier intermediates are unstable, and re-
moval of OSKM expression during this period results in
cells reverting back to their initial somatic cell identity.
However, there is a point of no return in the reprogram-
ming process, after which cells transition to full plur-
ipotency independently of exogenous OSKM [12,16].

Another milestone in the field was the discovery that
cellular reprogramming was possible in adult living or-
ganisms and that /z vivo expression of OSKM led to
dedifferentiation and reprogramming of somatic cells
within tissues [17]. The process of iz vive reprogram-
ming was discovered to be positively influenced by da-
maged or aged cells and their secreted signals, such as
IL6 [18-20]. These findings are consistent with ob-
servations that suggest that dedifferentiation naturally
occurs to some extent after tissue injury, and that this
process is critical for efficient tissue regeneration [21,22].
While these studies have revealed transcriptional
changes in epithelial cells or neurons consistent with
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2 Cell reprogramming, regeneration and repair

dedifferentiation of mature cells after injury, further
work is needed to clearly rule out the possibility that
increased progenitor or stem cell activity may confound
the interpretation of the observed tissue changes. In a
landmark study, however, it was found that ubiquitous
transient and cyclic activation of OSKM iz vive (known
as partial reprogramming) was sufficient to ameliorate
aging features, extend lifespan and improve pancreatic
and muscle regeneration after injury [23].

Partial reprogramming rejuvenates cells

The landmark discovery by Izpisua’s team opened a new
dimension of potential applications of OSKM in re-
generative therapy. The findings suggested a way to
leverage the potential beneficial effects of cellular and
epigenetic rejuvenation by OSKM iz wviwo, while
avoiding the detrimental effects that many others had
encountered during /7 vive reprogramming, such as ter-
atomas or tumor formation [17,24-27]. Several ap-
proaches and protocols for partial reprogramming have
been described since, all having in common that OSKM
are expressed for a limited (and rather short) period of
time, allowing cells to revert to their initial identity
while benefiting from erasing epigenetic damage marks.

They also pioneered a new era for antiaging and re-
juvenation therapies based on partial reprogramming,
which is now being widely tested as a therapeutic ap-
proach in a variety of disease models [28-40]. In many
tissues, partial reprogramming improves epigenetic age
(based on epigenetic clocks measuring gain and loss of
methylation in CpG islands) and ameliorates many of
the ‘hallmarks of aging’ (FFigure 1), defined as descriptors
of cellular aging phenotypes [41,42]. Chemically in-
duced rejuvenation has recently also been reported [37].
The complete mechanism(s) of cellular rejuvenation
remain to be fully understood and are under active in-
vestigation. Thus, the relatively young field of OSKM-
driven rejuvenation is experiencing intense scientific
activity, the results of which (extensively reviewed
elsewhere [42-47]) have the potential to pave the way
for significant advances in Biogerontology.

Partial reprogramming improves regeneration
Aside from rejuvenation, one of the greatest promises of
the recently discovered benefits of partial reprogram-
ming is tissue regeneration. Humans, unlike some other
vertebrates, have a limited regenerative capacity that
mostly relies on the pool of progenitor or stem cells
within tissues and some degree of cellular plasticity of
differentiated cells. After acute injury or stress, damaged
cells are cleared out by the immune system, making
space for new healthy cells. In situations of chronic da-
mage or stress (for instance, pathogenic or aged condi-
tions), the insult persists, leading to the accumulation of
damaged cells that cannot be cleared out efficiently,

Figure 1
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The hallmarks of aging that are rejuvenated after OSKM partial
reprogramming. Red text indicates the presence of aging phenotypes,
while green text indicates aging phenotypes that have been rejuvenated.

with the concomitant accumulation of immune cells that
aggravate the inflammation. This unresolved damage
and inflammation often results in fibrosis and scarring,
impairing tissue function [48-51]. Chronic inflammation
and fibrosis are hallmarks of many degenerative and age-
related disorders, and aged tissues have impaired re-
generation [52].

Partial reprogramming after injury has been demon-
strated to enhance regeneration, decrease fibrosis and
improve tissue functional recovery in several tissues
(Figure 2). Most of the studies rely on the use of genetic
4F mouse models, where OSKM is expressed either
ubiquitously or tissue-specifically, in a doxycycline-in-
ducible manner. The initial OSKM activation protocol
discovered by Ocampo, based on three treatment cycles
consisting of two days of induction followed by five days
of doxycycline withdrawal, was shown to improve pan-
creatic functionality (assessed by glucose tolerance test)
and increase beta cell mass after pancreatic injury with
streptozotocin. It further resulted in improved muscle
recovery after cardiotoxin injury [23]. Increased muscle
regeneration and reduced fibrosis were also observed
after viral-free intramuscular injection of an OSKM
multicistronic plasmid [53], although this model and
protocol of OSKM activation also resulted in full plur-
ipotency, which would be undesirable due to potential
uncontrolled proliferation, teratoma formation and/or
aberrant differentiation. It was also reported that tran-
sient and non-integrative mRNA-mediated reprogram-
ming of muscle stem cells (MuSC) using 6F (OSKM +
Nanog + Lin28) resulted in increased proliferation, re-
stored stemness in aged MuSC and, upon cell trans-
plantation, improved regeneration and increased tetanic
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Figure 2
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4 Cell reprogramming, regeneration and repair

Published in vivo partial reprogramming protocols that show improved regeneration in various tissues. Circles indicate days, green color indicates
OSKM induction (OSKM ON) and red color indicates no OSKM induction (OSKM OFF). The number of cycles is indicated as this example: x1 (1 cycle).
The timing of induction is indicated as these examples: 7d (7 days), 3w (3 weeks). Abbreviations: OSKM, Oct4, Sox2, KIf4, cMyc; 4F, inducible 4 factor
OSKM mouse; IM, intramuscular; 6F, 6 factors; ICV, intracerebroventricular; AAV, adeno-associated virus; SVZ, subventricular zone; ATII, alveolar type
II; IVT, intravitreal; RGC, retinal ganglion cell; Tx, treatment; PGE2, prostaglandin E2; Y, young; O, old; Ap, amyloid beta; AD, Alzheimer’s disease.

force [28]. Interestingly, another study showed that sa-
tellite-specific OSKM expression had no benefits in
muscle regeneration, while myofiber-specific OSKM
downregulates the secretion of Wnt4, which activates
the satellite stem cells in a paracrine manner, improving
muscle regeneration [54].

Cellular reprogramming by intracerebroventricular ad-
ministration of doxycycline in 4F mice has also been
shown to restore brain functionality after ischemia,
through increased proliferation of astrocytes and neu-
ronal progenitors, neovascularization and neuroprotec-
tion [55]. Cyclic activation of OSKM in aged 4F mice
was also shown to increase the migration of neurogenic
neurons and precursors and increase the survival of
newborn neurons, improving object recognition [56].
Recently, it was reported that partial reprogramming,
either whole body or neurogenic-targeted, increases the
proportion of neuroblasts and newly formed neurons
[57]. Importantly, long-term (more than five months)
cyclic activation of OSKM in neurons results in en-
hanced cognitive function, with increased neuronal ac-
tivity in brain areas associated with memory and
reduction in immunoreactive aggrecan matrix [58] or
improved synapsis and reduction of amyloid beta (Af)
plaques in a model of Alzheimer’s disease [59]. Such
long-term exposure to cyclic OSKM induction seems
safe and beneficial, even in conditions in which induc-
tion occurs ubiquitously [32].

While direct causality remains to be established, there
seem to be some common effects by which partial re-
programming may improve regeneration. These include
proliferation, which has been observed in muscle, skin,
heart, liver and intestine (FFigure 2). However, there are
some context and tissue-dependent effects as well. For
instance, in skin and heart, partial reprogramming im-
proves wound healing and cardiac function after infarction
by increasing proliferation and reducing fibrosis and scar
formation [32,60,61]. In liver, intestine and muscle, partial
reprogramming has been shown to induce dedifferentia-
tion [28,53,54,62,63], while in the optic nerve and brain,
OSK(M) partial reprogramming improves cell survival and
confers neuroprotection, which results in restoration of
vision and improved cognitive functions [29,56].

Possible mechanisms of partial
reprogramming

At the cellular level, partial reprogramming induces a
transient dedifferentiation state, after which cells re-ac-
quire their initial identity [34,35]. Very early in

reprogramming, high levels of exogenous OSKM alter
chromatin accessibility, leading to a temporary but re-
versible decrease in somatic identity [34,64,65]. Evi-
dence from several groups suggests a possible
mechanism for this suppression of somatic identity
[64-67]. Specifically, it was shown that high levels of
OSK in human fibroblasts lead to spurious binding of
these factors to low-affinity Oct-Sox motifs that often
border previously inaccessible motifs of other TFs like
AP-1 (Figure 3). The opening of these new AP-1 motifs
allows for the sequestration of AP-1 and other somatic
TFs away from fibroblast-specific enhancers and pro-
moters. This may downregulate the somatic program,
and, upon sustained high expression of OSK and when
coupled with the expression of pluripotency genes,
eventually lead to full dedifferentiation into iPSCs
[65-67]. However, in partial reprogramming, full ded-
ifferentiation is avoided. Instead, cells that have re-
pressed their somatic identity return to their previous
somatic state. The work from Nair et al. also suggests
that as OSK levels decrease, so does the accessibility of
these low-affinity Oct-Sox motifs. Therefore, one can
envision a scenario where withdrawing OSK(M) factors
before achieving transgene-independent stabilization of
pluripotency would enable the derepression of somatic
identity. In this process, somatic TFs are released from
spurious binding sites as the adjacent low-affinity Oct-
Sox sites close, allowing them to return to their canonical
motifs and reactivate the somatic program (Figure 3).

Recent research on AP-1 and its role in aging, senes-
cence and immune memory suggests a potential me-
chanism through which partial reprogramming may
impart rejuvenative benefits. In response to stress or
injury, AP-1 can rewire the epigenetic landscape of the
genome, adapting cellular responses to various stimuli
[68-71]. Moreover, AP-1 can retain a memory of these
responses even after the stimulus has subsided, by
maintaining certain complex members at regulatory re-
gions, allowing for a quicker transcriptional response
upon subsequent stimuli [71]. While this is beneficial for
a faster response to acute stress, it can have negative
consequences in chronic stress and in aging, since AP-1
accumulation may activate stress/immune responses and
cause tissue dysfunction. Evidence for this is described
by Patrick et al. [72], where chromatin regions found to
be differentially accessible in aged cells showed en-
richment of AP-1 binding sites. Specifically, regions that
are more accessible in young cells are highly enriched for
somatic TF binding motifs and depleted for AP-1
binding motifs, while regions that are more accessible in
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Healthy/young cell

el e d DILLELLD

sTF in cell identity loci
(open)

Stress loci
(closed)

Damage/aged cell
siphoning of sTF

Opening of stress
loci, accumulation AP:

@ Cell Identity TFs @AP-1 A OSK

OSKM

siphoning of sTF .__ _______ N
- Vsiphoning of AP1 . \ T

A

" 0OSKM opens chromatin exposing

Transient loss of Loss of stress
g sites that siphons sTF and AP1

cell identity 1 epigenetic marks

Stress loci
(closed)

~ 0

SKM loci
closed) i

Current Opinion in Genetics and Development

Left: In young animals, chromatin is more accessible in regions enriched for somatic identity factor motifs, while regions enriched for AP-1 motifs (like
stress loci) are less accessible. As aging/damage progresses, AP-1 activation increases, which leads to an increase in accessibility of stress loci
enriched for AP-1 motifs. This, in turn, siphons away co-factors and somatic TFs from their cell identity—associated loci, which leads to a
downregulation of somatic programs and an increase in stress response. Right: Early in partial reprogramming, OSK levels are extremely high, which
allows them to bind low-affinity OSK motifs throughout the genome, and globally increase chromatin accessibility. This global opening reveals
previously inaccessible AP-1 and somatic TF binding sites, which can siphon away these TFs from their previously bound loci, leading to a repression
of the somatic program. In aged animals, this global redistribution of AP-1 may lead to erasure of age/damage-associated AP-1 accumulation at stress
loci. When OSK levels return to normal, somatic TFs return to cell identity loci to restart the somatic program, while age-associated AP-1 may remain
removed from stress loci, ultimately contributing to the rejuvenation phenotype seen in partial reprogramming. Abbreviations: TF, transcription factor;

sTF, somatic transcription factor.

aged cells are enriched with AP-1 motifs and have lower
levels of somatic identity TF motifs. As AP-1 activation
accumulates during aging, these previously less acces-
sible AP-1 motif-enriched regions open up due to AP-1’s
pioneer TF activity. This increased accessibility extends
to the neighboring somatic TF binding motifs within
these regions, resulting in the siphoning of somatic TFs.
Importantly, regions that gain accessibility with aging are
enriched for gene sets involved in metabolic remodeling,
immune system alterations and stress/early response
processes. These findings raise the hypothesis that some
of the benefits of partial reprogramming may result from
clearing out AP-1 from aging-associated loci, and redis-
tributing somatic TFs that have accumulated at AP-1
motif-rich sites during aging back to regions that were
more accessible earlier in life (Figure 3).

Similarities between partial reprogramming
and natural plasticity during regeneration
The epigenetic remodeling and somatic program re-
pression caused by redistribution of TFs seen in OSKM
reprogramming are highly reminiscent of similar cellular
responses described during regeneration in some tissues
[73,74]. In both cases, there is a temporary induction of a
fetal-like state that boosts regeneration and ultimately
returns to mature somatic identity. This is particularly

evident in highly regenerative tissues such as the liver
and intestine, which remain epigenetically permissive
even after development.

In the liver, this permissive state primes hepatocytes for
activation of the regeneration program upon injury [75].
In various liver injury models, this regeneration program
involves the repression of somatic identity in existing
hepatocytes and bile duct epithelial cells, leading to the
emergence of a fetal-like state in a subset of these cells
[76-78]. This reversion to a more immature cell type is
driven, at least in part, by chromatin accessibility
changes likely induced by the expression of pioneer TFs
in the SOX and GATA families [76], whose motifs are
highly enriched in newly opened chromatin [79]. Fur-
thermore, overexpression of SOX4 alone in hepatocytes
during homeostasis induces cellular reprogramming to a
fetal-like state. This is likely due, in part, to the eviction
and sequestration of hepatocyte identity TFs like
HNF4a, triggered by SOX4 chromatin regulation. Spe-
cifically, in this SOX4 overexpression system, HNF4a
motifs are highly likely to be co-localized with newly
opened SOX4 motifs. Evidence suggests that SOX4 can
evict HNF4a from its canonical enhancer binding sites
near hepatocyte-specific genes, thereby downregulating
these somatic genes. This suggests a mechanism of
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action similar to that of OSKM reprogramming as de-
scribed above, whereby newly accessible chromatin ex-
poses motifs that can sequester somatic T'Fs away from
their normal regulatory elements in order to reversibly
repress the somatic program [65,76,80].

Similar to the liver, the intestinal epithelium remains
epigenetically permissive and highly regenerative in
adult tssue [81,82]. Even when resident stem cell po-
pulations are ablated, epithelial regeneration still occurs
upon injury through the reversion of mature epithelium
into a fetal-like state [74,83,84], also observed in adult-
derived organoids [83]. A recent study demonstrated that
OSKM partial reprogramming in the intestine results in
the formation of fetal-like populations strikingly similar
to those found in irradiated intestinal injury models [62].
The mechanisms through which these cell populations
arise in both injury and OSKM partial reprogramming
appear to be similar. In both cases, the induction of fetal-
like cell populations requires PGE2 production in the
intestinal epithelium, mediated by mesenchymal-de-
rived expression of Ptgsl in the case of injury, or cell-
autonomous Ptgs2 in the case of OSKM partial repro-
gramming [62]. Importantly, it has been shown that,
both iz vive and in vitro, intestinal fetal program-specific
promoters and enhancers are enriched for AP-1 and SOX
motifs, which mirrors the mechanisms of OSKM repro-
gramming as described above [85].

Interestingly, the liver and gut also exhibit extreme
sensitivity to OSKM partial reprogramming, with ded-
ifferentiation of the gut and liver likely being the cause
of very early mortality at higher levels of OSKM in-
duction in full-body transgenic models [86]. The ob-
servation that the most epigenetically permissive and
highly regenerative tissues are also the most sensitive to
OSKM reprogramming further supports a shared me-
chanism between injury-induced and OSKM partial re-
programming-induced regeneration.

Unresolved challenges and future
perspectives

The parallels between endogenous regeneration and
partial reprogramming suggest the feasibility of thera-
pies to improve resilience and repair of aged or damaged
tissues based on partial reprogramming. However, sig-
nificant challenges remain: How to deliver a safe OSK
(M) gene therapy in the context of human disease?
Would it be necessary to deliver OSK(M) therapy to all
cells of a tissue or would local/cell-targeted therapies be
sufficient? Is continued transient delivery necessary to
maintain a rejuvenated state or will it be enough to
perform a single cycle of reprogramming to reset tissue
resilience? Are there alternative pathways or combina-
tions of TFs to achieve similar effects? Studies in the
mouse have hinted at answers for many of these

questions, but a full assessment of these will only be
obtained once the first of such therapies advances into
the clinic. The promise of these approaches for the
treatment of chronic age-related diseases has led to in-
tense interest, and we can anticipate initial clinical as-
sessments in the near future.
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