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ABSTRACT
Cell plasticity enables the dynamic changes in cell identities necessary for normal development and tissue repair. Induced
cell reprogramming, which leverages this plasticity, holds great promise for regenerative medicine and personalized therapies.
However, the success of cell reprogramming is often impeded by various molecular barriers, such as epigenetic marks, cell
senescence, and the activation of alternative or refractory routes. In this review, we examine the cell reprogramming events
that occur within or between germ layers and adult stem cell lineages and propose that the overall similarity in the pre-existing
chromatin accessibility landscape is a major determinant of reprogramming efficiency from one cell type to another. A better
understanding of the regulation and control of chromatin accessibility should facilitate the development of new methods and
strategies to improve cell reprogramming efficiency and advance translational research.

1 Introduction

In 1962, John B. Gurdon [1] demonstrated a groundbreaking
concept by showing that differentiated intestinal nuclei from
frogs could,when inserted into nuclei-deprived frog egg cells, give
rise to normal frogs. This pivotal discovery revealed that the DNA
in differentiated cells retains the complete genetic information
required to develop into various tissue types, underscoring the
concept that cell fate is not irrevocably fixed. More than four
decades after Gurdon’s pioneering work, Shinya Yamanaka and
his team introduced four specific genes—Oct4, Sox2, Klf4, and
c-Myc (collectively known as OSKM or “Yamanaka factors”)—
into adult mouse cells (embryonic fibroblasts and adult tail
fibroblasts) using retroviral vectors. This intervention success-

fully reprogrammed these cells into a pluripotent state similar
to that of mouse embryonic stem cells, thus creating induced
pluripotent stem cells (iPSCs) [2]. Together, these discoveries
highlight the fundamental concept of cell plasticity, the ability of
cells to change their properties and differentiation states.

Cell plasticity is essential for normal development, tissue regen-
eration, and homeostasis. The multipotent tissue stem cells play
important roles in maintaining tissue homeostasis and regenera-
tion [3–5]. The intrinsically high plasticity in certain specialized
cells also allows them to contribute to the maintenance of
tissue integrity, especially following damage. For example, after
liver injury or partial hepatectomy, bile duct epithelial cells can
proliferate and reprogram to replace lost hepatic cells, facilitating
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liver regeneration and restoring liver function [6, 7]. Similarly,
when intestinal stem cells (ISCs) are compromised by pathogen
infection, differentiated intestinal cells such as enterocytes (ECs)
or enteroendocrine cells (EECs) can dedifferentiate to replenish
the ISC pool [8–10].

To date, a wide range of successful cell fate manipulations,
including the generation of iPSCs from various starting cells and
direct transdifferentiation between distinct specialized cell types
[11], have been achieved through the use of endogenous factors
[1, 2] or exogenous chemical compounds [12, 13]. Cell repro-
gramming holds significant promise for clinical applications,
particularly by utilizing patient-derived cells for therapeutic
purposes, which may reduce organ transplantation-related chal-
lenges such as immune rejection or donor scarcity [14]. Despite
the promise of directed cell reprogramming, the field faces
unresolved challenges, including issues with delivery efficiency,
incomplete reprogramming, and the risk of tumor formation due
to sustained ectopic expression [2]. Addressing these challenges is
essential for advancing the clinical translation of reprogramming
technologies.

Over the past few decades, extensive research has identified
various barriers to cell reprogramming, including cellular and
molecular constraints [15–17], structural limitations (e.g., extra-
cellular matrix composition) [18, 19], cell–cell communication
dynamics [20], and signaling pathways [21]. Based on a recent
finding from our group, along with the literature overview, here
we propose that the similarity in chromatin accessibility land-
scapes, which is usually predictable based on the phylogenetic
relationship between the original cell type and the target cell type,
may serve as a major determinant of reprogramming efficiency.

2 Similarity in Chromatin Accessibility
Landscape: A Major Determinant in
Reprogramming Efficiency

2.1 Drosophila Study Reveals Robust Cell
Identity Plasticity Between Specialized Cells Within
a Common Stem Cell Lineage

Due to the advantage in genetic manipulation and conservation
of regulatory mechanisms, theDrosophilamidgut epithelium has
become an attractive experimental system to study stem cell self-
renewal and cell lineage differentiation [22, 23]. The renewal of
the midgut epithelium is maintained by ISCs, which periodically
generate committed progenitor cells, which then further differen-
tiate into either ECs or EECs [24, 25].We have recently shown that
these intestinal epithelial cells—including ISCs, ECs, andEECs—
exhibit a high degree of cell plasticity. Depletion of a single
transcription factor (TF) named Tramtrack induces direct repro-
gramming of ECs into EEC identity, while depletion of the EEC
fate regulator Prospero induces dedifferentiation of EECs into
ISC identity, with a reprogramming efficiency of approximately
20% and 30%, respectively [26]. Further chromatin accessibility
analysis by ATAC-seq suggests that this high interswitchable
ability in cell identity may be due to a very similar chromatin
accessibility landscape among cells within this stem cell lineage,
including a very similar chromatin accessibility on gene loci of
TFs that determine cell identity of these cells. The highly similar

pre-existing chromatin accessibility landscape may provide an
amenable chromatin environment allowing rapid transcriptome
switch from one cell type to another cell type (Figure 1A).

In the mammalian intestinal epithelium, progenitor cells of
absorptive and secretory cell types also exhibit a broadly
permissive and highly similar chromatin landscape [27, 28],
enabling them to be inter-switchable. In the absence of the
secretory cell fate-specific regulator Atoh1, secretory cells transit
into an absorptive cell fate [27], while depleting HNF4α and
HNF4γsimultaneously in ECs induces them to adopt a secretory
cell program [29]. The similarity in chromatin accessibility
landscape may also explain why, following damage to ISCs,
both absorptive and secretory progenitor cells can undergo
dedifferentiation to replenish new ISCs [30].

It is found that various primitive endodermal cells—including
pancreatic exocrine cells, hepatocytes, and gastrointestinal
cells—can be transdifferentiated into β cells by overexpressing
the TFs Pdx1,Ngn3, andMafA [31–33]. In comparison, pancreatic
α cells have a higher transdifferentiation efficiency, as these
cells have a close lineage relationship with β cells and exhibit
higher similarity in chromatin accessibility. Not surprisingly,
α-to-β cell transdifferentiation can be efficiently achieved by
downregulating Arx or upregulating Pax4 (which inhibits Arx
expression) [34–36].

These observations support the hypothesis that different types of
cells in closely related cell lineagesmight exhibit a higher propen-
sity for spontaneous or manipulated transdifferentiation events,
compared to cells from distantly related lineages, possibly due
to the similarity in chromatin accessibility that allows efficient
transcription program switching without the need of exten-
sive interventions (Figure 1A). In contrast, transdifferentiation
between cells from distantly related lineagesmay require external
factors to overcome the inherent chromatin and epigenetic
barriers that distinguish these lineages, thusmay compromise the
reprogramming efficiency (Figure 1B).

2.2 Chromatin Accessibility Changes During
Development Correlate With Lineage Restriction

Thus, it appears that cell identity plasticity is closely related to the
cell lineage relationships during development. In multi-cellular
organisms, fertilization signifies the beginning of life, with the
subsequent cleavage stages marking the onset of development.
Cell identity, which emerges during subsequent differentiation
processes, is controlled by TFs. These TFs work in concert with
coregulators, chromatin modifiers, and signaling pathways to
precisely guide cell fate decisions and regulate gene expression
for cell identity establishment [37, 38]. A continuous coordina-
tion occurs between chromatin structure and gene expression
patterns as cells develop into specialized cell identities. As a
result, chromatin accessibility becomesmore restricted as lineage
specification continues [39].

Cell reprogramming, however, involves rewiring the chromatin
landscape. This involves the silencing of chromatin regions asso-
ciatedwith the original cell identity and the opening of chromatin
regions associated with the target cell identity. This coordinated
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FIGURE 1 The impact of pre-existing chromatin accessibility landscape on cell reprogramming efficiency. Cell reprogramming within a common
stem cell lineage. Cells sharing a similar pre-existing chromatin landscape enable efficient lineage conversion through the induction of master
transcription factors (TFs). Chromatin openness is depicted by color andwave amplitude: red with tall waves indicates high accessibility, while blue with
short waves indicates low accessibility. (B) Cell reprogramming across distant cell lineages. When reprogramming involves cells from distantly related
lineages, the pre-existing chromatin landscape is often highly condensed due to accumulated epigenetic modifications (e.g., histone deacetylation or
DNA methylation). These modifications impose a major barrier to reprogramming. To overcome this, the epigenetic marks must first be erased to reset
the chromatin to an initial,more open state. Subsequently, pioneer factors (e.g., Oct4, Sox2) and lineage-specific TFs (e.g., TFA)work together to remodel
the chromatin landscape, enabling the activation of target genes and successful lineage conversion. Hexagons represent the epigenetic modifications.

shift in chromatin states underlies the overall transcriptional
transition between the two cell types during reprogramming [40].
Thus, the feasibility of rewiring the chromatin landscape between
the original and target cells may represent a major barrier to cell
reprogramming efficiency.

2.3 Comparative Analysis of Intra- Versus
Intergerm Layer Reprogramming Efficiency

To further evaluate the hypothesis raised above—that similarity
in chromatin accessibility landscape determines the reprogram-
ming efficiency, here we summarize some representative dedif-
ferentiation and transdifferentiation events reported in the past
(Table 1). It can be observed that cells within the same germ

layer, particularly within the same adult stem cell lineage, tend
to exhibit a higher propensity for transdifferentiation (higher
than 10%) compared to cells across germ layers (mostly lower
than 10%). For instance, the efficiency of converting fibroblasts
(derived from mesoderm) into neurons [41] (derived from ecto-
derm) or hepatocytes [42] (derived from endoderm) is typically
under 10% [2]. In contrast, transdifferentiation within the same
germ layer—such as reprogramming pancreatic exocrine cells to
β cells—can reach efficiencies of up to 25% [31]. Similarly, using
cardiac reprogramming factors Gata4, Mef2c, and Tbx5 (GMT),
the in vivo reprogramming efficiency of cardiac fibroblasts into
cardiac cells is approximately 10%–15% [43].

These observations collectively highlight the importance of
assessing the similarity of the pre-existing chromatin accessibility
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TABLE 1 Comparison of cell reprogramming efficiency in iPSC reprogramming and direct cell reprogramming events.

Induced pluripotent stem cell reprogramming

Organism Starting cell type Target cell type
Reprogramming

factor
Delivery
method

Reprogramming
efficiency Reference

Murine Fibroblasts iPSC OSKM Retrovirus 0.001%–0.5% [2, 44, 45]
Murine Hematopoietic and

nonhematopoietic cells
iPSC OSKM Retrovirus 6.5% [46]

Murine Mature B lymphocytes iPSC OSKM Retrovirus 3.3% [47]
Murine Hepatocytes and gastric

epithelial cells
iPSC OSKM Retrovirus 0.1%–0.5% [48]

Murine Pancreatic β cells iPSC OSKM Lentivirus 0.1%–0.2% [49]
Murine Fibroblasts iPSC OSKM

OSKM and p16 deletion
AAV 0.05%

0.14%
[50]

Murine Fibroblasts iPSC OSKM and Dppa2/4OE AAV ∼32% [51]
Murine Fibroblasts iPSC OSKM and Ink4a/Arf

deletion
Retrovirus ∼8% [52]

Murine Fibroblasts iPSC OSK and p53 deletion Retrovirus 3%–20% [53, 54]

Direct cell reprogramming (transdifferentiation)—across germ layers

Organism Starting cell type Target cell type
Reprogramming

factor
Delivery
method

Reprogramming
efficiency Reference

Murine Fibroblasts (mesoderm) Induced neuronal (iN)
cells (ectoderm)

Ascl1, Brn2, and Myt1l Lentivirus 1.8%–19.5% [41]

Human Fibroblasts (mesoderm) iN cells (ectoderm) Ascl1, Brn2, and Myt1l AAV 0.4%–5.9% [55]
Murine Hepatocytes (endoderm) iN cells (ectoderm) Ascl1, Brn2, and Myt1l Lentivirus ∼6% [56]
Murine Fibroblasts (mesoderm) GABAergic INs

(ectoderm)
Foxg1, Sox2, Ascl1,
Dlx5, and Lhx6

Lentivirus ∼12% [57]

Murine Fibroblasts (mesoderm) Hepatocytes
(endoderm)

Hnf4α plus Foxa1,
Foxa2 or Foxa3

Retrovirus 30%–40% [42]

Murine Fibroblasts (mesoderm) Endothelial cells
(endoderm)

Foxo1, Er71, Klf2, Tal1,
and Lmo2

Lentivirus 4% [58]

Murine Fibroblasts (mesoderm) Hepatic stem cells
(endoderm)

Hnf1β and Foxa3 Lentivirus 0.4% ± 0.082% [59]

Murine Fibroblasts (mesoderm) Hepatocyte-like cells
(endoderm)

Gata4, Hnf1α and
Foxa3, and p19Arf

deletion

Lentivirus 23% [60]

Human Fibroblasts (mesoderm) Hepatocyte-like cells
(endoderm)

ATF5, PROX1, FOXA2,
FOXA3, and HNF4A

Lentivirus 22%–27% [61]

Direct cell reprogramming (transdifferentiation)—within germ layer

Organism Starting cell type Target cell type
Reprogramming

factor
Delivery
method

Reprogramming
efficiency Reference

Murine Astrocytes Neuronal cells Ascl1, Bcl2 Retrovirus ∼40% [62]
Murine Astrocytes Neuronal cells Ascl1 AAV 30%–40% (P12–P15);

10%–20% (P60)
[63]

Murine Astrocytes Proliferative
neuroblasts

Sox2 Retrovirus 23.2% ± 5.3% [64, 65]

Murine Cardiac fibroblasts Cardiomyocytes GMT Retrovirus 10%–15% [43]
Murine Cardiac fibroblasts Cardiomyocytes GMT Retrovirus 25% [66]
Murine Cardiac fibroblasts Cardiomyocytes GMT and Ybx1

depletion
Lentivirus 40% [67]

(Continues)
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TABLE 1 (Continued)

Direct cell reprogramming (transdifferentiation)—within germ layer

Organism Starting cell type Target cell type
Reprogramming

factor
Delivery
method

Reprogramming
efficiency Reference

Human Cardiac fibroblasts Cardiomyocytes GMT +miR-133 Retrovirus 40%–60% [68]
Murine Cardiac fibroblasts Cardiomyocytes miRNAs: 1, 133, 208,

and 499
AAV 12% [69]

Murine Pancreatic exocrine cells Pancreatic β cells Ngn3, Pdx1, and Mafa AAV 25% [31]
Murine Gastrointestinal Pancreatic β cells Ngn3, Pdx1, and Mafa AAV 14.6%–41.5% [70]
Murine Cardiac fibroblasts Endothelial cells Sox7 and Erg Retrovirus 22.5% [71]

Drosophila
Enterocyte Enteroendocrine cell Depletion of Ttk69 and

Dpn
RNAi 65.3% ± 7.1% [26]

landscape to determine the starting cells for the induction of
the required functional cells. With the development of methods
for chromatin accessibility analysis and comparative analysis
tools for different cell types, here we propose that cells with
a similar chromatin accessibility landscape may become strong
candidates to be selected as the starting cells for in vitro or in vivo
transdifferentiation to achieve high efficiency.

3 Modulating Chromatin Accessibility to
Improve Cell Reprogramming Efficiency

Cell reprogramming efficiency is affected not only by the phy-
logenetic relationship between the starting and target cell types
but also by the cellular state of individual cells. Variations in
reprogramming efficiency arise from factors, such as the specific
factors or cocktails used, the age, and cell cycle state of the cell.

3.1 Transcription Factors Orchestrate
Chromatin Accessibility to Facilitate
Transcriptional Remodeling

During cell reprogramming, chromatin undergoes dynamic tem-
poral changes, transitioning from a closed to an open state to
enable transcriptional activation. These epigenetic changes are
tightly regulated and exhibit distinct phases, with cells that fail
to reprogram often retaining their original chromatin state [72].
At the core of this process are pioneer factors, which play a
pivotal role in initiating chromatin remodeling by binding to
closed chromatin regions and triggering local chromatin opening.
For instance, Oct4 and Sox2 are among the first factors to
bind and destabilize nucleosomes, creating accessible regions
for subsequent transcriptional machinery [72–74]. This initial
remodeling is further enhanced by the recruitment of additional
factors like Klf4 and Myc, which stabilize the open chromatin
state and activate target genes essential for reprogramming
[75]. Importantly, the binding of these factors is guided by the
topological features of chromatin, with nucleosome positioning
and histone modifications serving as critical “signposts” that
direct the coordinated recruitment of TFs [76]. Together, these
mechanisms highlight the intricate, phase-specific regulation of
chromatin accessibility during reprogramming.

Pioneer factors are uniquely equipped to drive cell fate transitions
due to their ability to recognize and bind condensed chromatin,
even in the absence of prior epigenetic marks. This capability
allows them to initiate widespread chromatin remodeling, which
is essential for enabling the binding of additional regulatory fac-
tors and activating lineage-specific gene expression [77–81]. For
example, during OSKM-induced reprogramming,Oct4, Sox2, and
Klf4 collaborate to activate distal enhancers critical for pluripo-
tency, while c-Myc primarily amplifies transcriptional activity
rather than initiating chromatin opening [82, 83]. Beyondpluripo-
tency, pioneer factors, such as Pax7 in muscle stem cells [84]
and FoxA in fibroblast-to-hepatocyte transdifferentiation, have
been shown to have a conserved role in promoting chromatin
decondensation and facilitating fate transitions across diverse
biological contexts [60, 61, 85]. These examples underscore the
universal importance of pioneer factors in overcoming epigenetic
barriers to cell fate changes.

Functionally, TFs can either act as barriers or facilitators of repro-
gramming. For example, a set of TFs, including ATF7IP, JUNB,
SP7, and ZNF207 (AJSZ) has been identified to maintain the
differentiated cell state by modulating the chromatin landscape,
and depleting their expression can increase chromatin accessibil-
ity, thereby promoting reprogramming [86]. Similarly, our recent
study showed that knocking down the master TF governing the
origin cell identity promotes EC-to-EEC transdifferentiation in
the Drosophila intestine [26]. In the context of GMT-mediated
direct cardiac reprogramming, Ybx1maintains a repressive chro-
matin state that prevents the fibroblasts from fully acquiring
a cardiomyocyte fate [67]. Knocking down Ybx1 alleviates this
repressive state, allowing the chromatin to become permissive
for the reprogramming process [67]. Thus, understanding the
regulatory mechanisms controlling lineage specification and cell
identity maintenance could greatly aid the identification of key
pioneer factors that facilitate chromatin remodeling and promote
an efficient reprogramming process.

3.2 Persistent Epigenetic Modifications as
Reprogramming Barriers

Changes in the chromatin accessibility landscape are regulated
by a variety of epigenetic modification processes, including
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chromatin remodeling, histone modifications, and DNA methy-
lation. Persistent epigenetic modifications accumulated after
mature cell specification restrict chromatin accessibility of other
cell identity gene loci while depleting these suppressive epige-
netic landmarks may facilitate reopening chromatin of target cell
identity genes and enhance reprogramming efficiency. Indeed, in
our study of the EC-to-EEC transdifferentiation inDrosophila, we
performed a genetic screen to identify gene barriers to the trans-
differentiation process and found that simultaneous knockdown
of genes encoding the nucleosome remodeling and deacetylase
(NuRD) complex components, MEP-1 and Mi-2, enhances the
efficiency of the EC to EEC cell fate transition [26]. Similarly,
DNAmethylation often correlates with reduced chromatin acces-
sibility and the maintenance of cell identity, resulting in a loss
of cell plasticity [87]. This suggests that epigenetic modification
status may pose a barrier to reprogramming in individual cells.

Studies have shown that cell reprogramming efficiency can be
improved by erasing the repressive chromatin modifications.
For example, a study using single-cell transcriptomic analysis
reveals that epigenetic regulation, including the modulation of
chromatin structure, DNA methylation patterns, and the use
of epigenetic modifiers, can improve the efficiency of human
cardiac reprogramming [68]. The expression of JMJD3 and UTX,
the H3K27me3 demethylases, is higher in ESCs than in MEFs
and increases during cell reprogramming [88]. Overexpression
of histone demethylases can improve reprogramming efficiency
[89–91]. Additionally, in quiescent liver cells, the silencing of
proliferation-associated genes by H3K27me3 is reversed during
liver regeneration, promoting rapid gene activation and enhanc-
ing regenerative capacity [92]. Moreover, loss of Arid1a disrupts
the SWI/SNF chromatin remodeling complex, resulting in sig-
nificant changes in chromatin accessibility, thereby inhibiting
the binding of cell fate-specific TFs and promoting cell fate
transitions [93].

These findings collectively suggest that chromatin modifications
thatmaintain cell identity—such as repressive histonemarks and
DNAmethylation—pose significant obstacles to reprogramming.
Effective cell reprogramming requires the removal of these modi-
fications, enabling the chromatin to adopt amore permissive state
and facilitating the establishment of new cell fates. In addition
to the nontargeted epigenetic modification by modulating the
expression of pioneer factors or epigenetic regulators, the recently
developed CRISPR-based epigenetic editing technology offers a
more precise approach. By utilizing a “dead”Cas9 protein (dCas9)
fused with an epigenetic effector domain, this method enables
precise tuning of the epigenetic states at specific target regions.
This strategy allows for greater control over chromatin landscape
remodeling and may significantly enhance the efficiency and
directionality of cell reprogramming [94–96].

3.3 Cell Senescence as a Reprogramming Barrier

Cell senescence, a state of permanent cell cycle arrest induced
by stress or damage, poses significant challenges to epigenetic
reprogramming. Unlike organismal aging, which refers to the
gradual decline of physiological function over time, cell senes-
cence is a cellular response that can occur at any stage of life.
Persistent epigenetic modifications can be inherited through

cell division, enabling progeny cells to maintain stable expres-
sion profiles in response to external stimuli—a phenomenon
known as epigenetic memory [97–99]. As cells mature, undergo
endoreplication, or enter senescence, this epigenetic memory
consolidates. Importantly, the accumulation of senescent cells
increases with organismal aging, creating a link between cell
senescence and the aging process [100]. Consequently, young
or newly differentiated cells, which have not yet undergone
significant senescence, exhibit higher plasticity and are more
amenable to being reprogrammed. Consistent with this notion,
our study in the Drosophilamidgut observed that cell plasticity is
relatively high in young or newly differentiated ECs but declines
rapidly with age [26]. Knocking down E2F1, a TF essential for
driving EC endoreplication, significantly enhances the transdif-
ferentiation efficiency from EC-to-EEC [26]. A similar trend has
been observed in astrocyte-to-neuron transdifferentiation, where
young mice show higher reprogramming efficiency than older
ones [63], underscoring the critical role of aging or cell senescence
in determining cell plasticity and reprogramming potential.

Senescent cells undergo significant changes in chromatin struc-
ture, including the formation of heterochromatin, histone mod-
ifications, and activation of the DNA damage response [101].
These epigenetic alterations are distinct from the gradual epi-
genetic drift observed during organismal aging, which involves
more widespread and stochastic changes in the epigenome.
Targeting senescence-associated chromatin changes has emerged
as a promising therapeutic strategy, particularly in the context
of aging-related diseases. Recent advancements in senolytics
and senomorphics have opened new avenues for mitigating the
detrimental effects of cell senescence [102, 103]. Both approaches
may exert their effects by remodeling the epigenetic landscape
of senescent chromatin, thereby reducing the expression of
proinflammatory genes, restoring a healthier chromatin state,
and facilitating the elimination of proinflammatory or growth-
inhibitory factors.

3.4 Alternative or Refractory Route as a
Reprogramming Barrier

Cell reprogramming is a heterogeneous and unsynchronized pro-
cess that is not strictly unidirectional. While pioneer factors open
chromatin and enable TFs of the target cell identity to bind to
their target loci, other TFs—such as gatekeeper TFs of the original
cell identity or mis-expressed master TFs of other lineages—can
also bind to the poised chromatin. This competition often leads
to refractory routes (reversion to the original state) or alternative
fates, significantly compromising reprogramming efficiency. We
also observed such fate conflict in our Drosophila model, deple-
tion of Ttk69 not only activated the EEC master TF Prospero
but also turned on Dpn and other neuronal identity factors, and
the failed EC-to-EEC transformation attributes to activation of
these factors and redirecting into reprogramming of neuronal
lineages [26, 104]. Similarly, in Ascl1-overexpression induced
fibroblast-to-neuron reprogramming [105], a significant portion
of reprogrammed cells adopted a myocyte-like signature. In
fibroblast to cardiac reprogrammingmediated byGMT, cells often
deviated into vasculature-like lineages or reverted to fibroblasts
[68, 106]. Collectively, these observations highlight the prevalence
of alternative and refractory routes during reprogramming.
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FIGURE 2 Molecular barriers and regulators of cell reprogramming. This diagram summarizes the four key factors that influence the efficiency
of cell reprogramming described in this review: Pioneer factors or cell fate regulators: Key transcription factors (TFs) that initiate chromatin remodeling
and activate lineage-specific gene expression. Epigenetic memory: Persistent epigenetic modifications (e.g., DNA methylation, histone modifications)
that maintain the original cell identity and impede reprogramming. Alternative or refractory routes: Mis-expression of lineage-specific TFs or activation
of conflicting pathways that divert cells toward undesired fates. Senescence: Age-related changes in chromatin structure and gene expression that reduce
cellular plasticity and reprogramming efficiency. Strategies to address these barriers include:Enhancing pioneer factor activity: Optimizing the expression
or function of pioneer factors to initiate chromatin opening. Erasing epigenetic memory: Using small molecules or CRISPR-based tools to remove
repressive epigenetic marks. Suppressing alternative routes: Depleting mis-expressed TFs or inhibiting conflicting pathways to redirect cells toward the
desired fate. Reversing senescence: Applying senolytics or senomorphics to restore chromatin accessibility and cellular plasticity. This figure was created
with BioRender.com.

Conversely, suppressing these alternative or refractory routes can
significantly enhance reprogramming efficiency. As we observed
in the Drosophila model, depleting the mis-expressed TF Dpn
upon Ttk69 loss arrested the conflicting neuronal route and
significantly increased the efficiency of reprogramming toward
the intended EEC lineage [26]. These findings underscore the
importance of identifying key modulators that drive alternative
or refractory routes and developing strategies to suppress them.
By revealing the different trajectories during reprogramming and
targeting these conflicting pathways, we can achievemore precise
and efficient cell fate conversion.

4 Conclusion and Future Perspective

Cell plasticity is essential for development, regeneration, and cel-
lular adaptation, yet reprogramming efficiency remains limited
by epigenetic barriers, cell senescence, and the activation of alter-
native or refractory routes (Figure 2). Our review emphasizes the
importance of pre-existing chromatin accessibility landscapes in
determining reprogramming outcomes and proposes the need to
manipulate these landscapes to overcome molecular challenges.
Key strategies include identifying universal regulators such as
pioneer factors and master TFs that drive chromatin remodeling
across diverse cell types, as well as erasing epigenetic memory

(e.g., via H3K9me3 erasers in primate cloning [107–109]) to reset
chromatin states for precise fate conversion (Figure 1B).

The integration of cutting-edge technologies, such as single-
cell multi-omics and spatial omics, has begun to revolutionize
our ability to dissect cellular heterogeneity and resolve conflict-
ing trajectories. For instance, single-cell RNA-seq (scRNA-seq)
combined with ATAC-seq (scATAC-seq) enables comprehensive
mapping of gene expression and chromatin dynamics during
reprogramming [110], while spatial omics delineates microenvi-
ronmental cues and cell-cell communication networks critical
for in vivo modeling [111, 112]. Trajectory analysis has fur-
ther identified refractory routes marked by AKR1C1 and FAP
expression, which can be suppressed by targeted inhibitors to
enhance lineage conversion [68]. Similarly, modulating Dnmt3a
level in acinar to β-cell reprogramming, co-expression of Brn2
andMyt1lwith Ascl1 in fibroblast-to-neuron reprogramming, and
overexpressing inflammatory cytokines in fibroblast-to-dendritic
cell (DC) reprogramming all orchestrate trajectories toward
successful reprogramming [105, 113, 114]. These tools, coupled
with computational modeling and machine learning, will predict
regulatory nodes and optimize reprogramming paths, paving the
way for efficient strategies.

Despite significant progress, many challenges remain to be
addressed. The molecular mechanisms by which age or cell
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senescence impacts chromatin accessibility are still poorly
understood and warrant further investigation. Additionally, the
dynamic interplay between epigenetic regulation, transcriptional
networks, and cell metabolism during reprogramming needs to
be elucidated to develop more efficient strategies. Ultimately,
advancing our understanding of the molecular mechanisms
underlying cell plasticity and reprogramming will not only
enhance basic research but also accelerate the translation of these
technologies into clinical applications. By addressing current
limitations and harnessing the power of emerging technologies,
we can unlock the full potential of cell reprogramming for
regenerative medicine and disease modeling.
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