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Abstract: Partial or transient cellular reprogramming is defined by the limited induction of pluripotency factors
without fully de-differentiating cells into a pluripotent state. Comparing in vitro and in vivo mouse studies,
and in vitro studies in humans, supported by visualizations of the interconnections among the data, we show
consistent patterns in how such reprogramming modulates key biological processes. Generally, it leads to
enhanced chromatin accessibility, upregulation of chromatin modifiers, and improved mitochondrial activity.
These changes are accompanied by shifts in stress response programs, such as inflammation, autophagy, and
cellular senescence, as well as dysregulation of extracellular matrix pathways. We also underscore the
challenges in evaluating complex processes like aging and cellular senescence, given the variability in
biomarkers used across studies. Overall, we highlight biological processes consistently influenced by
reprogramming while noting that some effects are context-dependent, varying according to cell type, species,
sex, and the reprogramming method employed. These insights inform future research and therapeutic
applications in aging and regenerative medicine.
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1. Introduction

Recent studies have shown that limited use of Yamanaka factors or chemicals that mimic their
effects can partially reverse cellular or organismal aging. This has been observed in both in vitro
human and mouse models, as well as in vivo mouse studies, without fully de-differentiating cells
into a pluripotent state. These studies encompass various models, including healthy aged and
diseased mice, such as progeroid mice, and involve pulsed, short-term, and medium-term
reprogramming regimes; these we call “partial reprogramming” as long as no induction of
pluripotency (iPS) is observed (which we call “full reprogramming”; “partial reprogramming” is also
called “transient reprogramming” in the literature). Here, we have collected and reviewed various
biological processes and stress responses that are reported to change following partial

reprogramming based on the literature (Supplementary Table 1).

1.1. Partial Reprogramming Overview

Partial reprogramming influences a plethora of biological processes (see Figure 1 for an
overview). Generally, studies indicate that partial reprogramming leads to an upregulation of histone
modifications, increased activity of transcription factors “pioneering” the opening of chromatin,
enhanced chromatin accessibility, and, more generally, higher expression of chromatin modifiers and
methyltransferase genes (Francesconi et al., 2019; Gill et al., 2022; Hishida et al., 2022; Kovatcheva et
al., 2023; Paine et al., 2023; Wang et al., 2023). As full reprogramming results in the dedifferentiation
of treated cells, these epigenetic changes can be viewed as a prerequisite. At the transcriptomic level,
these changes manifest as the differential expression of developmental and differentiation pathways,

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202410.0122.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 October 2024 d0i:10.20944/preprints202410.0122.v1

including downregulation of identity markers of differentiated cells and upregulation of markers of
stem or progenitor cells (for an overview of studies see ‘Development/Differentiation’ in Figure 1).
For example, mouse cardiomyocytes partially reprogrammed in vivo for 6 or 12 days exhibit
upregulation of embryonic genes and downregulation of muscle system process genes, indicating a
shift from differentiated cardiac cells towards a more embryonic- and endodermal-like identity (Chen
et al., 2021). Other in vivo partial reprogramming results linked to shifts in cell identity gene
expression include downregulation of hepatocyte markers following reprogramming of mouse liver
hepatocytes to earlier more progenitor-like cell states, downregulation of epidermal differentiation
pathways in skin cells following whole body reprogramming in mice, and downregulation of muscle
differentiation pathways in reprogrammed young mouse myofibers, accompanied by upregulation
of genes linked to cytoskeletal organization (Browder et al., 2022; Hishida et al., 2022; Wang et al,,
2021). In vitro studies recapitulate these results, with B-cells downregulating B-cell-specific genes in
early reprogramming and upregulating proliferation- and histone-modifier-associated genes at later
stages, adipose stem cells upregulating genes associated with development and fibroblasts
downregulating fibroblast-specific genes while upregulating pluripotency markers throughout the
reprogramming time course (Francesconi et al., 2019; Olova et al., 2019; Wang et al., 2023).
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Figure 1. Sankey plot of various biological processes that are affected across reprogramming studies
in in vitro and in vivo mouse studies, alongside in vitro human studies. The first column indicates the
study and the age of cells or mice reprogrammed, when available, in weeks (w), months (m) or years
(y)- The fourth column indicates the tissue analyzed.

1.2. Temporal Dynamics of Reprogramming

Cellular reprogramming is likely a spectrum, akin to gradual movements in the Waddington
landscape (Waddington, 2014/1957), rather than a transition between explicit well-defined stages.
Unfortunately, we can only take snapshots of such gradual changes. Nonetheless, Gill et al.
characterized various biomarkers at early, mid, and late ‘stages’ of reprogramming, and other studies
have similarly reported specific phenotypes along the reprogramming process (Roux et al., 2022;
Wang et al., 2023). The three stages defined by Gill et al. are as follows: i) the initiation phase (IP),
characterized by the repression of somatic processes alongside the upregulation of mesenchymal-
epithelial-transition (MET) pathways; ii) the maturation phase (MP), which involves expression of a
subset of pluripotency genes; and iii) the stabilization phase (SP), characterized as full activation of
the pluripotency program (Gill et al., 2022). Some studies suggest there can be an extra-embryonic
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endoderm-like stage between MP and SP, although this stage can be bypassed with more efficient
reprogramming protocols (Guan et al., 2022; Liuyang et al., 2023). Before maturation phase transient
reprogramming (MPTR) was investigated, various studies focused on reprogramming only to the IP
(Ocampo et al.,, 2016; Sarkar et al., 2020). We find that various transcriptomic pathways associated
with each “stage’ are consistently shared across studies, as follows.

Paine et al. identified downregulation of epithelial-mesenchymal transition (EMT) — a process
that is going in the opposite direction compared to MET — during the first two days of
reprogramming mouse tail tip fibroblasts with Yamanaka factors (Paine et al., 2023). Various studies
(EMT in Figure 1) have similarly reported EMT downregulation or MET upregulation in early
reprogramming stages, including in fibroblasts and adipose stem cells (Mitchell et al., 2024; Paine et
al,, 2023; Roux et al., 2022; Yang et al., 2023). Furthermore, Liuyang et al. performed time-course
chemical reprogramming on mouse mesenchymal stem cells and found that knockdown of LIN28A
impairs the emergence of epithelial-like characteristics and subsequent reprogramming stages,
suggesting that development of epithelial characteristics is a key event in reprogramming in this
context (Liuyang et al., 2023). Notably, prior research had already shown that LIN28A improves
reprogramming efficiency (Wang et al., 2019).

Some studies report a decrease in MET pathways and an increase in EMT pathways at later
stages of reprogramming (Francesconi et al., 2019; Paine et al., 2023). However, it is unclear if this is
a universal feature indicating the termination of the IP, a marker of subsequent reprogramming
stages, or a cell-type- or context-specific marker of reprogramming. Indeed, MET activation occurs at
earlier time points in reprogrammed mouse cells compared to human cells (Teshigawara et al., 2017).
While early-stage MET upregulation appears to be a common theme across cell types and tissues in
early stages of reprogramming, further research is necessary to determine how these markers are
expressed in cell-type or stage-dependent contexts.

1.3. Epigenetic Memory

How do cells retain their identity during reprogramming? Current evidence suggests that cells
retain some epigenetic memory before induced pluripotent stem cell (iPSC) induction. Gill et al.
found that fibroblasts reprogrammed to the MP preserved clusters of genes associated with fibroblast
identity (Gill et al., 2022). They proposed that this residual identity allows the cells to re-differentiate
into fibroblasts once the Yamanaka factors are removed. Similarly, Chen et al. showed that
cardiomyocytes reprogrammed in vivo for six days re-differentiated into cardiomyocytes after six
days of recovery. This process involved downregulating endodermal genes and upregulating muscle
system genes (Chen et al., 2021).

This lingering epigenetic memory — especially at enhancer regions — potentially enables re-
differentiation before any later reprogramming stages, where epigenetic memory is fully erased. The
persistent expression of some cell identity genes until the SP may also contribute to this phenomenon
(Gill et al., 2022; Jadhav et al., 2019; Olova et al., 2019). It is also possible that signals from surrounding
cells and tissues support the re-differentiation process.

1.4. Impact of Partial Reprogramming on Surrounding Tissue

Reprogramming specific cells in vivo affects surrounding tissue. For example, C Wang et al.
found that in vivo activation of OSKM in myofibers led to proliferation of satellite cells in the stem
cell niche of the myofibers, without inducing myofiber dedifferentiation (Wang et al., 2021). It is likely
that these changes are at least partially modulated via changes to the extracellular matrix (ECM).
Chondronasiou et al. showed that as mice age, collagen-associated transcript levels decrease, and this
is at least partially reversed following OSKM treatment (Chondronasiou et al., 2022a). Some ECM-
associated processes are upregulated or remain continually expressed throughout partial
reprogramming in fibroblasts and adipose mesenchymal cells, including pathways associated with
collagen, alongside a decrease in fibrosis-associated gene expression (Gill et al., 2022; Roux et al,,
2022; Wang et al., 2023) although various studies also show a downregulation in the ECM
organization pathway across omics modalities (Mitchell et al., 2024; Wang et al., 2023; Yang et al.,
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2023). These discrepancies suggest that different components and regulatory mechanisms of the ECM
may be dysregulated in distinct ways during reprogramming. Further research is necessary to
elucidate the precise temporal dynamics and specific roles of ECM-related genes to better understand
their regulation and function in the context of cellular reprogramming.
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Figure 2. Sankey plot of ECM-associated biological processes regulated during partial
reprogramming in in vitro and in vivo experiments in mice, alongside in vitro human experiments.

1.5. Cancer and Safety Concerns

Because the recent interest in partial in vivo reprogramming is triggered by the hope to reverse
aging or induce regeneration, some studies aim to reprogram past the IP due to the greater
rejuvenative effects observed (Gill et al., 2022), while avoiding the SP because overly dedifferentiated
cells can negatively impact tissue function (Abad et al., 2013; Ohnishi et al., 2014). For example
extended reprogramming of cardiomyocytes in vivo in mice for 12 days results in excessive
dedifferentiation and cell death (Chen et al., 2021). Similarly, Hishida et al. demonstrated that
excessive in vivo reprogramming of liver cells leads to loss of liver function and subsequent liver
failure (Hishida et al., 2022). As such, the MP may be optimal for balancing rejuvenation benefits and
minimizing risks. Nonetheless, there are still some cancer-associated risks with MP reprogramming;
partial reprogramming has been associated with teratoma formation and cancer in vivo, just like full
reprogramming (Abad et al., 2013; Chen et al., 2021; Ohnishi et al., 2014; Shibata et al., 2018).

By inducing low or short-term expression of Yamanaka factors it is possible to reprogram cells
in vivo and avoid teratomas (Chondronasiou et al., 2022a). Nonetheless, partial reprogramming can
also increase cancer risk for various reasons. The first reason is the use of MYC — an oncoprotein and
chromatin remodeler (Dhanasekaran et al., 2022) — as part of the Yamanaka factor reprogramming
regime. Cells expressing endogenous or exogenous MYC at the induction of reprogramming
protocols reprogram more efficiently, and MYC targets are upregulated by partial reprogramming
(Francesconi et al., 2019; Heffernan et al., 2012; Roux et al., 2022; Yang et al., 2023; Zviran et al., 2019).
However, some reprogramming regimens avoid MYC and only reprogram with OSK (Li et al., 2011;
Lu et al., 2020; Wernig et al., 2008). Moreover, it is also possible that reprogramming may facilitate
pre-cancer cells to develop into cancer (Shibata et al., 2018). For example, single cell RNA-seq of
pancreatic cells undergoing reprogramming in vivo has shown a subset of ‘intermediate
reprogrammed’ cells that upregulate some transcription factors reminiscent of Kras-driven acinar
metaplastic cells (Chondronasiou et al., 2022b). Reprogramming also allows senescent cells to re-enter
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the cell cycle, which we elaborate on in section 2.3.2 (Yang et al., 2023). Indeed, in vitro and in vivo
partially/transiently reprogrammed cells exhibit an increase in gene expression linked to proliferation
in general (see ‘Proliferation’ in Figure 1) (Chen et al., 2021; Hishida et al., 2022; Wang et al., 2023).
Various studies have further shown an increase in cell number or the amount of Ki67 — a cellular
marker of proliferation — following reprogramming (Browder et al., 2022; Chen et al., 2021; Liuyang
et al., 2023; Xu et al., 2024). It is worth highlighting that partial reprogramming of cells with the 7c
chemical cocktail treatment is not associated with increases in proliferation, implying that the cell
cycle may be uncoupled from partial reprogramming (Mitchell et al., 2024). Finally, increases in cell
proliferation could also be stage-dependent (Francesconi et al., 2019; Liuyang et al., 2023).

1.6. Differences in “Reprogrammability”

Various studies have shown that some cell types are more susceptible to reprogramming than
others (Browder et al., 2022; Chondronasiou et al., 2022b; Wang et al., 2021; Xu et al., 2024). For
example, human adult adipose-derived stromal cells are more susceptible to chemical
reprogramming than human adult skin fibroblasts, and specific combinations of small molecules are
needed to increase efficiency (Liuyang et al., 2023). In genetic manipulation experiments, this may be
partially explained by the heterogeneous expression of the OSKM cassette across different cell types
(Chondronasiou et al., 2022b); in chemical reprogramming, we may speculate that differences in
pharmacokinetics play a role. Nonetheless, one study also found that young female mice are less
susceptible to reprogramming, although these sex-specific differences disappear in aged mice
(Mosteiro et al., 2018). As such, understanding the susceptibility and consequences of
reprogramming different cell types to different phases is fundamental for translating partial
reprogramming treatments to clinical trials in the future.

2. Health Benefits and Age Reversal Effects

Studies show that multiple molecular biomarkers of aging — including transcriptomics,
epigenomics, functional protein expression and cell migration speed — can be reversed following
reprogramming (Gill et al., 2022). This also includes various hallmarks of aging (Miliotou and de
Lazaro, 2024). Here we review the impact of partial reprogramming on health and aging-associated
pathways.

2.1. Aging Clocks

Partial and full reprogramming can partially reverse age-related transcriptomic and epigenetic
changes (Chondronasiou et al., 2022b). Indeed, various transcriptomic and epigenetic clocks have
been developed to track biological age (Horvath, 2013; Mitchell et al, 2024), and in vivo
reprogramming via the Yamanaka factors has been shown to rewind clocks in mouse brain, kidney,
skin, spleen, liver, and pancreas (see ‘Aging’ in Figure 1) (Browder et al., 2022; Chondronasiou et al.,
2022b; Xu et al., 2024). These results are recapitulated at the in vitro level; Yamanaka-treated or
chemically reprogrammed fibroblasts and adipose cells showcase reversal of epigenetic and
transcriptomic clocks (Gill et al., 2022; Mitchell et al., 2024; Olova et al., 2019; Paine et al., 2023; Roux
et al., 2022). Reprogramming also rewinds clocks in progeric cells (Paine et al., 2023).

It is unclear to what extent aging clocks are measuring true biological age. For example, aging
clocks may partially be measuring inflammation, which increases with age (Cribb et al., 2022; Xu et
al., 2024). Xu et al. found that transcriptomic aging clocks did not show clear reductions in age
following partial reprogramming of microglia, which they hypothesize is due to increases in
inflammation (Xu et al., 2024). Another issue in the field is to distinguish rejuvenation from
dedifferentiation (Yucel and Gladyshev, 2024); some studies suggest that partial reprogramming may
activate regenerative cellular programs while failing to reverse all aging-related omics changes
(Niimi et al., 2024; Wang et al., 2023). Indeed, there is only partial reversion to a dedifferentiated state
of transcriptomics and promoter methylation following reprogramming. For example, Roux et al
found that young and aged but reprogrammed adipogenic and mesenchymal stem cells do not
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cluster together when analyzed using dimensional reduction embeddings, suggesting that some
transcriptomic aging signals persist after reprogramming (Roux et al., 2022). Furthermore, Browder
et al. found changes in skin and kidney epigenetic age of mice following long-term OSKM treatments,
but other tissues did not show changes (Browder et al., 2022). Moreover, short-term OSKM treatment
did not significantly impact epigenetic age in their study. It is worth highlighting that reductions in
epigenetic age also depend on the clock used to measure ‘age’ (Browder et al., 2022; Kriukov et al,,
2024; Mitchell et al., 2024). Moreover, clock behavior depends on the reprogramming stage (Gill et
al., 2022), indicating that different clocks are measuring different biological processes. For example,
Gill et al. found that the skin and blood clock, alongside the multi-tissue epigenetic clock, both
showed decreases in epigenetic age at both the IP and MP. On the other hand, various clocks like the
GrimAge, Hannum, and PhenoAge clocks did not show substantial declines in epigenetic age until
the SP. This issue is further exacerbated when we consider that different studies use different clocks
to measure ‘biological age’, making cross-study comparisons more challenging. Furthermore, there
is a caveat with whole-body reprogramming regimens because it is unclear whether shifts towards
young omics expression in any given tissue are due to reprogramming of the specified tissue, or
whether they are a byproduct of other tissues rejuvenating (Chondronasiou et al., 2022a). Finally,
aging clocks in general and their use in measuring rejuvenation effects in particular have been
criticized for having high epistemic uncertainty, and lacking estimates for these uncertainties,
amongst other criticisms (Kriukov et al., 2024).

2.2. Rejuvenation

Regardless of what epigenetic aging clocks measure exactly, there are other biomarkers of
rejuvenation that can be measured in partial reprogramming experiments. Studies suggest that
specifically if cycles of short-time reprogramming factor expression are followed by a recovery phase,
rejuvenation effects can be observed. By default, rejuvenation markers must be evaluated on a tissue-
by-tissue basis (Chondronasiou et al., 2022a; Ocampo et al., 2016; Sarkar et al., 2020). An intriguing
example is the brain, where cycling OSKM with recovery restores the proportion of neuroblasts,
blunts age-related transcriptomic changes, and improves the production of neurons in vivo (Xu et al.,
2024). Moreover, in vivo studies performed on mouse neurons and rat dental gyrus cells suggest that
OSKM can reverse age-associated neurological decline and enhance memory (Anton-Fernandez et
al., 2024; Horvath et al., 2024). Other mouse in vivo studies have shown that reprogramming
enhances liver regeneration, promotes the repair of crushed optic nerves and ameliorates aging-
associated loss of visual acuity, allows for muscle fiber regeneration, improves skin wound healing
in aged mice, and promotes heart rejuvenation following myocardial infarction (Browder et al., 2022;
Chen et al., 2021; Hishida et al., 2022; Lu et al., 2020; Wang et al., 2021). The mechanism of rejuvenation
appears to partially depend on how cells are reprogrammed. Indeed, G Wang et al. found that the
mechanism of somatic cell reprogramming via small molecule regimens is distinct from transcription
factor-mediated reprogramming (Wang et al.,, 2023). By constructing chromatin landscapes, they
identified hierarchal histone modifications and sequential enhancer recommissioning which
underlies regeneration programs following chemical reprogramming; this regeneration program
appears to reverse the loss of regenerative potential in organismal aging but apparently it is not
activated in OSKM reprogramming,.

2.3. Stress Responses

Aging is also associated with a dysregulation of stress responses. For example, inflammation
increases with age (Ferrucci and Fabbri, 2018), while senescent cell burden appears to increase and
autophagy appears to decrease (Martinez-Lopez et al, 2015; Yousefzadeh et al, 2020). If
reprogramming is reversing aging-related phenotypes, there should be a reversal of these
phenotypes as well, which we evaluate in the next sections.

2.3.1. Inflammation
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Various partial reprogramming studies have shown decreases in inflammation at the
transcriptomic level (Figure 3). Paine et al. identified ‘“TGFb receptor signaling’ as an overexpressed
process in both aged progeroid and healthy skin fibroblasts, which was reversed following IP
reprogramming (Paine et al., 2023). OSKM also reversed inflammation of old adipogenic and
mesenchymal stem cells in mouse muscle following treatment (Roux et al., 2022). These results have
been recapitulated in vitro in fibroblast and B-cells (Francesconi et al., 2019; Mitchell et al., 2024).
Mitchell et al. further showed that the reversal of age-associated inflammation of mouse skin cells is
detected at the proteomic level as well (Mitchell et al., 2024).
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Figure 3. Sankey plot of inflammation-associated biological processes regulated during partial
reprogramming in in vitro and in vivo experiments in mice, alongside in vitro human experiments.

On the other hand, some studies report an increase in inflammation following reprogramming.
For example, Gill et al. reports that genes associated with the ‘response to polysaccharides’ gene
ontology (GO) term are temporarily upregulated in transient reprogramming of dermal fibroblasts,
which they speculate is a response to reprogramming factors (Gill et al., 2022). Xu et al. found that
neuroblasts of mouse brain subventricular zones showcase decreased inflammation with age, which
increases during reprogramming (Xu et al., 2024). Intriguingly, Francesconi et al. identified increases
in B cell inflammation during early reprogramming, followed by a drop in inflammation at later
stages (Francesconi et al, 2019). There are at least two points to consider when assessing
inflammation in reprogramming: 1) to what extent is the reprogramming protocol itself acting as a
stressor on the cell, thereby increasing inflammation; and 2) whether an observed increase in
inflammation in reprogrammed cells is due to inherently pro-inflammatory cells becoming more
'youthful.” Finally, proinflammatory factors like IL6 and NF-kb have been shown to facilitate
reprogramming in vivo (Chiche et al.,, 2017; Mosteiro et al, 2016), in a paracrine manner via
downstream effectors. As such, while the general trend shows that inflammation decreases in
reprogramming, more research is required to understand mechanisms in reducing inflammation,
alongside contexts in which inflammation increases. Similar considerations apply to cellular
senescence, which overlaps with inflammatory cellular phenotypes.

2.3.2. Cellular Senescence

Cellular senescence (CS) is a stress response modulated by various stimuli, including telomere
attrition, DNA damage, and oncogene activation, characterized as a stable cell cycle arrest (Huang et
al., 2022). Senescent cells are implicated in aging and virtually all aging-related chronic diseases
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(Huang et al., 2022; Mylonas and O'Loghlen, 2022). Senescent phenotypes are heterogeneous,
dependent on cell type and insult, and CS lacks a universal biomarker (Gonzalez-Gualda et al., 2021).

Traditionally, senescent cells are seen as major barriers to partial and full cellular
reprogramming (Banito et al.,, 2009; Haridhasapavalan et al., 2020). Multiple CS pathways —
including the p53/p21 protein pathway, encoded by TP53 and CDKN1A respectively, alongside the
p16 pathway encoded by CDKN2A — act as barriers towards reprogramming. Acute genetic ablation
of p53 in mice in cell subpopulations that typically fail to reprogram allows for iPSC formation (Utikal
et al., 2009). The CDKN2A gene, which encodes two transcripts that drive CS, is a key barrier to
reprogramming of senescent cells as well. Importantly, the mouse p19ARF transcript of Cdkn2a — a
driver of CS via its ability to stabilize p53 (Qian and Chen, 2013) — is a key inhibitor of
reprogramming in mice (Utikal et al., 2009), whereas the p16Nk#A transcript of CDKN2A — which
activates CS via the retinoblastoma pathway and heterochromatic rearrangements (Kosar et al., 2011;
Takahashi et al., 2006) — appears to be a more human-specific inhibitor of reprogramming
(Haridhasapavalan et al., 2020; Li et al., 2009). On the other hand, Doeser et al. found that expression
of senescence-associated genes showed high variability with no significant difference between
controls and OSKM-reprogrammed senescent cells in a mouse wound healing model (Doeser et al.,
2018). Then again, Chondronasiou et al. found that a single cycle of OSKM did not decrease various
biomarkers of CS in aged mouse liver, including p16 expression (Chondronasiou et al., 2022a). These
results indicate that overall, senescent cells are resistant to reprogramming.

On the other hand, various groups have successfully reduced biomarkers indicative of CS using
the Yamanaka factors, alongside chemical reprogramming (Lapasset et al., 2011; Yang et al., 2023).
Browder et al. identified a decrease in inflammation in skin cells following both short- and long-term
partial reprogramming of mice in-vivo (Browder et al., 2022). Some pro-inflammatory genes that
were downregulated in this context have been previously linked to senescence-associated secretory
phenotypes (SASPs), like 116 and Il1a (Coppe et al., 2010), alongside the in vivo downregulation of
other senescence-associated genes including heat shock proteins and cyclin-dependent kinase
inhibitors like Cdknla (Browder et al., 2022). Olova et al. also reported a decrease in CDKN1A and
CDKN2A, alongside a decrease in pro-inflammatory SASP genes like IL6, IL1B, and IL8 in OSKM-
treated human dermal fibroblasts (Olova et al., 2019). Intriguingly, the expression of specific aspects
of senescence-associated gene expression changed throughout the particular data they analyzed; in
the early stages of reprogramming (~day 11-15) senescence-associated gene expression increased,
before decreasing at later stages of reprogramming. Yang et al. found that human fibroblasts induced
into replicative senescence could be reprogrammed (Yang et al., 2023). While senescent fibroblasts
downregulate cell cycle genes, these genes were upregulated following four days of chemical- and
OSK-induced reprogramming. It is unclear to what extent these cells were cycling, or whether cells
induced into senescence via other stimuli like oncogene overexpression showcase similar patterns
following reprogramming treatments. It is worth highlighting that senescent cells are drivers of so-
called inflammaging (Balistreri et al., 2013), and one potential reason as to why inflammation
decreases following reprogramming is because senescent cells themselves may be reprogrammed.

Intriguingly, the secretory phenotype of senescent cells may facilitate the reprogramming
process, such as in an in vivo model of skeletal muscle injury (Chiche et al., 2017; Mosteiro et al.,
2016). Indeed, tissues lacking p16 expression are less susceptible to reprogramming, indicating that
senescent cells may be necessary for efficient reprogramming in some in vivo contexts (Mosteiro et
al.,, 2016). These results suggest that while senescence serves as a barrier to reprogramming at the
level of individual cells, the paracrine signaling from senescent cells, particularly through the SASP,
paradoxically facilitates reprogramming. This occurs despite the fact that SASP factors themselves
are also capable of inducing senescence (Acosta et al., 2008). Given that SASP factors IL6 and IL8
induce EMT transitions via paracrine signaling (Coppe et al., 2008), this may be a potential
mechanism by which senescent cells facilitate reprogramming (Mosteiro et al., 2018).

Overall, there does not appear to be a uniform effect on senescence biomarkers in partial
reprogramming. Sarkar et al. reprogrammed aged human endothelial cells and fibroblasts using a
cocktail of mRNAs including the Yamanaka factors, LIN28A, and NANOG (Sarkar et al., 2020). The
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authors found that transient expression of this cocktail led to a rapid and sustained reduction and
reversal of cellular age in human somatic cells, as indicated by transcriptomic, epigenetic, and cellular
biomarkers. However, while reprogrammed endothelial cells showcased a decrease in pro-
inflammatory SASP markers — coupled with decreased senescence-associated 3-galactosidase (SA 3-
gal) staining — aged fibroblasts did not. It is worth highlighting that the aged reprogrammed epithelial
cells were not explicitly senescent, but rather showcased a decrease in biomarkers typically associated
with senescence. Intriguingly, some studies suggest that early reprogramming stages are
reminiscent of senescence induction (based on p21 and pl6 expression, alongside SA (3-gal staining
and cell morphology) which nevertheless may act as a temporal barrier for reprogramming (Banito
etal., 2009). Overall, the effects of reprogramming on senescent cells is context dependent; it is unclear
to what extent reprogramming can reverse senescence phenotypes, what is the temporal dynamics
of this reversal, and to what extent this reversal is cell-type, treatment, or senescence pathway-
dependent. Finally, senescence itself is a heterogeneous process lacking a universal marker, and
different studies measure senescence induction and reversal using different combinations of
biomarkers (Avelar et al., 2020; Hernandez-Segura et al., 2017). As such, comparative analyses on the
effect of reprogramming on cellular senescence are themselves hindered by the heterogeneous nature
of CS.

2.3.3. Autophagy and mTOR Pathways

mTOR is a known repressor of autophagy and is implicated in aging (Carosi et al., 2022). Across
various reprogramming studies, autophagy appears to increase, and some mTOR pathways are
downregulated (Mitchell et al., 2024). For example, Sarkar et al. report an increase in autophagosomes
following chemical reprogramming in human fibroblasts and endothelial cells, which they speculate
is because reprogramming promotes clearance of degraded biomolecules (Sarkar et al.,, 2020).
Chondronasiou et al. also reported a decrease in mTOR signaling following OSKM treatment in in
vivo pancreas (Chondronasiou et al., 2022a).

2.3.4. DNA Repair

DNA repair is downregulated in aging and this downregulation can be counteracted by
reprogramming in vivo (Chondronasiou et al., 2022a). A recent study showed that in vivo partial
reprogramming of progeroid mice with an Erccl mutation — involved in DNA repair — resulted in
upregulation of DNA repair processes and reversion of DNA damage (Paine et al., 2023). In this
study, immunofluorescence staining of YH2AX also decreased, while nuclear area increased — both
indicative of DNA damage — and these phenotypes were reversed following reprogramming. Other
studies have also found significant increases in DNA repair pathways following reprogramming
(Chondronasiou et al., 2022a). It is worth highlighting that this is not a universal effect though.
Indeed, Mitchell et al. found via proteomics that in vitro 7c chemical reprogramming treatment in
aged mouse skin fibroblasts downregulated the DNA repair and base excision repair REACTOME
pathways, while reprogramming with 2c chemical reprogramming did not significantly increase the
expression of genes linked with these pathways (Mitchell et al.,, 2024). It makes sense that the
upregulation of DNA repair depends on the amount of DNA damage already featured by the cells
undergoing reprogramming, and on the amount of DNA damage induced by the reprogramming
factors, specifically due to the forced induction of the cell-cycle.

2.4. Metabolic Changes

Metabolism changes with age, and mitochondrial dysfunction is a hallmark of aging (Lopez-
Otin et al., 2013). Various studies have reported changes to mitochondrial function and energetics
pathways (see ‘Energetics’ in Figure 1), alongside other metabolic changes following various partial
reprogramming protocols.
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2.4.1. Mitochondrial Function and Energetic Pathways

Various energetic and mitochondrial pathways including fatty acid oxidation, tricarboxylic acid
cycle, and oxidative phosphorylation (OXPHOS) have been shown to be downregulated with age
and upregulated with reprogramming (Chondronasiou et al., 2022a; Mitchell et al., 2024; Roux et al.,
2022). In particular, upregulation of OXPHOS pathways is commonly reported in reprogramming,
including in vitro in skin fibroblasts and adipose stem cells (Liuyang et al., 2023; Mitchell et al., 2024;
Roux et al., 2022) and in vivo in skin (Browder et al., 2022), by chemical and by TF-based
reprogramming. Furthermore, Liuyang et al. showed that inhibition of OXPHOS inhibits
proliferation in reprogramming, alongside subsequent formation of iPSCs, suggesting OXPHOS is
necessary for reprogramming in this context (Liuyang et al, 2023). Various mitochondrial
characteristics are rejuvenated by reprogramming, including increases in the activity and/or
abundance of OXPHOS complexes, mitochondrial size, spare respiratory capacity, mitochondrial
membrane potential, Oz consumption, and decreases in mitochondrial ROS and proton leakage
(Liuyang et al., 2023; Mitchell et al., 2024; Sarkar et al., 2020).

Reprogramming is an energetically consumptive process, and rejuvenated cells may also require
more energy to function. For instance, Cheng et al. discovered that short-term partial reprogramming
activates an energy switch essential for cytoskeletal reorganization in nucleus pulposus cells (Cheng
et al., 2022). Inhibition of glycolysis with 3-Bromopyruvic acid — an inhibitor of the rate-limiting
glycolysis enzyme HK2 - led to disorganized cytoskeletal structures, increased SA [3-gal staining, and
higher expression of age-related stress response genes following reprogramming. Indeed, energetic
pathways, including the TCA cycle, glycolysis, and lipid metabolism are consistently upregulated in
reprogramming studies (Browder et al., 2022; Chen et al., 2021; Francesconi et al., 2019; Mitchell et
al., 2024; Roux et al., 2022). On the other hand, metabolic processes associated with fat and lipid
metabolism have also been shown to downregulate in vivo following reprogramming in some
tissues, including in liver, muscle, and heart (Chen et al., 2021; Hishida et al., 2022; Wang et al., 2021).
Furthermore, inhibition of glycolysis still allows for formation of iPSCs, suggesting that this pathway
is dispensable for reprogramming in some contexts (Liuyang et al., 2023).

2.4.2. Metabolic Changes

Various other metabolic changes are reported in reprogrammed cells. From a metabolic panel of
mouse serum from old mice before and one week after reprogramming, Chondronasiou et al. found
that 4-hydroxyproline and trimethyl-lysine were downregulated with age and rescued following
reprogramming, while indole-3-propionic acid was upregulated in aging and reversed following
reprogramming (Chondronasiou et al., 2022a). Indeed, studies show a general change in amino acid
metabolism although there is no clear trend. For example, Hishida et al. identified downregulation
of amino acid metabolism in liver — this was coupled with upregulation of alanine aminotransferase
and aspartate aminotransferase, two enzymes involved in amino acid catabolism, alongside a
significant decrease in total protein levels (Hishida et al., 2022). On the other hand, Yang et al found
upregulation of amino acid metabolism in both aged and reprogrammed senescent fibroblasts (Yang
et al.,, 2023). Ultimately, a more systematic approach is necessary to understand whether uniform
metabolic changes exist in reprogramming, or to what extent reprogramming-associated metabolic
changes are cell-type, treatment-, or species-specific.

2.5. Similarities between Partial Reprogramming and Aging

Some studies have found similarities in aging and reprogramming, such as the aforementioned
increase in inflammation in mouse brain following whole-body reprogramming (Xu et al., 2024).
Furthermore, Roux et al. reprogrammed murine adipogenic stem cells using OSKM and found that
‘oxidation phosphorylation” and ‘mTOR signaling’ gene sets were upregulated in both aging and
reprogramming (Roux et al., 2022). Francesconi et al. and Mitchell et al. also found that mTORc1
signaling was upregulated following reprogramming, although in the latter study, reprogrammed
fibroblasts also showcased downregulation of the ‘PI3K AKT mTOR signaling’” pathway, suggesting
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either negative feedback or that only some aspects of the mTOR signaling pathway are upregulated
in reprogramming (Francesconi et al., 2019; Mitchell et al., 2024). Finally, Kriukov et al made similar
observations, showing that aging clocks predicted that old liver samples reprogrammed in vivo were
either of the same age or even significantly older than aged controls, although this may be an issue
with aging clocks themselves (Kriukov et al., 2024).

Telomere length — a hallmark of aging and driver of cellular senescence (Lopez-Otin et al., 2023;
Meena et al., 2015) — is not rejuvenated until the SP stage of reprogramming, and multiple studies
find that partially reprogrammed cells either do not show increases in telomere length or showcase
slight but statistically significant decreases in length, potentially due to reprogramming-associated
stress or increases in cellular proliferation (Gill et al., 2022; Sarkar et al., 2020; Shimamoto et al., 2015).

Concluding Remarks

Ultimately, until we achieve a more robust understanding of aging at the molecular level — and
identify much more reliable biomarkers of biological age — the extent to which reprogramming can
reverse aging will remain unclear. The effects and potential side effects of reprogramming are
context-dependent, varying with the specifics of the reprogramming protocol (such as duration) and
the characteristics of the target, including species and tissue or cell types involved. Nonetheless,
reprogramming holds significant promise in reversing various biomarkers of aging. Therefore,
further research is crucial to unravel the mechanisms that can enhance the safety and efficacy of
partial reprogramming protocols.
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