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The generation of induced pluripotent stem cells (iPSCs) from differentiated somatic cells by Yamanaka
factors, including pioneer transcription factors (TFs), has greatly reshaped our traditional understanding
of cell plasticity and demonstrated the remarkable potential of pioneer TFs. In addition to iPSC
reprogramming, pioneer TFs are pivotal in direct reprogramming or transdifferentiation where somatic
cells are converted into different cell types without passing through a pluripotent state. Pioneer TFs
initiate a reprogramming process through chromatin opening, thereby establishing competence for new
gene regulatory programs. The action of pioneer TFs is both influenced by and exerts influence on
epigenetic regulation. Despite significant advances, many direct reprogramming processes remain
inefficient, which limits their reliability for clinical applications. In this review, we discuss the molecular
mechanisms underlying pioneer TF-driven reprogramming, with a focus on their interactions with
epigenetic modifiers, including Polycomb repressive complexes (PRCs), nucleosome remodeling and
deacetylase (NuRD) complexes, and the DNA methylation machinery. A deeper understanding of the
dynamic interplay between pioneer TFs and epigenetic modifiers will be essential for advancing
reprogramming technologies and unlocking their full clinical potential.

© 2024 The Author(s). Published by Elsevier BV on behalf of The Japanese Society for Regenerative
Medicine. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
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1. Introduction

The ability to reprogram somatic cells into iPSCs through the
forced expression of the Yamanaka factors, OCT4, SOX2, KLF4, and
MYC (OSKM), has transformed the fields of cell and developmental
biology [1,2]. This breakthrough not only revealed the plasticity of
differentiated cells but also demonstrated the remarkable capacity
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of transcription factors (TFs) to reset cell fate. Notably, reprog-
ramming is not limited to iPSC generation. Direct reprogramming,
or transdifferentiation, where one somatic cell type is converted
into another without transitioning through a pluripotent inter-
mediate, has emerged as a powerful strategy for generating func-
tional cell types for clinical applications. The core of both iPSC
generation and direct reprogramming are pioneer TFs. In the
context of iPSC generation, three of the Yamanaka factors, OCT4,
SOX2, and KLF4, are classified as pioneer TFs [3,4]. Pioneer TFs are
characterized by their unique ability to bind to inaccessible,
nucleosome-occupied DNA, thereby facilitating local chromatin
opening and recruiting additional transcription factors and co-
regulators [5]. This pioneering action enables them to establish
competence for new gene regulatory programs, demonstrating
their versatility in manipulating cell fate. The functions of pioneer
TFs are closely linked to epigenetic regulation, which governs
chromatin structure and accessibility. Epigenetic modifiers, such as
the Polycomb repressive complexes (PRCs), nucleosome remodel-
ing and deacetylase (NuRD) complexes, and DNA methylation
machinery, play critical roles in maintaining or modifying the
chromatin landscape during reprogramming. Pioneer TFs collabo-
rate with or counteract these epigenetic modifiers to unlock chro-
matin and drive new cell fates (Fig. 1).

In this review, we focus on the fundamental roles of pioneer TFs
and epigenetic regulation in cellular reprogramming and explore
their dynamic interactions. We discuss how they reshape the
chromatin landscape during the reprogramming processes, the
current limitations of our knowledge, and potential strategies to
enhance reprogramming efficiency and fidelity. By gaining a more
comprehensive understanding of how pioneer TFs and epigenetic
modifiers cooperate or compete, we aim to highlight new avenues
for optimizing reprogramming technologies, ultimately advancing
their clinical applications.
2. Pioneer transcription factors in cell reprogramming

Pioneer TFs have gained special attention for their ability to
overcome chromatin barriers and initiate new gene regulatory
programs in cell differentiation, induced pluripotency, and direct
reprogramming. These specialized factors represent a distinct
subset of TFs that possess the unique ability to access and bind to
DNA sequences embedded within closed chromatin [5]. Unlike
Fig. 1. Interplay between pioneer transcription factors (TFs) and epigenetic modifiers:
the Polycomb Repressive Complex (PRC), the Nucleosome Remodeling and Deacetylase
(NuRD) complex, and the Ten-Eleven Translocation (TET) methylcytosine dioxygenase.
Pioneer TFs can recruit specific epigenetic modifiers through cooperation with distinct
partner TFs. For example, the pioneer TF FOXA cooperates with PRDM1 TF to recruit
PRC1.
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conventional TFs, which rely on pre-existing chromatin accessi-
bility for binding, pioneer TFs can directly interact with nucleo-
somal DNA and induce local chromatin opening. This priming
function facilitates the recruitment of additional TFs and epigenetic
modifiers to initiate new gene regulatory programs.

The generation of iPSCs by Takahashi and Yamanaka in 2006
revolutionized the field of developmental biology and regenerative
medicine [1]. The reprogramming of somatic cells into iPSCs was
achieved by forced expression of four TFs e OCT4, SOX2, KLF4, and
MYC (OSKM) e collectively known as the “Yamanaka factors.”
Notably, three of these factors (OCT4, SOX2, and KLF4) are recog-
nized as pioneer TFs due to their ability to initiate the chromatin
changes necessary for reprogramming somatic cells to a pluripo-
tent state [3,4]. These pioneer TFs bind to both pluripotency genes
and non-pluripotency-related genes early in the reprogramming
process [3,6], possibly reflecting a stochastic nature to the initial
stages of iPSC reprogramming [7,8]. At the onset of reprogramming,
OSK TFs bind to active somatic gene enhancers and initiate their
silencing by redirecting somatic TFs away from these enhancers [6].
Moreover, these pioneer TFs work synergistically to overcome
chromatin barriers present in somatic cells and reactivate a plu-
ripotency program, initially through their own actions and later by
supporting other pluripotency TFs [3,6].

In direct reprogramming, one somatic cell type is converted
directly into another through the forced expression of lineage-
specific TFs. In various contexts, combinations of TFs, often
involving at least one pioneer TF, drive these transitions [5,9e11].
For instance, the pioneer TF Gata4, together with Mef2c and Tbx5,
reprograms fibroblasts into cardiomyocyte-like cells (iCMs) [12];
the pioneer TF Ascl1, in combinationwith Brn2 (Pou3f2) and Myt1l,
reprograms fibroblasts into functional neurons (iNs) [13]; and the
pioneer TFs Foxa and Gata4, along with Hnf4a/1a, reprogram fi-
broblasts into hepatocyte-like cells (iHeps) [14,15]. In these con-
versions, pioneer TFs act as “first responders” by accessing silent
genes within closed chromatin, which are specific to the desired
target cell type. For example, during neuronal reprogramming, the
pioneer TF Ascl1 binds to silent chromatin and facilitates subse-
quent binding of Brn2, which is involved in the later stages of cell
maturation [16]. Similarly, in hepatic reprogramming, Foxa func-
tions as a pioneer factor by binding closed chromatin and enabling
co-factors like Hnf4a to drive hepatocyte-specific gene expression
[17]. These hierarchical actions of TFs somewhat recapitulate the
normal developmental trajectory, underscoring the importance of
understanding normal cell differentiation mechanisms. Interest-
ingly, unlike the initial stochastic period followed by a determin-
istic phase observed in iPSC reprogramming [7,8], successful direct
reprogramming appears to be determined early in the direct con-
version process [18e21].

Traditionally, pioneer TFs were thought to control cell fate pri-
marily by promoting epigenetic and gene activation. However,
accumulating evidence reveals that pioneer TFs also play a critical
role in repressing alternative-lineage programs through coopera-
tion with epigenetic repressors [22]. To enhance the efficiency and
fidelity of reprogramming processes, it is essential to fully harness
the ability of pioneer TFs to reshape both the active and repressive
epigenetic landscapes. We further discuss the interplay between
pioneer TFs and epigenetic modifiers in the following sections.

3. Polycomb repression in cell reprogramming

The success of cellular reprogramming depends on a finely
orchestrated process of activation and repression of specific tran-
scriptional programs. Initially, this process was believed to rely
solely on the combinatorial activity of defined TFs at regulatory
elements. However, the low efficiency and reversibility of cell fate
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conversions have revealed the presence of an epigenetic barrier to
pioneer TF-mediated reprogramming [3,23,24]. Erasing the epige-
netic signature of the somatic cell and establishing a new landscape
during the reprogramming process is, therefore, a prerequisite for
stabilizing a transcriptional network specific to the desired cell type
[25]. However, our limited understanding of the interplay between
epigenetic modifiers and pioneer TFs during cell reprogramming
hinders the development of strategies to improve the efficiency and
fidelity of this process.

One of the most evolutionarily conserved epigenetic regulatory
systems includes the Polycomb group (PcG) and Trithorax group
(TrxG) proteins. In mammals, these proteins form multi-subunit
complexes that bind to tissue-specific enhancers and hypomethy-
lated CpG islands at promoters [26]. The two primary PcG com-
plexes, known as Polycomb Repressive Complexes 1 and 2 (PRC1
and PRC2), catalyze the deposition of H2AK119ub1 and H3K27me2/
3, respectively, to establish repressive chromatin domains. In
contrast, the SWI/SNF and COMPASS family of TrxG complexes
counteract PcG-mediated repression by ATP-dependent chromatin
remodeling and histone-modifying activities such as H3K4me1/2/3
[27]. Interestingly, in both embryonic and adult stem cells, a large
number of genes involved in cell-fate control are simultaneously
marked by the repression-associated H3K27me3 and activation-
associated H3K4me1/2/3 modifications [28,29]. These “bivalent”
regulatory elements resolve into either active or repressive states
during differentiation, and their functional relevance is related to
the dynamic regulation of tissue-specific gene expression [30].
However, the mechanisms that instruct the dynamic assembly and
resolution of bivalent epigenetic states during development have
not yet been fully elucidated.

The critical role of PcG complexes in cell reprogramming was
first demonstrated through heterokaryon assays, in which differ-
entiated human cells were reprogrammed upon fusionwith mouse
embryonic stem cells (ESCs). In that study, ESCs deficient in PRC1 or
PRC2 catalytic subunits failed to induce the expression of most
pluripotency-associated genes following fusion with human lym-
phocytes [31]. Similarly, shRNA-mediated inhibition of PRC1 (BMI1,
RING1) and PRC2 (EZH2, EED, SUZ12) subunits significantly
decreased the iPSC reprogramming efficiency, highlighting the
importance of PcG complexes in silencing somatic cell gene
expression during reprogramming [32]. Furthermore, PRC2 sub-
units JARID2, MTF2, and esPRC2p48, which are highly expressed in
mouse ESC compared to differentiated cells, have been shown to
cooperatively silence tissue-specific genes through H3K27
methylation, thereby enhancing OSK-mediated iPSC reprogram-
ming [33]. It has also been shown that H3K27 methylation-
mediated silencing appears to be critical specifically for a core
subset of target genes during iPSC reprogramming. In this context,
the depletion of Ezh2 at the onset of OSKM-induced reprogram-
ming caused a global reduction of H3K27me3; however, iPSC
generation still proceeded [34]. Notably, Ezh2-deficient iPSCs
retained H3K27me3 marks on specific Polycomb target genes
associated with lineage specification, and removing H3K27me3
from these targets significantly impaired iPSC generation [34].
Recent reports have identified the role of additional PcG-associated
proteins such as Cbx4/7, Bmi1, Kdm2b, Pcgf6, and RYBP in cell
reprogramming [7,23,35e37]. However, the vast functional di-
versity of PcG subunits and the specificity of reprogramming ex-
periments make it difficult to establish general mechanisms of
action. Furthermore, the role of PRCs in direct reprogramming is
still largely underexplored, and how PRCs achieve target specificity
remains a critical unanswered question.

A novel mechanism of PRC recruitment to cell-type-specific
target sites has been recently revealed in the context of
human pluripotency and endoderm differentiation, unexpectedly
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mediated by pioneer TFs. Specifically, the pioneer TFs FOXA and
OCT4 cooperate with members of the PRDM family TFs PRDM1 and
PRDM14, respectively, to recruit PRC1 to developmentally regu-
lated enhancers [38]. This recruitment leads to the establishment of
bivalent enhancers marked by H3K4me1 and H2Aub/H3K27me3,
likely through the subsequent recruitment of PRC2. This gain in
bivalency prevents the precocious activation of lineage-specific
genes in iPSC and restricts alternative-lineage gene expression
during endoderm differentiation. Similarly, the PRC variant PRC1.3
and PRDM14 have been shown to jointly repress a set of develop-
mentally regulated genes and promote primed to naïve cell
reprogramming [39]. While the mechanisms underlying PRC1.3
recruitment by PRDM14 remain unclear, evidence from the afore-
mentioned study suggests that the pioneer TF OCT4may play a role
in this process [38].

Another major question in the field is how Polycomb complexes
are coordinately or hierarchically recruited to promoter-enhancer
pairs. Studies using the well-characterized enhancer-promoter
pair of the MYOD1 gene have demonstrated that forced expression
of OCT4 in fibroblasts promoted its binding to a nucleosome-
depleted region (NDR) at the MYOD1 enhancer. This binding
event converted the MYOD1 promoter into a bivalent state,
resembling its epigenetic state in ESCs [40]. Given that a substantial
proportion of Polycomb targets are associated with NDRs at tissue-
specific putative enhancers, Polycomb complexes appear to be
preferentially recruited to NDRs established by pioneer TF at these
permissive enhancers. Altogether, these findings suggest the crit-
ical role of pioneer TFs in recruiting PRCs to restrict cell fate.

Despite these strides in the field, critical questions remain un-
resolved: How do pioneer TF-PRDM-PRC axes contribute to iPSC
generation and direct reprogramming? Are there tissue-specific
combinations of pioneer and PRDM TFs that are crucial for line-
age restriction beyond pluripotent and endoderm cells? How are
Polycomb complexes dynamically recruited to enhancer-promoter
pairs during reprogramming? Addressing these knowledge gaps
will be instrumental in improving the efficiency and fidelity of
cellular reprogramming.

4. Nucleosome remodeling and deacetylase complex in cell
reprogramming

The Nucleosome Remodeling and Deacetylase (NuRD) complex
is a multifunctional epigenetic regulator that plays a critical role in
removing permissive epigenetic marks and increasing nucleosome
density [41e44]. During ESC differentiation, NuRD, together with
LSD1 (KDM1A), decommissions enhancers of pluripotency-related
genes, which is essential for fully silencing the pluripotency pro-
gram and facilitating differentiation [45]. NuRD complex is
comprised of two functionally distinct subcomplexes: a histone
deacetylase subcomplex containing histone deacetylase 1 or 2
(HDAC1/2), metastasis tumor-associated 1, 2, or 3 (MTA1/2/3), and
retinoblastoma-binding protein 4 or 7 (RBBP4/7) proteins, and a
nucleosome remodeling subcomplex containing chromatin heli-
case DNA binding protein 3 or 4 (CHD3/4), GATA zinc finger domain
2A or B (GATAD2A/B), and cyclin-dependent kinase 2 associated
protein 1 (CDK2AP1) [42]. The methyl-CpG-binding domain pro-
teins MBD2 and MBD3 physically bridge these subcomplexes to
form mutually exclusive MBD2/NuRD and MBD3/NuRD complexes
[46]. MBD2 and MBD3 recognize methylated DNA with different
affinity, with MBD2 showing high and MBD3 showing low
methylation selectivity [47]. Genome-wide binding studies indicate
that MBD3 preferentially localizes at unmethylated CpG-rich re-
gions, whereas MBD2 is distributed in a methylation-dependent
manner [48]. Intriguingly, Mbd2 knockout mice were viable and
fertile, whereas Mbd3-null mice were lethal around midgestation
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due to defective epiblast expansion and extraembryonic tissue
development starting at E5.5 [49,50]. In mouse ESCs, the loss of
Mbd3 did not compromise cell viability but impaired the silencing
of pluripotency genes and developmental lineage commitment
[51]. These results suggest that MBD3/NuRD plays a unique, non-
redundant role in cell fate control, distinct from MBD2/NuRD.

Mbd3/NuRD has also emerged as a critical regulator in iPSC
reprogramming, acting paradoxically as both a barrier and a facil-
itator of reprogramming depending on context [52e56]. Genetic
depletion ofMbd3 dramatically enhanced the determinism of naïve
pluripotency reprogramming in mouse and human somatic cells,
achieving nearly 100 % reprogramming efficiency within 7 days
[52]. Exogenous expression of Mbd3, but not Mbd2, profoundly
inhibited iPSC generation from Mbd3-depleted fibroblasts during
early reprogramming (before day 5), while Mbd3 expression after
day 5 had a diminished effect. These findings suggest that Mbd3/
NuRD functions as a barrier to iPSC reprogramming in the early
stages but has a limited role in maintaining pluripotency once
established. Additionally, the complete deletion of Gatad2a (NuRD
subunit) facilitated deterministic naïve iPSC reprogramming in
mouse fibroblasts without compromising somatic cell proliferation
[55]. This study suggests that the Gatad2a-Mbd3 axis in the NuRD
complex serves as a barrier to the re-establishment of naïve plu-
ripotency by repressing pluripotency circuits during reprogram-
ming. On the other hand, Mbd3/NuRD facilitated iPSC
reprogramming from mouse neural stem cells, as complete deple-
tion of Mbd3 in these cells significantly impaired reprogramming
initiation, while Mbd3 overexpression promoted reprogramming
[54]. In a non-Yamanaka iPSC reprogramming method using Sall4,
Jdp2, Glis1, and Esrrb TFs, NuRD is essential for efficient iPSC gen-
eration from mouse fibroblasts by closing chromatin at somatic
genes during the early stages of reprogramming [56]. These
context-dependent biological effects likely reflect the intricate,
multifaced roles of NuRD in reprogramming.

How do Mbd3/NuRD complexes interact with reprogramming
TFs during iPSC generation?NuRD complexes can be recruited by TFs
at enhancers, in addition to targeting CpG-rich promoters through
MBD [41,43]. OSKM TFs were co-immunoprecipitated with Mbd3 in
fibroblasts undergoing iPSC reprogramming, and their induction led
to increased recruitment of Mbd3/NuRD complexes to chromatin
[52]. These findings suggest that direct OSKM-Mbd3/NuRD interac-
tion restricts OSKM activity and inhibits iPSC reprogramming. In the
non-Yamanaka iPSC reprogramming method, Sall4 recruits NuRD to
accessible chromatin sites in fibroblasts, leading to the closing of
somatic gene loci [56]. These results explain, at least in part, the
context-dependent functional variability of NuRD.

Despite these findings, the detailed molecular mechanisms
underlying the context-dependent roles of MBD3/NuRD in chro-
matin and gene regulation remain largely unexplored. Does NuRD
function differently depending on co-binding TFs and pre-existing
chromatin states? Are both the deacetylase and chromatin
remodeling functions of NuRD required for reprogramming?
Furthermore, investigating NuRD's role in direct reprogramming
could provide valuable insights into its broader role in cell fate
determination.
5. DNA methylation machinery in cell reprogramming

Epigenetic barriers, such as DNA methylation and repressive
histone modifications, play a critical role in maintaining cellular
identity by enforcing the repression of genes specific to alternative-
lineage programs [57e59]. These epigenetic barriers are essential
for driving cell differentiation with high fidelity and preserving the
functional integrity of differentiated cells. However, in the context
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of cellular reprogramming, they present major obstacles to the
generation of new cell fates.

DNA methylation at CpG dinucleotides is a covalent modifica-
tion of a methyl group to cytosine, and it is generally associated
with reduced gene expression [58,60]. This repression occurs
through multiple mechanisms, including limiting TF binding to
methylated DNA motifs, positioning nucleosomes, and recruiting
methyl-binding proteins associated with repressive complexes
[58]. DNA-methyltransferases (DNMT1/3a/3b/3l) mediate this
modification using the metabolite substrate of S-Adenosyl methi-
onine as a methyl donor [61,62]. DNMT3a/3b are involved in de
novo methylation, while DNMT1 maintains DNA methylation pat-
terns during cellular replication by recognizing hemimethylated
DNA [61,63]. Demethylation can occur passively through DNA
replication or actively via enzymatic oxidization of the methyl
group [64,65]. The Ten-eleven Translocation (TET1/2/3) methyl-
cytosine dioxygenases catalyze the oxidization of 5-methylcytosine
(5 mC) to 5-hydroxymethylcytosine (5hmC) to initiate active
demethylation [66]. CpG-rich regions (CpG islands) are typically
found at hypomethylated promoters, while the CpG-poor regions
tend to be hypermethylated [67,68]. Most CpG-rich promoters
remain hypomethylated throughout development. In contrast,
distal regulatory regions, such as enhancers, dynamically change in
methylation status during development and reprogramming
[69e72]. While the loss of either TET or DNMTs in ESCs minimally
impacted pluripotency, it significantly disrupted differentiation,
demonstrating the importance of methylation dynamics in lineage
commitment [73,74]. For instance, the loss of DNMT1 or DNMT3a/b
double knockout in mouse embryos prevented differentiation,
leading to embryonic lethality by midgestation [61,63]. TET1/2/3
triple-knockout ESCs maintained pluripotency but failed to differ-
entiate into embryoid bodies or form teratomas [73,75]. Thus, the
precise regulation of DNA methylation and demethylation is
essential for directing cell fate and ensuring proper lineage
commitment during development.

During iPSC reprogramming, DNA methylation patterns must be
restructured to establish a pluripotent state. Improper reprogram-
ming of methylation impairs iPSC generation and limits differenti-
ation potential [23]. The mesenchymal-to-epithelial transition is a
critical early step in both iPSC reprogramming and the direct
reprogramming of induced hepatocyte-like cells [76,77]. In mouse
embryonic fibroblasts (MEFs), TET1/2/3 knockout caused hyper-
methylation at genomic loci of microRNAs that suppress TFs pro-
moting epithelial-to-mesenchymal transition, resulting in
reprogramming failure [78]. Following OSKM induction, iPSC
reprogramming initiates with genome-wide changes in H3K4me2
modifications at enhancers and promoters of pluripotency and
developmental genes that are hypomethylated in MEF [79]. In
contrast, pluripotency-related enhancers with higher DNA methyl-
ation levels in MEF show no increase in H3K4me2 marks. A critical
final step in iPSC reprogramming is the demethylation and reac-
tivation of these enhancers [23,80,81]. In this process, TET enzymes
are critical for facilitating transcriptional activation of key pluripo-
tency genes [82e85]. iPSCs derived from somatic cells (e.g., fibro-
blast, neuronal, and blood cells) often retain the DNA methylation
profile of their origin, known as “epigenetic memory,” which biases
their differentiation toward the original lineage [86]. For instance,
iPSCs reprogrammed from hematopoietic cells retain aspects of the
original methylation profile, enhancing differentiation into he-
matopoietic lineages. Thus, successful iPSC reprogramming relies on
a comprehensive restructuring of the DNA methylation landscape,
and a deeper understanding of this process could enable the com-
plete resetting of cellular memory of the original cell type.

How is DNA demethylation machinery directed to specific loci?
Interestingly, certain TFs, such as pioneer TFs, can access and bind
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to methylated CpG dinucleotides and initiate DNA demethylation
[87e90]. For instance, during pancreatic differentiation, FOXA2
physically interacted with TET1, and loss of TET1 led to a shift from
beta-to alpha-cell identity, caused by hypermethylation at the PAX4
enhancer [91]. Additionally, FOXA1 interacts with DNA repair fac-
tors at target sites, which facilitates lineage-specific, active DNA
demethylation [92]. Furthermore, FOXA plays a role in passive DNA
demethylation. Ectopic expression of FOXA2 in fibroblast induced
DNA demethylation at a subset of target sites in a replication-
dependent manner [88]. Further research is required to elucidate
whether both the active and passive demethylation activities of
FOXA are critical for activating its target genes. Understanding the
mechanisms by which pioneer TFs interact with DNA demethyla-
tion machinery will enable more precise control of DNA methyl-
ation landscapes, thereby enhancing the precise resetting of gene
regulatory programs.

6. Future of cell reprogramming

The future of cell reprogramming is poised for significant
advancement through strategic refinements in the usage of pioneer
TFs and epigenetic modifiers. While current reprogramming tech-
nologies have already led to groundbreaking achievements in
generating pluripotent and somatic cell types, emerging method-
ologies offer the potential to further enhance efficiency, fidelity,
and clinical applicability.

One critical factor impacting reprogramming success is the
precise stoichiometric balance of TFs within the reprogramming
cocktail. The specific ratios of TFs can significantly improve
reprogramming efficiency and fidelity. For instance, a higher level
of Oct4 relative to Sox2 and Klf4 increased the number of iPSC
colonies [93]. Similarly, in cardiac reprogramming, a higher level of
Mef2c relative to Gata4 and Tbx5 dramatically enhanced iCM
reprogramming efficiency [94]. Optimizing the balance of TFs also
contributes to a more stable or mature cell state. Future reprog-
ramming protocols could benefit from insights into the stoichi-
ometry of TFs and epigenetic modifiers observed during normal
development. For instance, absolute quantification of TFs and co-
factors in nuclei revealed that, during erythropoiesis, co-
repressors such as NuRD were far more abundant at the protein
level than co-activators [95]. These insights underscore the po-
tential of dynamic control and quantitative frameworks to advance
reprogramming strategies.

Another exciting development in reprogramming involves en-
gineering TFs tomaximize functionality. Recently, a chimeric super-
SOX, which combines structural elements of Sox2 and Sox17,
demonstrated a remarkable ability to induce naïve pluripotency
across multiple species [96]. Additionally, a specific point mutation
of Sox2 that stabilizes Sox/Oct dimerizationmarkedly enhanced the
developmental potential of iPSCs [96]. Furthermore, advances in
deep learning models for zinc finger design enable the engineering
of TFs that can bind to specific target sequences in the genome,
functioning as activators or repressors [97]. These engineered TFs
represent a new frontier in reprogramming, with the potential to
promote stable and reproducible reprogramming outcomes.

In vivo, direct reprogramming is emerging as an innovative
approach with substantial potential for clinical applications [10]. In
contrast to traditional reprogramming, in vivo reprogramming
directly delivers reprogramming TFs into live organs to reprogram
specific cells at the site of disease. This approach is particularly
promising for regenerative medicine, where damaged or degen-
erated tissues could be reprogrammed on-site to restore functional
cell populations. For instance, in a diabetic mousemodel, delivering
Ngn3, Pdx1, and Mafa TFs to pancreatic exocrine cells generated
insulin-producing beta-cells, which improved glucose tolerance
250
[98]. In myocardial infarction mouse models, iCM TFs reprog-
rammed scar-forming cardiac fibroblasts into iCMs, leading to scar
size reduction and improved heart function after injury [99,100]. In
liver fibrosis mouse models, delivery of the iHep TF cocktail
reprogrammed hepatic myofibroblasts into hepatocyte-like cells,
which mitigated liver fibrosis [101,102]. Direct reprogramming has
also shown therapeutic potential for neurodegenerative diseases,
where TFs such as Sox2 or NeuroD1 reprogrammed glial cells into
functional neurons in mouse models of brain injury, spinal cord
injury, and Alzheimer's disease [103e105].

In conclusion, the field of cell reprogramming is advancing to-
ward more precise, efficient, and clinically applicable methods.
Enhancing the capability of pioneer TFs in epigenetic and gene
regulation could overcome existing limitations and unlock new
therapeutic opportunities.
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