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Abstract: Although lineage reprogramming from one cell type to another is becoming a breakthrough
technology for cell-based therapy, several limitations remain to be overcome, including the low
conversion efficiency and subtype specificity. To address these, many studies have been conducted
using genetics, chemistry, physics, and cell biology to control transcriptional networks, signaling
cascades, and epigenetic modifications during reprogramming. Here, we summarize recent advances
in cellular reprogramming and discuss future directions.
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1. Introduction

Cellular reprogramming was achieved in the 20th century via nuclear transplanta-
tion [1] and cell fusion [2]. These groundbreaking studies demonstrated the existence of
intrinsic factors necessary for the conversion of somatic cells and inducing pluripotency,
and led to the subsequent development of techniques to reprogram fibroblasts by transduc-
ing a minimal set of transcription factors (TFs) to generate induced pluripotent stem cells
(iPSCs) (hereafter referred to as pluripotency reprogramming) [3]. More recently, in the last
decade, the intrinsic and extrinsic factors required for the direct reprogramming of somatic
cells into another differentiated cell type without passing through the pluripotent state
have been explored. Recent technological advances such as massive parallel sequencing
and single-cell analysis are helping us to better understand the dynamic changes of the
transcriptome and epigenome in pluripotency and direct reprogramming. These improve-
ments in lineage reprogramming will be the tailwind for developing more efficient and
cell-type-specific reprogramming methodologies.

This review focuses on methodologies for acquiring pluripotency and direct neuronal
reprogramming based on (1) genetic cues such as the forced expression of TFs and miRNAs,
(2) chemical cues, i.e., small molecules that regulate signal transduction and epigenetic
states, and (3) physical cues, including mechanical stimuli and laterally confined cell
growth in the culture dish. We would like to emphasize that while these three cues are
powerful methods on their own, their synergistic effects can help to develop more efficient
and selective cell-type-specific lineage reprogramming technology. General introductions
for epigenetics, pluripotent stem cells, neural stem cells, and mammalian gene delivery
techniques are listed in Supplementary Reference Table [4–8]. It may be helpful for readers
who are not familiar with these areas.
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2. Genetic, Chemical, and Physical Cues Affect the Induction and Maintenance
of Pluripotency
2.1. The Modulation of Signaling Pathways and Epigenetic Statuses Influences the Induction and
Maintenance of Pluripotency

In 2006, a major technological breakthrough in science and medicine was made with
the report that iPSCs with a gene expression profile and developmental potential similar to
those of embryonic stem cells (ESCs) can be generated from mouse somatic cells, fibroblasts,
by the forced expression of four TFs, Oct4, Sox2, Klf4, and c-Myc, known as the OSKM
factors [3]. Subsequently, accumulating evidence has revealed the signaling pathways and
gene regulatory networks that govern the induction and maintenance of pluripotency in
both ES and iPS cells (Figure 1). In mouse ESCs, the Leukemia inhibitory factor (LIF)-
signaling pathway is essential for the self-renewal and maintenance of pluripotency by
activating Klf4 via Janus kinase-signal transducers and activators of transcription 3 (JAK-
STAT3) or Tbx3 and its downstream target Nanog via Phosphatidyl inositol 3-kinase-protein
kinase B (PI3K-AKT) [9] (Figure 1). However, the LIF shows such beneficial effects only on
mESCs derived from species with limited genetic backgrounds, such as 129-inbred mice,
because the activation of a pathway other than the LIF-mediated JAK-STAT3 and PI3K–AKT
pathways, namely, the Mitogen-activated protein kinase (MAPK) pathway, promotes the
differentiation of mESCs [10]. On the other hand, the LIF–STAT3 pathway is dispensable
for the maintenance of pluripotency in “primed state” human ES cells [11,12]. Bone
morphogenetic protein–small mothers against decapentaplegic (BMP-Smad) (Smad1/5/9)
signaling upregulates the inhibitor of differentiation or the inhibitor of DNA-binding (Id)
genes that, in general, are negative regulators of cell differentiation [13] (Figure 1). These
LIF- and BMP-signaling pathways function collaboratively to suppress differentiation and
sustain the pluripotency of mouse ESCs [14]. Wingless/Int (Wnt)-β-catenin signaling
also plays an important role in the self-renewal and maintaining of the pluripotency of
mouse and human ESCs [15]. In mouse ESCs, Wnt-β-catenin signaling reduces active
histone marks (H3K4me3 and H3ac) on the promoter region of T-cell factor 3 (Tcf3), which
represses the expression of pluripotency genes such as Nanog, Oct4, and Tbx3 (Figure 1).
Moreover, Wnt-β-catenin signaling induces the upregulation of miR-211, which targets
Tcf3. These transcriptional and post-transcriptional repressions of Tcf3 by Wnt-β-catenin
signaling regulate the differentiation of mESCs [16]. These facts are well illustrated by
the use of MAPK inhibitors and Glycogen synthase kinase-3β (GSK3β) inhibitors, which
positively regulate the Wnt–Tcf pathway, in addition to LIF (2i/LIF) (Figure 1), enabling
the establishment of naive (also referred to as “ground state”, defined as having the ability
to form chimeric mice) ESCs from diverse mouse strains [17]. Several groups have recently
also reported the successful establishment of naive human ES and iPS cells by modification
based on a 2i/LIF medium for mouse ESCs [18,19]. These facts indicate that a common
signaling pathway is vital for the maintenance of pluripotency in mouse and human ES
and iPS cells [20].

Another signaling pathway, the Hippo pathway, which responds to mechanical forces
from cytoskeletal components, has also been reported to control pluripotency in ES and iPS
cells from humans and mice. The Hippo pathway negatively regulates the Yes-associated
protein/transcriptional coactivator with the PDZ binding motif (YAP/TAZ) (Figure 1). The
YAP and TAZ form a complex with transcriptional enhanced associated domain (TEAD) in
the nucleus. This complex reinforces Wnt-signaling activity and induces the expression
of cell cycle-related genes and pluripotency TFs such as OCT4, promoting self-renewal
and sustaining pluripotency for mouse and human ESCs (Figure 1). YAP is activated
during iPS-cell reprogramming, and the loss of Large tumor suppressor 1 (LATS1) and
LATS2 improves the formation of iPSCs, suggesting the activation of the pluripotent gene
network by the YAP in iPSCs [21]. In contrast, the activation of the Hippo pathway by
the Mammalian Ste20-like serine/threonine kinase 1/2 (MST1/2) and the LATS1/2 kinase
cascades sequesters YAP and TAZ effector proteins in the cytoplasm (Figure 1), resulting in
the cytoplasmic accumulation of YAP/TAZ that antagonizes Wnt-signaling activity [22].
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Thus, iPSCs generated through pluripotent reprogramming modulate signaling path-
ways similar to those of ESCs to maintain pluripotency, although the epigenome and
transcriptome of ES cells are not identical to those of iPS cells [23].
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Figure 1. Schematic illustration of the signal transduction cascade, the transcription network, and
epigenetic regulation in the regulation of pluripotency. Ligands are shown in green, transcription
factors are shown in cyan, enzymes are shown in magenta, and histone modifications are shown in
yellow.Red arrows indicate activation and blue blunt arrows indicate inhibition.

2.2. Genetic Cues Phase-Dependently Affect the Induction of Pluripotency

The process of pluripotency reprogramming is multiphasic, involving dynamic alter-
ations of the epigenome and transcriptome during the acquisition of pluripotency. Gene
regulation through histone H3 lysine-4 trimethylation (H3K4me3) and H3K27me3 is ob-
served at CpG-rich promoters, where DNA methylation levels are stably low in somatic
cells during reprogramming [24]. On the other hand, gene regulation through DNA
demethylation is observed at CpG-poor promoters, where methylation levels are high in
somatic cells. Some of these epigenome changes are rapid, while others are slow, which
could explain the multiphasic aspect of reprogramming. In accordance with epigenetic
alterations, the transcriptome also changes dynamically during the process of pluripotency
reprogramming: the first and second waves of transcription changes occur from day 0 to
day 3 and after day 9, respectively. Intriguingly, some of these dynamically regulated genes
were included in a cocktail of pluripotency-inducing factors, such as OCT4, SOX2, NANOG,
and LIN28 [25], and also miRNA302/367 [26]. Moreover, the efficiency of OSKM-mediated
pluripotency reprogramming is enhanced by the additional expression of factors whose
expression is upregulated in the second wave after OSKM induction, for example, the
ESC-specific Ras isoform (Eras), Akt coactivator (Tcl1), Nanog, and miRNA-302 [27]. Mbd3
(methyl CpG-binding protein 3) is dynamically upregulated during embryonic develop-
ment and exerts an antagonistic effect on pluripotency reprogramming in the first wave
phase (0–5 days after OSKM induction in somatic cells). Using siRNA-mediated Mbd3
knockdown in fibroblasts or B cells, the efficiency of OSKM-induced iPSCs’ generation
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was boosted to nearly 100% [28]. Given that the manipulation of gene expression with
rapid expression changes observed in the first and second wave of the OSKM-mediated
reprogramming process contributes to increased reprogramming efficiency, time course
analyses of gene expression during pluripotency reprogramming are invaluable for finding
genetic cues that boost pluripotency reprogramming.

A recent study also showed that the timing of when to express factors that promote
the reprogramming mediated by OSKM is also important. The transient expression of
CCAAT/Enhancer-binding protein-α (C/EBP-α) prior to OSKM expression led to a 103-fold
increase in iPSC reprogramming efficiency. This was due to the increased Tet2 expression
and decreased methylation levels of the Oct4 promoter. However, this ‘path-breaking’
function of C/EBP-α was not observed when C/EBP-α was expressed after OSKM induc-
tion, showing the phase-dependent effect of genetic cues for iPSC generation [29]. Taken
together, these findings indicate that the efficiency of pluripotency reprogramming depends
not only on controlling the expression of factors that support OSKM function or engineering
the OSKM factors [30,31] but also on the timing of their expression.

2.3. The Phase-Dependent Effect of Chemical Cues Affects Pluripotency

Small molecules and proteins are effective in generating temporal cues and regulating
the intensity and duration of stimuli. Thus, they enhance the efficiency of multi-step initia-
tion processes by regulating signaling pathways and epigenetic states at the appropriate
time points before and after the initiation of pluripotency reprogramming. Furthermore,
these extrinsic cues can be used in parallel with genetic cues. For example, Histone deacety-
lase (HDAC) inhibitor valproic acid (VPA) has been utilized to enhance the efficiency of
OSKM-induced iPSC generation [32]. Furthermore, because of the high level of Hdac2 in
mouse fibroblasts, the Hdac2 protein degradation-promoting activity of VPA is required
to generate mouse iPSCs by miRNA302/367 [26,33]. Oct4-activating compounds (OAC1
and OAC2) enhanced the efficiency of OSKM-induced iPSC generation [34]. Furthermore,
one or more OSKM-reprogramming factors can be replaced by chemicals (Figure 1). For
example, the Transforming growth factor-β (TGF-β) receptor 1 inhibitor RepSox induces
Nanog and L-Myc expression and enables the generation of iPSCs with only three factors
by substituting for either Sox2 or c-Myc [35]. EPZ004777, an H3K79 histone methyltrans-
ferase Disruptor of the telomeric silencing 1-like (DOT1L) specific inhibitor [36], decreases
H3K79me2 levels during the mesenchymal-to-epithelial transition, functioning as an en-
hancer and accelerator in the conversion from fibroblasts to iPSCs and also enabling the
generation of iPSCs with only the expression of two exogenous genes, KLF4 and c-Myc [37].
Other Dot1L inhibitors (SGC0946 or EPZ5676) increased the binding of SOX2 and OCT4 (or
Oct6, 7, 8, 9) to OCT4 and NANOG enhancer regions (Figure 1), providing an epigenetically
permissive state for pluripotency reprogramming [38]. Oct4 overexpression alone was
sufficient to generate iPSCs when fibroblasts were treated with several molecules such
as protein arginine methyltransferase inhibitor AMI-5 and TGF-β inhibitor A-83-01 [39],
BMPs [40], Bmi [41], and the combination of VPA, GSK3-β inhibitor (CHIR99021), RepSox,
and the Lysine-specific demethylase 1 (LSD1) inhibitor (Tranylcypromine) [42]. These suc-
cessful examples of the use of chemical cues for pluripotency reprogramming demonstrate
the power of small molecules as surrogates for genetic cues.

2.4. Maximum Efficacy of Pluripotency Induction by Chemical Cues Is Obtained by Optimizing the
Timing of Treatment

Non-genetic methods have an advantage in clinical applications because chemical
reprogramming methods that are completely independent of exogenous genetic cues can
avoid the problems associated with genomic mutations that increase carcinogenicity. Chem-
ically induced pluripotent stem cells (CiPSCs) were generated from fibroblasts by using
VPA, CHIR99021, RepSox, Tranylcypromine, adenylyl cyclase activator (Forskolin), retinoic
acid receptor agonist (TTNPB), and S-adenosylhomocysteine hydrolase inhibitor (DZNep),
which induce Oct4 expression by decreasing DNA and H3K9 methylation at the promoter.
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However, the conversion efficiency was only 0.2%, and it took 40 days to produce CiP-
SCs [43]. Recently, a more efficient strategy for generating human CiPSCs utilized chemicals
that induce the marker gene expression in each of the four steps of pluripotency reprogram-
ming: stage I (from fibroblast to an epithelial-like state), stage II (from an epithelial-like
state to an intermediate plastic state), stage III (from an intermediate plastic state to an
extraembryonic endoderm (XEN)-like state), and stage IV (from a XEN-like state to an
iPSC) [44]. Guan et al. identified the following chemical compounds as useful for inducing
pluripotency reprogramming: VPA(V), CHIR99021(C), RepSox(R), TTNPB (N), Y27632(Y),
Smoothened receptor agonist (SAG(S)), receptor tyrosine kinase inhibitor (ABT869(A)),
Tranylcypromine(T), DNMTase inhibitor (5-azacytidine(5-aza)), c-Jun N-terminal kinase
inhibitor (JNKIN8(J)), EPZ004777(E), MEK inhibitor (PD0325901(P)), SETD8 inhibitor
(UNC0379(U)), Wnt/β-catenin-inhibitor (IWP-2(I)), B-Raf inhibitor (SB590885(S)), and
DZNep(Z), and these chemicals function in combinations: CRNYSA in stage I, CRNYSATJ5-
aza in stage II, CRYPTVEZU in stage III, and CPBIY in stage IV. The additional G9a inhibitor
(UNC0224), JAK inhibitor (Ruxolitinib), and CBP/p300 inhibitor (SGC-CBP30) boosted the
efficiency of stage II, and the efficacy of CiPSC generation from the adult human fibroblasts
was 0.21–2.56% [38], suggesting the utility of time-course analysis to identify chemical
cues that induce pluripotency reprogramming. From the optimization of the chemical-
reprogramming method, another chemical cocktail consisting of BMP4, B27, Menin–MLL
interaction inhibitor (VTP50469), AKT kinase inhibitor (HY-10249A), EPZ5676, casein ki-
nase inhibitor (CX4945), adenosine kinase inhibitor (5-iodotubercidin), and SETD2 inhibitor
(EZM0414) was identified, and these small molecules shortened the induction time from
approximately 50 days to a minimum of 16 days, and achieved a higher efficiency than
OSKM expression using Sendai-virus [45]. Another group also optimized the chemical
cocktail in each reprogramming stage and generated CiPSCs in only 12 days. Intriguingly,
during the reprogramming, the distribution of H3K9me3 was significantly altered and some
H3K9me3-regulated endogenous retroviruses (ERVs) became highly expressed in CiPSCs,
and the knockdown of these ERVs decreased the reprogramming efficiency, suggesting that
several ERVs are included in the pluripotency network [46]. Taken together, these findings
indicate that the efficacy of the chemical induction of pluripotent stem cells is dependent
on the timing of treatment, and optimizing the combination of chemicals that are suitable
in each phase is indispensable for efficiently generating CiPSCs in a short time.

2.5. Physical Cues Generated by the Substrate Surface, Electromagnetic Fields, and Confined Space
Affect the Induction of Pluripotency

In physiological conditions, diverse signal transduction pathways are activated by
mechanical stimuli such as a high cell density, adherent junctions, liquid flow, and even
gravity, and, hence, the nuclear translocation of transcriptional regulators such as YAP
and TAZ [47] occurs. Some of these environmental stimuli have been used to improve the
efficiency of iPSC generation. For example, fibroblasts adhering to periodic line-patterned
microgroove polydimethylsiloxane (PDMS) exhibited an elongated shape that represented
cytoskeletal reorganization, causing the upregulation of WD repeat domain 5 (WDR5) H3
methyltransferase and the downregulation of HDAC2, leading to increases of H3K4 di- and
tri-methylation and H3 acetylation, and, at least in part, substituting for the treatment with
VPA in OSKM-induced iPSC generation [48]. Furthermore, compared with the 2D culture
condition, the maintenance of pluripotency and the efficiency of iPSC production from
fibroblasts were higher in the 3D microenvironment, which mimics the naïve extracellular
matrix by modifying PEG-based hydrogel with adhesion peptides. In the 3D culture
condition, YAP1 activity in nuclei was diminished at the onset of reprogramming, and this
modulation of YAP1 activity was not observed in the 2D culture condition, indicating that
YAP/TAZ signaling may have played a role in the early phase of reprogramming [49].

It has been reported that extremely low-frequency electromagnetic fields (EL-EMFs)
enhanced OSKM-induced iPSC generation more effectively than the addition of VPA or
vitamin C and that Oct4 expression alone could produce iPSCs under EL-EMFs [50]. During
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this process, several characteristic features of pluripotency reprogramming were observed,
such as the inhibition of GSK3β and Extracellular signal-regulated kinase 1/2 (ERK1/2),
a decreased H3K27me3 level, the increased expression of endogenous Oct4, Nanog, and
Sox2, and the DNA demethylation of Oct4 and Nanog promoters. In Oct4/EL-EMF-induced
iPSCs, myeloid/mixed-lineage leukemia 2 (Mll2), which is a member of the trithorax group
and responsible for H3K4 trimethylation, was upregulated, and the H3K4me3 level was
increased not only globally but also in the promoter regions of Oct4, Nanog, and Esrrb.
When the magnetic field from the earth was canceled by a Helmholtz coil, OSKM-induced
iPSC generation was delayed and Mll2 expression and H3K4me3 levels were decreased [50].

Fibroblasts grown in laterally confined conditions showed an increased promoter
occupancy of acetylated H3K9 at the reprogramming genes and more-stem-like transcrip-
tomes as indicated by an increased expression of Oct4, Sox2, and Wnt pathway-associated
genes. These reprogrammed spheroids could be maintained as stem cells in the presence of
LIF and also could be differentiated into dopaminergic neuron-like cells expressing βIII
tubulin and tyrosine hydroxylase [51], and upon the tuning of the stiffness of the 3D matrix
by changing the collagen concentration, the spheroids successfully re-differentiated into
the fibroblast-like state. Intriguingly, these fibroblasts showed rejuvenation characteristics
including reduced DNA damage and enhanced cytoskeletal gene expression [52], reca-
pitulating iPSC reprogramming-mediated rejuvenation, which is in stark contrast with
the retention of age-related signatures in the induced neuronal cells generated by direct
reprogramming [53], which is covered in the next section.

3. Direct Reprogramming by Genetic, Chemical, and Physical Cues
3.1. Direct Reprogramming by Lineage-Specific Factors

Cell lineage conversion technology enabled a switch from one cell type to another
without passing through a pluri/multipotent stem cell state (hereafter defined as direct
reprogramming). Obtaining the desired cells via direct reprogramming has several advan-
tages compared to iPSC reprogramming, e.g., a short induction period, efficient conversion,
reduced risk of tumor formation, and in situ cell lineage conversion at the lesion site
without the need for ex vivo culturing. One of the pioneering discoveries of direct repro-
gramming by the overexpression of a TF is the conversion of mouse embryonic fibroblasts
to myoblasts using MYOD [54,55], which predated the establishment of iPSCs. Despite its
great importance, this achievement had not been paid much attention for a long time but
was brought back into the limelight with the advent of iPSCs. To date, several studies have
reported the direct reprogramming of fibroblasts to differentiated cells such as cardiomy-
ocytes [56–58], hepatocytes [59–61], endothelial cells [62], macrophages [63], brown-fat
cells [64], Sertoli-like cells [65], and several stem/progenitor cells including hematopoietic
progenitor cells [66–68], hepatic stem cells [69], cardiovascular progenitor cells [70], skeletal
muscle progenitor cells [71], intestinal progenitor cells [72], oligodendrocyte progenitor
cells [73,74], and neural progenitor cells (NPCs) [75,76]. These technologies for conversion
to diverse cell types have potential clinical applications, and the direct reprogramming of
non-neuronal cells to neurons, especially in areas of significant neuronal loss, is expected to
open the door to the treatment of diseases of and injuries to the central nervous system.
The genetic cues frequently used in neuronal direct reprogramming and induced neuronal
subtypes are shown in Figure 2, and the efficacies and expression systems are summarized
in Supplementary Table S1.
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ing the astrogenesis, neurogenesis, and cell proliferation. Ligands are shown in green, transcription
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3.2. Neuronal Differentiation from Neural Stem Cells in a Physiological Condition

To understand the intrinsic and extrinsic factors that induce neuronal reprogramming,
it may be necessary to describe the complex mechanisms that regulate the gene regula-
tory networks that govern neural stem cells’ (NSCs’) maintenance and differentiation into
neurons under physiological conditions. Briefly, LIF signaling through the JAK–STAT path-
way induces astrocytic lineage commitment in NSCs [77] (Figure 2A), and the synergistic
effect of simultaneous LIF and BMP treatments induces astrocytic conversion by fusing
JAK–STAT signaling and BMP–Smad signaling by forming the STAT3–p300–Smad complex,
which induces glial fibrillary acidic protein (GFAP), a marker of astrocyte differentiation
of NSCs [78] (Figure 2A). The canonical BMP–Smad pathway induces the expression of
negative regulators of cell differentiation such as the Id and hairy and enhancer of split (Hes)
genes [79]. In this pathway, BMP receptor kinase phosphorylates R-Smads (Smad1/5/9).
The phosphorylated R-Smads interact with Co-Smad (Smad4) and then translocate into
the nucleus and induce Hes, whose products repress the expression of neuronal genes,
including Ascl1 and Neurog2 (Figure 2A). The activation of the Notch-Delta signal and the
subsequent cleavage events lead to the nuclear translocation of the intracellular domain of
Notch (NICD) and induce Hes and Hey genes, repressing the neuronal differentiation of
NSCs [80]. This Notch–Delta pathway and the BMP–Smad pathway synergistically enhance
the expression of Hes and its close relative Hesr-1 [81] (Figure 2A). In the canonical TGF-
β–Smad pathway, TGF-β receptor kinase phosphorylates the other R-Smads (Smad2/3),
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which is distinct from the BMP–Smad pathway. The phosphorylated Smad2/3 also asso-
ciates with Smad4, then translocates into the nucleus, modulating the expression of genes
involved in neurogenesis and the exit from the cell cycle [82] (Figure 2A). Wnt signaling
induces proliferation and neuronal differentiation in the early and late developmental
stages, respectively, showing developmental-stage-dependent effects on the fate decision of
NSCs [83]. Wnt–β-catenin signaling is regulated by the phosphorylation-mediated degra-
dation of β-catenin by a protein kinase complex that includes GSK3β, casein kinase, and
Axin, and subsequently by the ubiquitin–proteasome pathway [84]. This kinase complex is
tethered to the plasma membrane by the binding of the Wnt ligand to the Frizzled receptor,
and hence, β-catenin is stabilized and accumulates in the nucleus (Figure 2A). β-catenin
suppresses Tcf3, which functions as a suppressor of Wnt signaling and proneural basic
helix–loop–helix (bHLH) gene Neurog1. During neuronal differentiation, Wnt–β-catenin in-
creases the expression level of the Tcf1 activator, which enhances the Wnt/β-catenin signal
itself, leading to positive feedback for neuronal differentiation [85]. In the Sonic hedgehog
(Shh)–Glioblastoma associated oncogene (Gli) pathway, membrane receptor Patched (Ptch)
inhibits the activity of the Smoothened (Smo) receptor in the absence of Shh. Gli2 and Gli3
(Gli2/3) TFs are phosphorylated by a protein kinase complex including GSK3β, casein
kinase, and protein kinase A (PKA), and then Gli2/3 are cleaved and converted to the re-
pressor form (Figure 2A). Shh binding to Ptch derepresses the activity of Smo and prevents
proteolytic cleavage, and then full-length active Gli2/3 induces Gli1 and hedgehog target
genes that encode factors involved in cell proliferation, survival, and self-renewal [86].
The fibroblast growth factor (FGF) pathway mainly consists of Ras–MAPK-, PI3K–AKT-,
and PLCγ–PKC-signaling pathways [87], and plays an important role in NSC survival
and proliferation (Figure 2A). Both the Ras–MAPK and PI3K–AKT pathways are involved
in self-renewal of NSCs [88]. However, PLCγ signaling has a distinct role and is crucial
to the maintenance of stemness [89]. Several isozymes of PKCs such as classical (α, β1,
β2, and γ), novel (δ, ε, θ, and η), and atypical (ζ and λ) are expressed in NSCs, and FGF
signaling requires PKCδ [90], and these isozymes are relevant to diverse functions and
often determine growth factor specificity [91]. Extracellular environmental factors such as
stiffness and properties of the extracellular matrix, pressure, and shear stress are sensed
by mechanosensors. Integrins are one of the primary mechanosensors and trigger RhoA
activity and Rho kinase (ROCK). Activation of Rho–ROCK and the downstream pathway
increases the filamentous actin (F-actin)-to-globular actin (G-actin) ratio and polymerized
actin fibers activate the TFs YAP and TAZ, which drive numerous genes, including genes
affecting cell proliferation [92] (Figure 2A).

3.3. Direct Neuronal Reprogramming from Fibroblasts by Genetic Cues

The conversion into neurons was historically studied first using cultured cells in vitro,
and fibroblasts, in particular, have been widely used, as they are readily available from
the body. The overexpression of single TF ASCL1 generated only immature neurons with
inadequate neurite growth, and co-culture with glial cells was necessary for functional
maturation [93]. Thus, Ascl1 alone is not sufficient to induce mature functional neurons, and
additional neuronal maturation-promoting TFs are needed to generate functional neurons.
For example, Ascl1 together with Brn2 (Pou3f2) and Myt1l (ABM condition) generated
GABAergic neurons from fibroblasts [94] (Figure 2B) and even from hepatocytes [95]. In
the ABM condition, Ascl1 acts as a pioneer TF and binds to the trivalent chromatin state
(H3K4me1, H3k27ac, and H3K9me3), then recruits Brn2 [96] and regulates other key TFs,
including Zfp238, Sox8, and Dlx3 [97]. In addition to ABM factors, NeuroD1 overexpression
in human fibroblasts enhanced neuronal conversion 2–3 fold [98], and ABM together with
Isl1, Lhx3, Neurog2, and homeobox gene Hb9, which encodes a motor neuron determinant,
converted fibroblasts into motor neurons [99] (Figure 2B). Furthermore, additional FoxA2
and Lmx1a (ABMFL) converted human fibroblasts to functional induced dopaminergic
neurons (iDAs) [100] (Figure 2B), and Lmx1b and Otx2 increased the efficiency of this
process [101].
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Although Brn2 and Myt1l were required to induce functional neurons in the ABM
condition, they are not essential factors in other conditions. For example, Ascl1 together
with Foxg1, Lhx6, and Sox2 could convert fibroblasts to GABAergic interneurons [102]
(Figure 2B). Pitx3, which was shown to be required for the generation of mature iDA from
ESCs [103], induced only immature iDAs from fibroblasts when used with Ascl1. However,
Pitx3 and Ascl1 together with an additional four factors (Lmx1a, Nurr1, Foxa2, and EN1)
were capable of producing mature iDAs from fibroblasts (Figure 2B). Interestingly, Lmx1b
could not substitute for Lmx1a in the production of mature iDA [104], although Lmx1b is
known to be involved in physiological dopaminergic differentiation [105]. Other studies
also succeeded in generating iDAs via the forced expression of Ascl1, Lmx1a, and Nurr1
in vitro [106], and transplanting these iDAs ameliorated the symptoms of Parkinson’s
disease model rats generated with neurotoxin 6-hydroxydopamine injection [107]. Taken
together, these results suggest that the ability of combinations of TFs to induce neuronal
subtypes from fibroblasts is context-dependent.

Three functional classes of peripheral sensory neurons (nociceptors, mechanorecep-
tors, and proprioceptors) that selectively express the Trk receptor subfamily, TrkA, TrkB,
and TrkC, were generated by the overexpression of Brn3a with either Neurog1 or Neurog2
in fibroblasts (Figure 2B). These induced sensory neurons evoked action potentials and
responded to several ligands known to activate pain- and itch-sensing neurons, showing
functionally similar characteristics to native peripheral sensory neurons [108]. Another
combination of TF genes (Ascl1, Brn2, Myt1l, Neurog1, Isl2, and Klf7) also generated noci-
ceptor neurons (Figure 2B), but, intriguingly, the addition of Brn3a expression markedly
inhibited reprogramming [109]. These findings further support the notion that the neuronal
conversion from fibroblasts induced by the expression of TF genes is context-dependent. In
addition to TFs, miRNAs play important roles in neuronal differentiation and are also used
in neuronal direct reprogramming. Although treatment with only miR-9/9* and miR-124
could convert human fibroblasts into neurons (Figure 2B), the efficiency of this process
was boosted by ASCL1 and NEUROD2 synergistically [110]. In the neuronal differentiation
mentioned above, Ascl1 is mostly indispensable. The ABM condition has been widely
used in many neuronal direct reprogramming studies, but miRNA-124 together with BRN2
and MYT1L also succeeded in converting fibroblasts to glutamatergic and GABAergic neu-
rons [111] (Figure 2B). The simultaneous expression of miR-9/9*, miR-124, BCL11B, DLX1,
DLX2, and MYT1L converted fibroblasts to striatal medial spiny neurons [112], showing
the potential of these miRNAs to increase the number of tools that could be chosen for
direct reprogramming. Thus, neuronal direct reprogramming using fibroblasts as starting
cells mostly requires the proneural gene Ascl1, which encodes a bHLH TF, miRNAs, or
both [93,94,96–103,106,107,109–112]. Until now, an increasing number of successful exam-
ples of direct reprogramming have been reported, but only a few studies have performed
a time-course analysis to unveil the cellular state transition during the processes of cell
fate conversion. The cell lineage trajectories of many direct reprogramming studies in-
duced by the genetic cues mentioned above will help us to develop more efficient and
cell-type-specific neuronal reprogramming strategies.

3.4. Chemical Cues Boost the Efficiency of Direct Neuronal Reprogramming

Small molecules that modulate signal transduction pathways have a large potential to
enhance the efficiency of direct reprogramming and have been used to generate diverse
cell lineages. For example, while the treatment of Oct4-overexpressing fibroblasts with a
combination of chemical compounds (CHIR99021, Forskolin, Tranylcypromine, and TGF-β
inhibitor [SB431542]) induced cardiomyocyte conversion [113], the treatment of the cells
with another combination (TGF-β inhibitor [A83-01], CHIR99021, LPA, phosphodiesterase
4 inhibitor [Rolipram], and JNK inhibitor [SP600125]) resulted in their conversion into
NSCs [114]. In the field of neuronal direct reprogramming, the neuronal conversion efficacy
by genetic manipulation could be boosted and oriented to some specific subtypes by distinct
combinations of compounds. Forskolin enhanced the efficacy of conversion from human
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fibroblasts to electrophysiologically functional cholinergic motor neuron-like cells (hiMNs)
induced by Neurog2, and a BMP signal inhibitor (Dorsomorphin) supported cell survival in
this process [115]. These hiMNs were capable of forming neuromuscular junctions with
skeletal muscle, but hiMNs generated from amyotrophic lateral sclerosis (ALS) patients
could not. However, such degenerative features of hiMNs from ALS patients could be
rescued by GSK-3β inhibitor kenpaullone [116]. Neuronal conversion from pericytes via a
stem cell-like state was induced by the overexpression of Ascl1 and Sox2 [117], and this pro-
cess was inhibited by Nodal or BMP4 but induced by SB431542 and Dorsomorphin, and also
induced by γ–secretase inhibitor N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine
t-butyl ester (DAPT) by disrupting the NOTCH-signaling pathway [118]. These successful
examples of chemically assisted direct reprogramming show the utility of small molecules
as enhancers of direct reprogramming and strongly indicate that further studies are needed
to explore small molecules that selectively modulate the signal transduction pathway.

3.5. Chemical Direct Reprogramming without Genetic Cues

Since non-genetic direct reprogramming arouses less concern about carcinogene-
sis; chemical direct reprogramming methodologies are favorable for clinical applications
and have already been used to generate several cell lineages. For example, human
cardiomyocyte-like beating cells were generated in 6–8 days via treatment with chem-
icals previously shown to be useful for generating for CiPSCs, which was much shorter
than the time required to generate CiPSCs (20 to 40 days) [119]. Such cardiomyocyte-like
beating cells were also generated by another chemical combination (CHIR99021, A83-01,
G9a inhibitor (BIX01294), KDM5B inhibitor (AS8351), ERK1 and Ras GTPase inhibitor [SC1],
ROCK inhibitor [Y27632], OAC2, PDGFR-β inhibitor [SUF16F], and PDGFR-α/β inhibitor
[JNJ10198409]) [120]. In the chemical cocktail used for the generation of CiPSCs, DZNep
and forskolin induce the expression of Oct4, and when these two compounds were substi-
tuted by OAC1, and used together with VPA, CHIR99021, SB431542, and tranylcypromine,
mouse embryonic fibroblasts were converted to functional astrocytes [121].

In another chemical direct neuronal reprogramming, human fibroblasts were con-
verted to βIII tubulin-positive neurons largely composed of vGLUT1-positive glutamater-
gic neurons via treatment with VPA, CHIR99021, RepSox, forskolin, SP600125, Y-27632, and
PKC inhibitor (GO6983) [122]. Other chemical cocktails consisting of forskolin, CHIR99021,
BET bromodomain inhibitor (I-BET151), and Wnt/β-catenin agonist (Isoxazole-9 or ISX9)
efficiently convert mouse fibroblasts to neurons, and I-BET151 represses fibroblastic genes
and ISX9 induces neuronal genes, respectively, partly unveiling the mechanism of neuronal
conversion during this process [123]. Photoreceptor-like cells were generated via the treat-
ment of fibroblasts with VCRFI (VPA, CHIR99021, RepSox, Forskolin, and Wnt/β-catenin
inhibitor [IWR1]) and the subsequent addition of Shh, taurine, and retinoic acid [124]. Dur-
ing this process, VCRFI stabilizes AXIN2 and it translocates to mitochondria. This translo-
cation results in the generation of reactive oxygen species and the subsequent activation of
Nuclear factor-κB (NF-κB), increasing the ability of Ascl1 to induce photoreceptor-like cell
conversion from fibroblasts. The transplantation of the chemically induced photoreceptor-
like cells was capable of partially restoring the function of vision in mice. The experimental
conditions used for chemical reprogramming mentioned in this section are summarized in
Supplementary Table S2.

3.6. Direct Reprogramming by Physical Cues

Cell-lineage conversion is also induced by mechanical signals such as the structure
and stiffness of the surface contacting the cells, extracellular force, and electromagnetic
fields. These physical cues can be used in parallel with genetic and chemical cues, and they
are therefore expected to become useful tools for direct reprogramming. Mechanoregula-
tion by YAP/TAZ plays an important role in neuronal development [125], innate immune
response [126], stem cell fate decision [21], and tumor growth by epigenetic remodel-
ing [127–129]. The differentiation of human mesenchymal stem cells depends on the
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substrate stiffness, and soft matrices that mimic the brain are neurogenic, stiffer matrices
that mimic muscle are myogenic, and rigid matrices that mimic bone are osteogenic [130].
The substrate stiffness activates and enhances the nuclear localization of YAP/TAZ [131].
As expected from these studies, YAP and/or TAZ were exported from the nucleus by soft
matrices in the direct reprogramming process from fibroblasts to neurons [132] and also
cardiomyocytes [133].

In addition to substrate stiffness, substrate structure also affects the efficacy of neuronal
conversion. In combination with treatment with the genetic cues Ascl1, Pitx3, Nurr1, and
Lmx1a in fibroblasts, a nanogrooved surface with a 400 nm width increased genome-wide
H3K4me3 levels compared with a flat substrate and increased the efficiency of converting
fibroblasts to functional dopaminergic neurons [134]; and a microgrooved surface with a
10 µm width converted fibroblasts to αMHC-positive cardiomyocytes more efficiently than
the condition using an overexpression of mechanosensitive TF Mkl1 and treatment with
VPA on a flat surface [135]. The large-scale screening of micro/nanopatterns on the surface
identified several unconventional hierarchical patterns as efficient physical cues for direct
neuronal reprogramming. Using an optimal surface structure, the chemical conversion
efficiency from human fibroblasts to βIII tubulin-positive cells was boosted from 17% to
74% [136].

Gold nanoparticles (AuNGs) covered by RGD heptapeptide (CYGRGD), which binds
integrin, were exposed to a specific EMF frequency and became transiently magnetized. Use
of the magnetized AuNGs together with the transfection of Ascl1, Pitx3, Lmx1a, and Nurr1
(APLN) improved the conversion efficiency of fibroblasts to iDAs approximately 6-fold com-
pared to the EMF-free condition [137]. In addition, only the presence of EMF, CHIR99021,
Forskolin, and VPA successfully generated βIII tubulin- and Map2-positive neuronal cells.
In APLN/EL-EMF-induced iDA, chromatin-modifying bromodomain-containing protein-2
(Brd2), which is a key regulator of histone acetylation, was upregulated, and H4K12 and
H3K27 acetylation levels were increased genome-wide. Also, EMF increased H3K27 acety-
lation at the transcription start site (TSS) region of several neuronal genes including Lmx1a,
NeuroD1, DAT, NeuN, Nf1, Med12, and Hpn, and increased H4K12 acetylation at the TSS
region of dopaminergic neuronal marker gene tyrosine hydroxylase. EMF/AuNGs also
enhanced the conversion rate of human fibroblasts to electrophysiologically functional
iDAs, and significantly ameliorated the symptoms of Parkinson’s disease model mice when
AuNG was injected together with APNL into the striatum in the presence of EMF [137]. The
elongation of the nucleus by the passing of mouse fibroblasts through a 7-µm microchannel
induced the deformation of the nucleus and enhanced the direct neuronal conversion
efficiency of the fibroblasts in the ABM condition. This squeezing condition significantly
increased the features of mature neurons in the cells, i.e., Tau-, βIII tubulin-, and Map2-
positive cells, compared with the transgene-only condition, and also increased these cells’
calcium fluctuation. In these “squeezing iNs”, lamin A/C showed transient wrinkling and
a decrease at the nuclear periphery, and H3K9me3 and 5mC levels were globally decreased.
Although YAP translocation into the nuclei was not affected by squeezing, the knockdown
of mechanosensitive ion channel Piezo-1 slightly decreased reprogramming efficiency. The
same squeezing-mediated reprogramming also boosted the efficiency of the conversion
of macrophages to neurons in the ABM condition, and the conversion of fibroblasts to
iPSCs by OSKM, suggesting the generality of squeezing-mediated physical cues for boost-
ing reprogramming efficiencies in diverse applications [138]. Despite lots of knowledge
about mechanosensory signal transduction systems, the mechanism of reprogramming by
physical cues is not well understood, especially in signal transduction systems. Therefore,
unveiling the mechanism of reprogramming, together with the further hunting of physical
cues that affect cell fate conversion processes as one desires, will help to develop this
research area into a mature field of cell biology and take it closer to clinical applications.
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3.7. Direct Neuronal Reprogramming from Glia

Direct neuronal reprogramming from glia is expected to provide a novel therapeutic
strategy for neural injuries and neurodegenerative diseases. After neural injury, astrocytes,
NG2 glia, ependymal cells, and microglia become activated, proliferate, and migrate to the
injured sites [139] and participate in the formation of a glial scar. These cells are beneficial in
the acute phase by restricting damage spreading, but cause detrimental effects on recovery
by limiting the axon extension of neurons in the chronic phase, and are therefore adverse
prognostic factors for neuronal regeneration. For this reason, glial cells in and surrounding
the injured site are regarded as promising sources of direct neuronal reprogramming for
treating neural injuries.

The direct neuronal reprogramming from astrocytes, one type of glial cells, was
reported before the advent of iPSCs. Firstly, neuronal conversion was accomplished by the
overexpression of only a single TF Pax6 [140], and also by the forced expression of Ascl1 or
Neurog2 [141]. The transcriptomes of these Ascl1-induced and Neurog2-induced neurons
obtained from astrocytes were distinct from each other, and only a small subset of genes,
including pan-neuronal genes, were shared. Among them, Neurod4, which is regulated by
the repressor element-1 silencing TF (REST) complex in competition with Neurog2, was
capable of reprogramming astrocytes into electrophysiologically functional neurons [142].
Dlx2 is a member of the homeobox TF Dlx family which is necessary for differentiation
into GABAergic neurons [143]. As expected from this property of these family members,
GABAergic neurons were generated from astrocytes by the overexpression of Dlx2 [144].
In physiological conditions, Lmx1b and Nurr1 are involved in dopaminergic neuronal
differentiation and survival, respectively [105,145], and the overexpression of these two
genes together with ASCL1 generated induced dopaminergic iDAs from astrocytes [146].

NeuroD1 could convert astrocytes to glutamatergic neurons, and also convert poly-
dendrocytes (NG2 cells) to glutamatergic and GABAergic neurons [147]. However, in this
study, human microglia failed to convert into neurons, and the authors mentioned the
low infection efficiency of microglia by retroviruses as a reason for the failure. Indeed,
using a lentivirus infection system, mouse microglia were successfully reprogrammed
into neurons by NeuroD1 overexpression [148], and this process tightly depends on the
NeuroD1 expression level [149]. In the conversion process, NeuroD1 binds to the bivalent
domain containing both active H3K4me3 and repressive H3K27me3 modifications, and
neuron-specific genes were upregulated before the downregulation of microglia-specific
genes, suggesting the importance of time-course analysis to elucidate the reprogramming
process. As mentioned above, glial cells have several advantages as the starting cells for
neuronal direct reprogramming, and therefore pursuing in vivo neuronal reprogramming
is worthwhile to improve functional recovery after nervous tissue injury.

3.8. Direct In Vivo Reprogramming for Treatment of Neural Injury

In addition to in vitro reprogramming, in vivo neuronal reprogramming from glial
cells has recently been increasingly studied, and improved neural function in a mouse
model of disease has been reported. For instance, astrocytes in adult mice striatum trans-
duced with a genetic cue, SOX2, with lentivirus, re-entered into the cell cycle and became
DCX-positive neuroblasts [150]. Furthermore, a chemical cue, VPA, promoted the differ-
entiation of these induced neuroblasts into electrophysiologically active mature neurons.
Similarly, the ectopic expression of SOX2 transduced with lentivirus in astrocytes after
spinal cord injury (SCI) induced DCX-positive neuroblasts and the VPA-induced matura-
tion of these cells, forming synaptic contacts with endogenous motor neurons. These results
indicated that a combination of genetic and chemical cues enables in vivo functional neu-
ronal reprogramming. Importantly, only SOX2 could induce DCX-positive neurons among
the tested 12 genes (SOX2, PAX6, NKX6.1, NEUROG2, ASCL1, OLIG2, SOX11, Tlx, OCT4,
c-Myc, KLF4, and PTF1a) and the strong expression of SOX2 in the initial reprogramming
process and its subsequent downregulation was required for the reprogramming [151].
In addition, the SOX2-mediated reprogramming to neuroblasts in the spinal cord was
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promoted by the downregulation of p53 and p21, which mediate cell cycle arrest [152]. Sin-
gle TF-mediated in vivo neuronal reprogramming from astrocytes was also accomplished
using TFs other than Sox2. As mentioned above, although Dlx2 was reported to induce
GABAergic neurons from astrocytes in vitro [145], the lentivirus-mediated transduction
of Dlx2 reprogrammed astrocytes in adult mouse striatum to multiple lineage NPCs and
generated not only neurons but also astrocytes and oligodendrocytes [153]. Thus, the
results of cell fate conversion by the same genetic cues are different in vitro and in vivo.
The reason for this is that the chemical and physical stimuli surrounding the cells are totally
different. Furthermore, the temporal changes of such stimuli in vivo may also affect the
gene expression induced by genetic cues. Adeno-associated virus (AAV)-mediated Neurod1
expression in the ischemic injured cortex converted astrocytes to NeuN-positive neurons,
which increased the cortical tissue volume at the injured site, sent out their axon projections
to distant target areas even through the corpus callosum, and recovered cognitive fear
memory [154]. NG2 glial cells were also used as starting cells for in vivo neuronal direct
reprogramming. For example, NG2 glia in adult mouse striatum transduced with Ascl1,
Lmx1a, and Nurr1 with AAV were converted to both excitatory and inhibitory neurons,
and these induced neurons made synaptic contact with endogenous neurons, showing the
integration with the local host neuronal circuit [155]. Moreover, the ectopic expression of
SOX2 in NG2 glia after SCI generated excitatory and inhibitory mature neurons with a cell
lineage passing through proliferating neuroblasts. These induced neurons formed synaptic
connections with endogenous neurons and improved locomotor recovery after spinal cord
injury, increased the neurons surrounding the lesion, and decreased the volume and surface
area of the glial scar [156]. These studies using mouse models show the great potential of
in vivo reprogramming using glia as starting cells for future clinical applications of direct
reprogramming to the treatment of neural injury.

4. Conclusions

Since the first discovery of myogenic reprogramming, genetic cues such as the overex-
pression of TFs and miRNAs have been explored to generate cells showing appropriate
functions for target cells such as specific neuronal subtypes, myocytes, hepatocytes, and
even pluripotent stem cells. As observed in the change between the functions of Wnt/β-
catenin signaling in the early and late stages of neuronal differentiation in the physiological
condition, functions of genetic cues are assumed to change in the course of reprogramming,
so the most effective timing of a genetic cue’s triggering may be different in each case.
Technological advancements and cost reduction in transcriptome and epigenome analy-
sis have enabled us to analyze the trajectories of cell lineage conversion and understand
the discrepancy between induced cells and the desired target cells at each time point of
interest [157], so that more efficient and subtype-specific reprogramming methods can
be developed by changing the genetic cues at an appropriate time point to direct the
transcriptome and epigenome to the desired states. Furthermore, in cells expressing the
pluripotency-reprogramming factor OSKM and neuronal-reprogramming factor NeuroD1,
the large-scale modification of factors that may promote cell fate conversion and scRNA-
seq can reveal combinations of previously unknown genetic cues that effectively induce
pluripotency and neuronal reprogramming [158].

Although these technological advances have boosted the development of procedures
for reprogramming by genetic cues, genetic manipulation unavoidably entails the possibil-
ity of increasing the oncogenic potential. Therefore, mimicking the effect of genetic cues
with chemical cues will be the second stage of developing a reprogramming technology.
Traditional basic biology approaches, such as exploring the effect of small molecules on
modulating signal transduction systems and transcriptional networks, are increasingly
important for developing novel therapeutic strategies by cellular reprogramming with
chemical cues.

Compared with genetic and chemical cues, physical cues are non-invasive and spa-
tiotemporally controllable. The manipulation of the 3D microenvironment by physical cues
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may have a great advantage for developing reprogramming methodologies for generating
complex cellular systems consisting of multiple cell lineages such as organoids. However,
although mechanosensory transduction has been studied extensively and many extracellu-
lar environments, including substrate stiffness and structure, shear stress, and even gravity,
are already known to influence gene expression, only a limited number of physical cues
have so far been shown to affect cellular reprogramming. Therefore, further studies will be
required to explore the physical cues that modulate the cellular state. In addition, physical
cues have begun to be applied to enhance the efficiency of the direct reprogramming and
iPSC generation induced by genetic and chemical cues. We believe that making full use of
genetic, chemical, and physical cues together with the further exploration of other cues such
as bacterial infection [159,160] will help us to develop a more sophisticated methodology
to generate cells with desired functions like those of naturally observed cells and/or even
cells with desirable functions that are not possessed by any cell types existing in nature.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cells13080707/s1, Table S1: List of genetic cues used for cellular
reprogramming; Table S2: List of chemical cues used for cellular reprogramming; Supplementary
Reference Table.
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Abbreviation

AAV Adeno-associated virus
AuNGs Gold nanoparticles
bHLH basic helix–loop–helix
BMP Bone morphogenetic protein
C/EBP-α CCAAT/Enhancer-binding protein-α
CiPSCs Chemically induced pluripotent stem cells
DOT1L Disruptor of telomeric silencing 1-like
EL-EMFs Extremely low-frequency electromagnetic fields
Eras ESC-specific Ras isoform
ERK1/2 Extracellular signal-regulated kinase 1/2
ERVs Endogenous retroviruses
ESCs Embryonic stem cells
FGF Fibroblast growth factor
GABA Gamma aminobutyric acid
GFAP Glial fibrillary acidic protein
Gli Glioblastoma-associated oncogene
GSK3β Glycogen synthase kinase-3β
HDAC Histone deacetylase
Hes Hairy and enhancer of split
hiMNs human induced motor neurons
Id Inhibitor of differentiation or inhibitor of DNA binding
iPSCs induced pluripotent stem cells
JAK-STAT3 Janus kinase-signal transducers and activators of transcription 3
LATS1/2 Large tumor suppressor 1/2
LIF Leukemia inhibitory factor
LSD1 Lysine-specific demethylase 1
Mll2 Myeloid/mixed-lineage leukemia 2

https://www.mdpi.com/article/10.3390/cells13080707/s1
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MST1/2 Mammalian Ste20-like serine/threonine kinase 1/2
NG2 Polydendrocytes
NICD Intracellular domain of NOTCH
NSC Neural stem cell
OAC1/2 Oct4-activating compounds 1/2
PDMS Polydimethylsiloxane
PI3K-AKT Phosphatidyl inositol 3-kinase-protein kinase B
PKA Protein kinase A
PKC Protein kinase C
PLCγ Phospholibase C γ isoform
Ptch Patched
REST Repressor element 1-silencing transcription factor
ROCK Rho kinase
SCI Spinal cord injury
Shh Sonic hedgehog
Smad Small mothers against decapentaplegic
Smo Smoothened
Tcf3 T cell factor 3
TEAD Transcriptional enhanced associated domain
TF Transcription factor
TGF-β Transforming growth factor-β
TSS Transcription start site
vGLUT1 vecicular glutamate transporter 1
VPA Valproic acid
Wnt Wingless/Int
YAP/TAZ Yes-associated protein/transcriptional coactivator with PDZ binding motif

References
1. Gurdon, J.B. Adult Frogs Derived from the Nuclei of Single Somatic Cells. Dev. Biol. 1962, 4, 256–273. [CrossRef] [PubMed]
2. Blau, H.M.; Chiu, C.-P.; Webster, C. Cytoplasmic Activation of Human Nuclear Genes in Stable Heterocaryons. Cell 1983, 32,

1171–1180. [CrossRef] [PubMed]
3. Takahashi, K.; Yamanaka, S. Induction of Pluripotent Stem Cells from Mouse Embryonic and Adult Fibroblast Cultures by

Defined Factors. Cell 2006, 126, 663–676. [CrossRef] [PubMed]
4. Felsenfeld, G. A Brief History of Epigenetics. Cold Spring Harb. Perspect. Biol. 2014, 6. [CrossRef] [PubMed]
5. Talbert, P.B.; Henikoff, S. The Yin and Yang of Histone Marks in Transcription. Annu. Rev. Genom. Hum. Genet. 2021, 22, 2021.

[CrossRef] [PubMed]
6. Liu, G.; David, B.T.; Trawczynski, M.; Fessler, R.G. Advances in Pluripotent Stem Cells: History, Mechanisms, Technologies, and

Applications. Stem Cell Rev. Rep. 2020, 16, 3–32. [CrossRef] [PubMed]
7. Breunig, J.J.; Haydar, T.F.; Rakic, P. Neural Stem Cells: Historical Perspective and Future Prospects. Neuron 2011, 70, 614–625.

[CrossRef] [PubMed]
8. Blessing, D.; Déglon, N. Adeno-Associated Virus and Lentivirus Vectors: A Refined Toolkit for the Central Nervous System. Curr.

Opin. Virol. 2016, 21, 61–66. [CrossRef] [PubMed]
9. Niwa, H.; Ogawa, K.; Shimosato, D.; Adachi, K. A Parallel Circuit of LIF Signalling Pathways Maintains Pluripotency of Mouse

ES Cells. Nature 2009, 460, 118–122. [CrossRef]
10. Ohtsuka, S.; Nakai-Futatsugi, Y.; Niwa, H. LIF Signal in Mouse Embryonic Stem Cells. JAKSTAT 2015, 4, e1086520. [CrossRef]
11. Dahéron, L.; Opitz, S.L.; Zaehres, H.; Lensch, W.M.; Andrews, P.W.; Itskovitz-Eldor, J.; Daley, G.Q. LIF/STAT3 Signaling Fails to

Maintain Self-Renewal of Human Embryonic Stem Cells. Stem Cells 2004, 22, 770–778. [CrossRef]
12. Humphrey, R.K.; Beattie, G.M.; Lopez, A.D.; Bucay, N.; King, C.C.; Firpo, M.T.; Rose-John, S.; Hayek, A. Maintenance of

Pluripotency in Human Embryonic Stem Cells Is STAT3 Independent. Stem Cells 2004, 22, 522–530. [CrossRef]
13. Hollnagel, A.; Oehlmann, V.; Heymer, J.; Rüther, U.; Nordheim, A. Id Genes Are Direct Targets of Bone Morphogenetic Protein

Induction in Embryonic Stem Cells. J. Biol. Chem. 1999, 274, 19838–19845. [CrossRef]
14. Ying, Q.L.; Nichols, J.; Chambers, I.; Smith, A. BMP Induction of Id Proteins Suppresses Differentiation and Sustains Embryonic

Stem Cell Self-Renewal in Collaboration with STAT3. Cell 2003, 115, 281–292. [CrossRef] [PubMed]
15. Sato, N.; Meijer, L.; Skaltsounis, L.; Greengard, P.; Brivanlou, A.H. Maintenance of Pluripotency in Human and Mouse Embryonic

Stem Cells through Activation of Wnt Signaling by a Pharmacological GSK-3-Specific Inhibitor. Nat. Med. 2004, 10, 55–63.
[CrossRef] [PubMed]

https://doi.org/10.1016/0012-1606(62)90043-X
https://www.ncbi.nlm.nih.gov/pubmed/13903027
https://doi.org/10.1016/0092-8674(83)90300-8
https://www.ncbi.nlm.nih.gov/pubmed/6839359
https://doi.org/10.1016/j.cell.2006.07.024
https://www.ncbi.nlm.nih.gov/pubmed/16904174
https://doi.org/10.1101/cshperspect.a018200
https://www.ncbi.nlm.nih.gov/pubmed/24384572
https://doi.org/10.1146/annurev-genom-120220-085159
https://www.ncbi.nlm.nih.gov/pubmed/33781079
https://doi.org/10.1007/s12015-019-09935-x
https://www.ncbi.nlm.nih.gov/pubmed/31760627
https://doi.org/10.1016/j.neuron.2011.05.005
https://www.ncbi.nlm.nih.gov/pubmed/21609820
https://doi.org/10.1016/j.coviro.2016.08.004
https://www.ncbi.nlm.nih.gov/pubmed/27559630
https://doi.org/10.1038/nature08113
https://doi.org/10.1080/21623996.2015.1086520
https://doi.org/10.1634/stemcells.22-5-770
https://doi.org/10.1634/stemcells.22-4-522
https://doi.org/10.1074/jbc.274.28.19838
https://doi.org/10.1016/S0092-8674(03)00847-X
https://www.ncbi.nlm.nih.gov/pubmed/14636556
https://doi.org/10.1038/nm979
https://www.ncbi.nlm.nih.gov/pubmed/14702635


Cells 2024, 13, 707 16 of 21

16. Atlasi, Y.; Noori, R.; Gaspar, C.; Franken, P.; Sacchetti, A.; Rafati, H.; Mahmoudi, T.; Decraene, C.; Calin, G.A.; Merrill, B.J.; et al.
Wnt Signaling Regulates the Lineage Differentiation Potential of Mouse Embryonic Stem Cells through Tcf3 Down-Regulation.
PLoS Genet. 2013, 9, e1003424. [CrossRef] [PubMed]

17. Blair, K.; Wray, J.; Smith, A. The Liberation of Embryonic Stem Cells. PLoS Genet. 2011, 7, e1002019. [CrossRef]
18. Takashima, Y.; Guo, G.; Loos, R.; Nichols, J.; Ficz, G.; Krueger, F.; Oxley, D.; Santos, F.; Clarke, J.; Mansfield, W.; et al. Resetting

Transcription Factor Control Circuitry toward Ground-State Pluripotency in Human. Cell 2014, 158, 1254–1269. [CrossRef]
[PubMed]

19. Gafni, O.; Weinberger, L.; Mansour, A.A.; Manor, Y.S.; Chomsky, E.; Ben-Yosef, D.; Kalma, Y.; Viukov, S.; Maza, I.; Zviran, A.; et al.
Derivation of Novel Human Ground State Naive Pluripotent Stem Cells. Nature 2013, 504, 282–286. [CrossRef]

20. Boyer, L.A.; Tong, I.L.; Cole, M.F.; Johnstone, S.E.; Levine, S.S.; Zucker, J.P.; Guenther, M.G.; Kumar, R.M.; Murray, H.L.; Jenner,
R.G.; et al. Core Transcriptional Regulatory Circuitry in Human Embryonic Stem Cells. Cell 2005, 122, 947–956. [CrossRef]

21. Driskill, J.H.; Pan, D. Control of Stem Cell Renewal and Fate by YAP and TAZ. Nat. Rev. Mol. Cell Biol. 2023, 24, 895–911.
[CrossRef] [PubMed]

22. Azzolin, L.; Panciera, T.; Soligo, S.; Enzo, E.; Bicciato, S.; Dupont, S.; Bresolin, S.; Frasson, C.; Basso, G.; Guzzardo, V.; et al.
YAP/TAZ Incorporation in the β-Catenin Destruction Complex Orchestrates the Wnt Response. Cell 2014, 158, 157–170. [CrossRef]
[PubMed]

23. Ma, H.; Morey, R.; O’Neil, R.C.; He, Y.; Daughtry, B.; Schultz, M.D.; Hariharan, M.; Nery, J.R.; Castanon, R.; Sabatini, K.; et al.
Abnormalities in Human Pluripotent Cells Due to Reprogramming Mechanisms. Nature 2014, 511, 177–183. [CrossRef] [PubMed]

24. Lee, D.S.; Shin, J.Y.; Tonge, P.D.; Puri, M.C.; Lee, S.; Park, H.; Lee, W.C.; Hussein, S.M.I.; Bleazard, T.; Yun, J.Y.; et al. An
Epigenomic Roadmap to Induced Pluripotency Reveals DNA Methylation as a Reprogramming Modulator. Nat. Commun. 2014,
5, 5619. [CrossRef] [PubMed]

25. Yu, J.; Vodyanik, M.A.; Smuga-Otto, K.; Antosiewicz-Bourget, J.; Frane, J.L.; Tian, S.; Nie, J.; Jonsdottir, G.A.; Ruotti, V.; Stewart,
R.; et al. Induced Pluripotent Stem Cell Lines Derived from Human Somatic Cells. Science 2007, 318, 1917–1920. [CrossRef]

26. Anokye-Danso, F.; Trivedi, C.M.; Juhr, D.; Gupta, M.; Cui, Z.; Tian, Y.; Zhang, Y.; Yang, W.; Gruber, P.J.; Epstein, J.A.; et al. Highly
Efficient MiRNA-Mediated Reprogramming of Mouse and Human Somatic Cells to Pluripotency. Cell Stem Cell 2011, 8, 376–388.
[CrossRef]

27. Polo, J.M.; Anderssen, E.; Walsh, R.M.; Schwarz, B.A.; Nefzger, C.M.; Lim, S.M.; Borkent, M.; Apostolou, E.; Alaei, S.;
Cloutier, J.; et al. A Molecular Roadmap of Reprogramming Somatic Cells into IPS Cells. Cell 2012, 151, 1617–1632. [CrossRef]

28. Rais, Y.; Zviran, A.; Geula, S.; Gafni, O.; Chomsky, E.; Viukov, S.; Mansour, A.A.; Caspi, I.; Krupalnik, V.; Zerbib, M.; et al.
Deterministic Direct Reprogramming of Somatic Cells to Pluripotency. Nature 2013, 502, 65–70. [CrossRef] [PubMed]

29. Di Stefano, B.; Sardina, J.L.; Van Oevelen, C.; Collombet, S.; Kallin, E.M.; Vicent, G.P.; Lu, J.; Thieffry, D.; Beato, M.; Graf, T.
C/EBPα Poises B Cells for Rapid Reprogramming into Induced Pluripotent Stem Cells. Nature 2014, 506, 235–239. [CrossRef]

30. Tan, D.S.; Chen, Y.; Gao, Y.; Bednarz, A.; Wei, Y.; Malik, V.; Ho, D.H.H.; Weng, M.; Ho, S.Y.; Srivastava, Y.; et al. Directed Evolution
of an Enhanced POU Reprogramming Factor for Cell Fate Engineering. Mol. Biol. Evol. 2021, 38, 2854–2868. [CrossRef]

31. MacCarthy, C.M.; Wu, G.; Malik, V.; Menuchin-Lasowski, Y.; Velychko, T.; Keshet, G.; Fan, R.; Bedzhov, I.; Church, G.M.;
Jauch, R.; et al. Highly Cooperative Chimeric Super-SOX Induces Naive Pluripotency across Species. Cell Stem Cell 2024, 31,
127–147.e9. [CrossRef] [PubMed]

32. Huangfu, D.; Maehr, R.; Guo, W.; Eijkelenboom, A.; Snitow, M.; Chen, A.E.; Melton, D.A. Induction of Pluripotent Stem Cells by
Defined Factors Is Greatly Improved by Small-Molecule Compounds. Nat. Biotechnol. 2008, 26, 795–797. [CrossRef] [PubMed]

33. Krämer, O.H.; Zhu, P.; Ostendorff, H.P.; Golebiewski, M.; Tiefenbach, J.; Peters, M.A.; Brill, B.; Groner, B.; Bach, I.; Heinzel, T.; et al.
The Histone Deacetylase Inhibitor Valproic Acid Selectively Induces Proteasomal Degradation of HDAC2. EMBO J. 2003, 22,
3411–3420. [CrossRef] [PubMed]

34. Li, W.; Tian, E.; Chen, Z.X.; Sun, G.Q.; Ye, P.; Yang, S.; Lu, D.; Xie, J.; Ho, T.V.; Tsark, W.M.; et al. Identification of Oct4-Activating
Compounds That Enhance Reprogramming Efficiency. Proc. Natl. Acad. Sci. USA 2012, 109, 20853–20858. [CrossRef] [PubMed]

35. Ichida, J.K.; Blanchard, J.; Lam, K.; Son, E.Y.; Chung, J.E.; Egli, D.; Loh, K.M.; Carter, A.C.; Di Giorgio, F.P.; Koszka, K.; et al.
A Small-Molecule Inhibitor of Tgf-β Signaling Replaces Sox2 in Reprogramming by Inducing Nanog. Cell Stem Cell 2009, 5,
491–503. [CrossRef] [PubMed]

36. Daigle, S.R.; Olhava, E.J.; Therkelsen, C.A.; Majer, C.R.; Sneeringer, C.J.; Song, J.; Johnston, L.D.; Scott, M.P.; Smith, J.J.;
Xiao, Y.; et al. Selective Killing of Mixed Lineage Leukemia Cells by a Potent Small-Molecule DOT1L Inhibitor. Cancer Cell 2011,
20, 53–65. [CrossRef] [PubMed]

37. Onder, T.T.; Kara, N.; Cherry, A.; Sinha, A.U.; Zhu, N.; Bernt, K.M.; Cahan, P.; Marcarci, B.O.; Unternaehrer, J.; Gupta, P.B.; et al.
Chromatin-Modifying Enzymes as Modulators of Reprogramming. Nature 2012, 483, 598–602. [CrossRef] [PubMed]

38. Kim, K.P.; Choi, J.; Yoon, J.; Bruder, J.M.; Shin, B.; Kim, J.; Arauzo-Bravo, M.J.; Han, D.; Wu, G.; Han, D.W.; et al. Permissive
Epigenomes Endow Reprogramming Competence to Transcriptional Regulators. Nat. Chem. Biol. 2021, 17, 47–56. [CrossRef]
[PubMed]

39. Yuan, X.; Wan, H.; Zhao, X.; Zhu, S.; Zhou, Q.; Ding, S. Brief Report: Combined Chemical Treatment Enables Oct4-Induced
Reprogramming from Mouse Embryonic Fibroblasts. Stem Cells 2011, 29, 549–553. [CrossRef]

40. Chen, J.; Liu, J.; Yang, J.; Chen, Y.; Chen, J.; Ni, S.; Song, H.; Zeng, L.; Ding, K.; Pei, D. BMPs Functionally Replace Klf4 and
Support Efficient Reprogramming of Mouse Fibroblasts by Oct4 Alone. Cell Res. 2011, 21, 205–212. [CrossRef]

https://doi.org/10.1371/journal.pgen.1003424
https://www.ncbi.nlm.nih.gov/pubmed/23658527
https://doi.org/10.1371/journal.pgen.1002019
https://doi.org/10.1016/j.cell.2014.08.029
https://www.ncbi.nlm.nih.gov/pubmed/25215486
https://doi.org/10.1038/nature12745
https://doi.org/10.1016/j.cell.2005.08.020
https://doi.org/10.1038/s41580-023-00644-5
https://www.ncbi.nlm.nih.gov/pubmed/37626124
https://doi.org/10.1016/j.cell.2014.06.013
https://www.ncbi.nlm.nih.gov/pubmed/24976009
https://doi.org/10.1038/nature13551
https://www.ncbi.nlm.nih.gov/pubmed/25008523
https://doi.org/10.1038/ncomms6619
https://www.ncbi.nlm.nih.gov/pubmed/25493341
https://doi.org/10.1126/science.1151526
https://doi.org/10.1016/j.stem.2011.03.001
https://doi.org/10.1016/j.cell.2012.11.039
https://doi.org/10.1038/nature12587
https://www.ncbi.nlm.nih.gov/pubmed/24048479
https://doi.org/10.1038/nature12885
https://doi.org/10.1093/molbev/msab075
https://doi.org/10.1016/j.stem.2023.11.010
https://www.ncbi.nlm.nih.gov/pubmed/38141611
https://doi.org/10.1038/nbt1418
https://www.ncbi.nlm.nih.gov/pubmed/18568017
https://doi.org/10.1093/emboj/cdg315
https://www.ncbi.nlm.nih.gov/pubmed/12840003
https://doi.org/10.1073/pnas.1219181110
https://www.ncbi.nlm.nih.gov/pubmed/23213213
https://doi.org/10.1016/j.stem.2009.09.012
https://www.ncbi.nlm.nih.gov/pubmed/19818703
https://doi.org/10.1016/j.ccr.2011.06.009
https://www.ncbi.nlm.nih.gov/pubmed/21741596
https://doi.org/10.1038/nature10953
https://www.ncbi.nlm.nih.gov/pubmed/22388813
https://doi.org/10.1038/s41589-020-0618-6
https://www.ncbi.nlm.nih.gov/pubmed/32807969
https://doi.org/10.1002/stem.594
https://doi.org/10.1038/cr.2010.172


Cells 2024, 13, 707 17 of 21

41. Moon, J.H.; Heo, J.S.; Kim, J.S.; Jun, E.K.; Lee, J.H.; Kim, A.; Kim, J.; Whang, K.Y.; Kang, Y.K.; Yeo, S.; et al. Reprogramming
Fibroblasts into Induced Pluripotent Stem Cells with Bmi1. Cell Res. 2011, 21, 1305–1315. [CrossRef] [PubMed]

42. Li, Y.; Zhang, Q.; Yin, X.; Yang, W.; Du, Y.; Hou, P.; Ge, J.; Liu, C.; Zhang, W.; Zhang, X.; et al. Generation of IPSCs from Mouse
Fibroblasts with a Single Gene, Oct4, and Small Molecules. Cell Res. 2011, 21, 196–204. [CrossRef] [PubMed]

43. Hou, P.; Li, Y.; Zhang, X.; Liu, C.; Guan, J.; Li, H.; Zhao, T.; Ye, J.; Yang, W.; Liu, K.; et al. Pluripotent Stem Cells Induced from
Mouse Somatic Cells by Small-Molecule Compounds. Science 2013, 341, 651–654. [CrossRef] [PubMed]

44. Guan, J.; Wang, G.; Wang, J.; Zhang, Z.; Fu, Y.; Cheng, L.; Meng, G.; Lyu, Y.; Zhu, J.; Li, Y.; et al. Chemical Reprogramming of
Human Somatic Cells to Pluripotent Stem Cells. Nature 2022, 605, 325–331. [CrossRef] [PubMed]

45. Liuyang, S.; Wang, G.; Wang, Y.; He, H.; Lyu, Y.; Cheng, L.; Yang, Z.; Guan, J.; Fu, Y.; Zhu, J.; et al. Highly Efficient and Rapid
Generation of Human Pluripotent Stem Cells by Chemical Reprogramming. Cell Stem Cell 2023, 30, 450–459.e9. [CrossRef]
[PubMed]

46. Chen, X.; Lu, Y.; Wang, L.; Ma, X.; Pu, J.; Lin, L.; Deng, Q.; Li, Y.; Wang, W.; Jin, Y.; et al. A Fast Chemical Reprogramming System
Promotes Cell Identity Transition through a Diapause-like State. Nat. Cell Biol. 2023, 25, 1146–1156. [CrossRef] [PubMed]

47. Panciera, T.; Azzolin, L.; Cordenonsi, M.; Piccolo, S. Mechanobiology of YAP and TAZ in Physiology and Disease. Nat. Rev. Mol.
Cell Biol. 2017, 18, 758–770. [CrossRef] [PubMed]

48. Downing, T.L.; Soto, J.; Morez, C.; Houssin, T.; Fritz, A.; Yuan, F.; Chu, J.; Patel, S.; Schaffer, D.V.; Li, S. Biophysical Regulation of
Epigenetic State and Cell Reprogramming. Nat. Mater. 2013, 12, 1154–1162. [CrossRef] [PubMed]

49. Caiazzo, M.; Okawa, Y.; Ranga, A.; Piersigilli, A.; Tabata, Y.; Lutolf, M.P. Defined Three-Dimensional Microenvironments Boost
Induction of Pluripotency. Nat. Mater. 2016, 15, 344–352. [CrossRef]

50. Baek, S.; Quan, X.; Kim, S.; Lengner, C.; Park, J.K.; Kim, J. Electromagnetic Fields Mediate Efficient Cell Reprogramming into a
Pluripotent State. ACS Nano 2014, 8, 10125–10138. [CrossRef]

51. Roy, B.; Venkatachalapathy, S.; Ratna, P.; Wang, Y.; Jokhun, D.S.; Nagarajan, M.; Shivashankar, G.V. Laterally Confined Growth of
Cells Induces Nuclear Reprogramming in the Absence of Exogenous Biochemical Factors. Proc. Natl. Acad. Sci. USA 2018, 115,
E4741–E4750. [CrossRef] [PubMed]

52. Roy, B.; Yuan, L.; Lee, Y.; Bharti, A.; Mitra, A.; Shivashankar, G.V. Fibroblast Rejuvenation by Mechanical Reprogramming and
Redifferentiation. Proc. Natl. Acad. Sci. USA 2020, 117, 10131–10141. [CrossRef] [PubMed]

53. Mertens, J.; Paquola, A.C.M.; Ku, M.; Hatch, E.; Böhnke, L.; Ladjevardi, S.; McGrath, S.; Campbell, B.; Lee, H.;
Herdy, J.R.; et al. Directly Reprogrammed Human Neurons Retain Aging-Associated Transcriptomic Signatures and
Reveal Age-Related Nucleocytoplasmic Defects. Cell Stem Cell 2015, 17, 705–718. [CrossRef] [PubMed]

54. Davis, R.L.; Weintraub, H.; Lassar, A.B. Expression of a Single Transfected CDNA Converts Fibmblasts to Myoblasts. Cell 1987, 51,
987–1000. [CrossRef]

55. Dall’Agnese, A.; Caputo, L.; Nicoletti, C.; di Iulio, J.; Schmitt, A.; Gatto, S.; Diao, Y.; Ye, Z.; Forcato, M.; Perera, R.; et al.
Transcription Factor-Directed Re-Wiring of Chromatin Architecture for Somatic Cell Nuclear Reprogramming toward Trans-
Differentiation. Mol. Cell 2019, 76, 453–472.e8. [CrossRef] [PubMed]

56. Ieda, M.; Fu, J.D.; Delgado-Olguin, P.; Vedantham, V.; Hayashi, Y.; Bruneau, B.G.; Srivastava, D. Direct Reprogramming of
Fibroblasts into Functional Cardiomyocytes by Defined Factors. Cell 2010, 142, 375–386. [CrossRef] [PubMed]

57. Miyamoto, K.; Akiyama, M.; Tamura, F.; Isomi, M.; Yamakawa, H.; Sadahiro, T.; Muraoka, N.; Kojima, H.; Haginiwa, S.;
Kurotsu, S.; et al. Direct In Vivo Reprogramming with Sendai Virus Vectors Improves Cardiac Function after Myocardial
Infarction. Cell Stem Cell 2018, 22, 91–103.e5. [CrossRef] [PubMed]

58. Stone, N.R.; Gifford, C.A.; Thomas, R.; Pratt, K.J.B.; Samse-Knapp, K.; Mohamed, T.M.A.; Radzinsky, E.M.; Schricker, A.; Ye, L.;
Yu, P.; et al. Context-Specific Transcription Factor Functions Regulate Epigenomic and Transcriptional Dynamics during Cardiac
Reprogramming. Cell Stem Cell 2019, 25, 87–102.e9. [CrossRef] [PubMed]

59. Huang, P.; Zhang, L.; Gao, Y.; He, Z.; Yao, D.; Wu, Z.; Cen, J.; Chen, X.; Liu, C.; Hu, Y.; et al. Direct Reprogramming of Human
Fibroblasts to Functional and Expandable Hepatocytes. Cell Stem Cell 2014, 14, 370–384. [CrossRef] [PubMed]

60. Sekiya, S.; Suzuki, A. Direct Conversion of Mouse Fibroblasts to Hepatocyte-like Cells by Defined Factors. Nature 2011, 475,
390–395. [CrossRef]

61. Huang, P.; He, Z.; Ji, S.; Sun, H.; Xiang, D.; Liu, C.; Hu, Y.; Wang, X.; Hui, L. Induction of Functional Hepatocyte-like Cells from
Mouse Fibroblasts by Defined Factors. Nature 2011, 475, 386–391. [CrossRef] [PubMed]

62. Lee, S.; Park, C.; Han, J.W.; Kim, J.Y.; Cho, K.; Kim, E.J.; Kim, S.; Lee, S.J.; Oh, S.Y.; Tanaka, Y.; et al. Direct Reprogramming of
Human Dermal Fibroblasts into Endothelial Cells Using ER71/ETV2. Circ. Res. 2017, 120, 848–861. [CrossRef] [PubMed]

63. Feng, R.; Desbordes, S.C.; Xie, H.; Sanchez Tillo, E.; Pixley, F.; Stanley, E.R.; Graf, T. PU. 1 and C/EBP/Convert Fibroblasts into
Macrophage-like Cells. Proc. Natl. Acad. Sci. USA 2008, 105, 6057–6062. [CrossRef] [PubMed]

64. Kajimura, S.; Seale, P.; Kubota, K.; Lunsford, E.; Frangioni, J.V.; Gygi, S.P.; Spiegelman, B.M. Initiation of Myoblast to Brown Fat
Switch by a PRDM16-C/EBP-β Transcriptional Complex. Nature 2009, 460, 1154–1158. [CrossRef] [PubMed]

65. Buganim, Y.; Itskovich, E.; Hu, Y.C.; Cheng, A.W.; Ganz, K.; Sarkar, S.; Fu, D.; Welstead, G.G.; Page, D.C.; Jaenisch, R. Direct
Reprogramming of Fibroblasts into Embryonic Sertoli-like Cells by Defined Factors. Cell Stem Cell 2012, 11, 373–386. [CrossRef]
[PubMed]

66. Batta, K.; Florkowska, M.; Kouskoff, V.; Lacaud, G. Direct Reprogramming of Murine Fibroblasts to Hematopoietic Progenitor
Cells. Cell Rep. 2014, 9, 1871–1884. [CrossRef] [PubMed]

https://doi.org/10.1038/cr.2011.107
https://www.ncbi.nlm.nih.gov/pubmed/21709693
https://doi.org/10.1038/cr.2010.142
https://www.ncbi.nlm.nih.gov/pubmed/20956998
https://doi.org/10.1126/science.1239278
https://www.ncbi.nlm.nih.gov/pubmed/23868920
https://doi.org/10.1038/s41586-022-04593-5
https://www.ncbi.nlm.nih.gov/pubmed/35418683
https://doi.org/10.1016/j.stem.2023.02.008
https://www.ncbi.nlm.nih.gov/pubmed/36944335
https://doi.org/10.1038/s41556-023-01193-x
https://www.ncbi.nlm.nih.gov/pubmed/37550515
https://doi.org/10.1038/nrm.2017.87
https://www.ncbi.nlm.nih.gov/pubmed/28951564
https://doi.org/10.1038/nmat3777
https://www.ncbi.nlm.nih.gov/pubmed/24141451
https://doi.org/10.1038/nmat4536
https://doi.org/10.1021/nn502923s
https://doi.org/10.1073/pnas.1714770115
https://www.ncbi.nlm.nih.gov/pubmed/29735717
https://doi.org/10.1073/pnas.1911497117
https://www.ncbi.nlm.nih.gov/pubmed/32350144
https://doi.org/10.1016/j.stem.2015.09.001
https://www.ncbi.nlm.nih.gov/pubmed/26456686
https://doi.org/10.1016/0092-8674(87)90585-X
https://doi.org/10.1016/j.molcel.2019.07.036
https://www.ncbi.nlm.nih.gov/pubmed/31519520
https://doi.org/10.1016/j.cell.2010.07.002
https://www.ncbi.nlm.nih.gov/pubmed/20691899
https://doi.org/10.1016/j.stem.2017.11.010
https://www.ncbi.nlm.nih.gov/pubmed/29276141
https://doi.org/10.1016/j.stem.2019.06.012
https://www.ncbi.nlm.nih.gov/pubmed/31271750
https://doi.org/10.1016/j.stem.2014.01.003
https://www.ncbi.nlm.nih.gov/pubmed/24582927
https://doi.org/10.1038/nature10263
https://doi.org/10.1038/nature10116
https://www.ncbi.nlm.nih.gov/pubmed/21562492
https://doi.org/10.1161/CIRCRESAHA.116.309833
https://www.ncbi.nlm.nih.gov/pubmed/28003219
https://doi.org/10.1073/pnas.0711961105
https://www.ncbi.nlm.nih.gov/pubmed/18424555
https://doi.org/10.1038/nature08262
https://www.ncbi.nlm.nih.gov/pubmed/19641492
https://doi.org/10.1016/j.stem.2012.07.019
https://www.ncbi.nlm.nih.gov/pubmed/22958931
https://doi.org/10.1016/j.celrep.2014.11.002
https://www.ncbi.nlm.nih.gov/pubmed/25466247


Cells 2024, 13, 707 18 of 21

67. Szabo, E.; Rampalli, S.; Risueño, R.M.; Schnerch, A.; Mitchell, R.; Fiebig-Comyn, A.; Levadoux-Martin, M.; Bhatia, M. Direct
Conversion of Human Fibroblasts to Multilineage Blood Progenitors. Nature 2010, 468, 521–526. [CrossRef] [PubMed]

68. Cheng, H.; Ang, H.Y.K.; El Farran, C.A.; Li, P.; Fang, H.T.; Liu, T.M.; Kong, S.L.; Chin, M.L.; Ling, W.Y.; Lim, E.K.H.; et al.
Reprogramming Mouse Fibroblasts into Engraftable Myeloerythroid and Lymphoid Progenitors. Nat. Commun. 2016, 7, 13396.
[CrossRef]

69. Yu, B.; He, Z.Y.; You, P.; Han, Q.W.; Xiang, D.; Chen, F.; Wang, M.J.; Liu, C.C.; Lin, X.W.; Borjigin, U.; et al. Reprogramming
Fibroblasts into Bipotential Hepatic Stem Cells by Defined Factors. Cell Stem Cell 2013, 13, 328–340. [CrossRef]

70. Zhang, Y.; Cao, N.; Huang, Y.; Spencer, C.I.; Fu, J.D.; Yu, C.; Liu, K.; Nie, B.; Xu, T.; Li, K.; et al. Expandable Cardiovascular
Progenitor Cells Reprogrammed from Fibroblasts. Cell Stem Cell 2016, 18, 368–381. [CrossRef]

71. Ito, N.; Kii, I.; Shimizu, N.; Tanaka, H.; Shin’Ichi, T. Direct Reprogramming of Fibroblasts into Skeletal Muscle Progenitor Cells by
Transcription Factors Enriched in Undifferentiated Subpopulation of Satellite Cells. Sci. Rep. 2017, 7, 8097. [CrossRef]

72. Miura, S.; Suzuki, A. Generation of Mouse and Human Organoid-Forming Intestinal Progenitor Cells by Direct Lineage
Reprogramming. Cell Stem Cell 2017, 21, 456–471.e5. [CrossRef]

73. Najm, F.J.; Lager, A.M.; Zaremba, A.; Wyatt, K.; Caprariello, A.V.; Factor, D.C.; Karl, R.T.; Maeda, T.; Miller, R.H.; Tesar, P.J.
Transcription Factor-Mediated Reprogramming of Fibroblasts to Expandable, Myelinogenic Oligodendrocyte Progenitor Cells.
Nat. Biotechnol. 2013, 31, 426–433. [CrossRef] [PubMed]

74. Yang, N.; Zuchero, J.B.; Ahlenius, H.; Marro, S.; Ng, Y.H.; Vierbuchen, T.; Hawkins, J.S.; Geissler, R.; Barres, B.A.; Wernig, M.
Generation of Oligodendroglial Cells by Direct Lineage Conversion. Nat. Biotechnol. 2013, 31, 434–439. [CrossRef]

75. Lujan, E.; Chanda, S.; Ahlenius, H.; Südhof, T.C.; Wernig, M. Direct Conversion of Mouse Fibroblasts to Self-Renewing, Tripotent
Neural Precursor Cells. Proc. Natl. Acad. Sci. USA 2012, 109, 2527–2532. [CrossRef] [PubMed]

76. Ring, K.L.; Tong, L.M.; Balestra, M.E.; Javier, R.; Andrews-Zwilling, Y.; Li, G.; Walker, D.; Zhang, W.R.; Kreitzer, A.C.; Huang, Y.
Direct Reprogramming of Mouse and Human Fibroblasts into Multipotent Neural Stem Cells with a Single Factor. Cell Stem Cell
2012, 11, 100–109. [CrossRef]

77. Bonni, A.; Sun, Y.; Nadal-Vicens, M.; Bhatt, A.; Frank, D.A.; Rozovsky, I.; Stahl, N.; Yancopoulos, G.D.; Greenberg, M.E. Regulation
of Gliogenesis in the Central Nervous System by the JAK-STAT Signaling Pathway. Science 1997, 278, 477–483. [CrossRef]
[PubMed]

78. Nakashima, K.; Yanagisawa, M.; Arakawa, H.; Kimura, N.; Hisatsune, T.; Kawabata, M.; Miyazono, K.; Taga, T. Synergistic
Signaling in Fetal Brain by STAT3-Smad1 Complex Brideged by p300. Science 1999, 284, 479–482. [CrossRef] [PubMed]

79. Nakashima, K.; Takizawa, T.; Ochiai, W.; Yanagisawa, M.; Hisatsune, T.; Nakafuku, M.; Miyazono, K.; Kishimoto, T.; Kageyama,
R.; Taga, T. BMP2-Mediated Alteration in the Developmental Pathway of Fetal Mouse Brain Cells from Neurogenesis to
Astrocytogenesis. Proc. Natl. Acad. Sci. USA 2001, 98, 5868–5873. [CrossRef]

80. Sueda, R.; Kageyama, R. Regulation of Active and Quiescent Somatic Stem Cells by Notch Signaling. Dev. Growth Differ. 2020, 62,
59–66. [CrossRef]

81. Takizawa, T.; Ochiai, W.; Nakashima, K.; Taga, T. Enhanced Gene Activation by Notch and BMP Signaling Cross-Talk. Nucleic
Acids Res. 2003, 31, 5723–5731. [CrossRef] [PubMed]

82. Hiew, L.-F.; Poon, C.-H.; You, H.-Z.; Lim, L.-W. TGF-β/Smad Signalling in Neurogenesis: Implications for Neuropsychiatric
Diseases. Cells 2021, 10, 1382. [CrossRef] [PubMed]

83. Hirabayashi, Y.; Itoh, Y.; Tabata, H.; Nakajima, K.; Akiyama, T.; Masuyama, N.; Gotoh, Y. The Wnt/β-Catenin Pathway Directs
Neuronal Differentation of Cortical Neural Precursor Cells. Development 2004, 131, 2791–2801. [CrossRef] [PubMed]

84. Inestrosa, N.C.; Varela-Nallar, L. Wnt Signalling in Neuronal Differentiation and Development. Cell Tissue Res. 2015, 359, 215–223.
[CrossRef] [PubMed]

85. Kuwahara, A.; Sakai, H.; Xu, Y.; Itoh, Y.; Hirabayashi, Y.; Gotoh, Y. Tcf3 Represses Wnt-β-Catenin Signaling and Maintains Neural
Stem Cell Population during Neocortical Development. PLoS ONE 2014, 9, e94408. [CrossRef] [PubMed]

86. Pietrobono, S.; Gagliardi, S.; Stecca, B. Non-Canonical Hedgehog Signaling Pathway in Cancer: Activation of GLI Transcription
Factors beyond Smoothened. Front. Genet. 2019, 10, 556. [CrossRef] [PubMed]

87. Diez del Corral, R.; Morales, A.V. The Multiple Roles of FGF Signaling in the Developing Spinal Cord. Front. Cell Dev. Biol. 2017,
5, 58. [CrossRef] [PubMed]

88. Chan, W.S.; Sideris, A.; Sutachan, J.J.; Montoya, G.J.V.; Blanck, T.J.J.; Recio-Pinto, E. Differential Regulation of Proliferation and
Neuronal Differentiation in Adult Rat Spinal Cord Neural Stem/Progenitors by ERK1/2, Akt, and PLCγ. Front. Mol. Neurosci.
2013, 6, 23. [CrossRef]

89. Ma, D.K.; Ponnusamy, K.; Song, M.R.; Ming, G.L.; Song, H. Molecular Genetic Analysis of FGFR1 Signalling Reveals Distinct
Roles of MAPK and PLC1 Activation for Self-Renewal of Adult Neural Stem Cells. Mol. Brain 2009, 2, 16. [CrossRef]

90. Corbit, K.C.; Soh, J.-W.; Yoshida, K.; Eves, E.M.; Weinstein, I.B.; Rosner, M.R. Different Protein Kinase C Isoforms Determine
Growth Factor Specificity in Neuronal Cells. Mol. Cell Biol. 2000, 20, 5392–5403. [CrossRef]

91. Geribaldi-Doldán, N.; Flores-Giubi, E.; Murillo-Carretero, M.; García-Bernal, F.; Carrasco, M.; Macías-Sánchez, A.J.; Domínguez-
Riscart, J.; Verástegui, C.; Hernández-Galán, R.; Castro, C. 12-Deoxyphorbols Promote Adult Neurogenesis by Inducing Neural
Progenitor Cell Proliferation via PKC Activation. Int. J. Neuropsychopharmacol. 2016, 19, pyv085. [CrossRef] [PubMed]

https://doi.org/10.1038/nature09591
https://www.ncbi.nlm.nih.gov/pubmed/21057492
https://doi.org/10.1038/ncomms13396
https://doi.org/10.1016/j.stem.2013.06.017
https://doi.org/10.1016/j.stem.2016.02.001
https://doi.org/10.1038/s41598-017-08232-2
https://doi.org/10.1016/j.stem.2017.08.020
https://doi.org/10.1038/nbt.2561
https://www.ncbi.nlm.nih.gov/pubmed/23584611
https://doi.org/10.1038/nbt.2564
https://doi.org/10.1073/pnas.1121003109
https://www.ncbi.nlm.nih.gov/pubmed/22308465
https://doi.org/10.1016/j.stem.2012.05.018
https://doi.org/10.1126/science.278.5337.477
https://www.ncbi.nlm.nih.gov/pubmed/9334309
https://doi.org/10.1126/science.284.5413.479
https://www.ncbi.nlm.nih.gov/pubmed/10205054
https://doi.org/10.1073/pnas.101109698
https://doi.org/10.1111/dgd.12626
https://doi.org/10.1093/nar/gkg778
https://www.ncbi.nlm.nih.gov/pubmed/14500836
https://doi.org/10.3390/cells10061382
https://www.ncbi.nlm.nih.gov/pubmed/34205102
https://doi.org/10.1242/dev.01165
https://www.ncbi.nlm.nih.gov/pubmed/15142975
https://doi.org/10.1007/s00441-014-1996-4
https://www.ncbi.nlm.nih.gov/pubmed/25234280
https://doi.org/10.1371/journal.pone.0094408
https://www.ncbi.nlm.nih.gov/pubmed/24832538
https://doi.org/10.3389/fgene.2019.00556
https://www.ncbi.nlm.nih.gov/pubmed/31244888
https://doi.org/10.3389/fcell.2017.00058
https://www.ncbi.nlm.nih.gov/pubmed/28626748
https://doi.org/10.3389/fnmol.2013.00023
https://doi.org/10.1186/1756-6606-2-16
https://doi.org/10.1128/MCB.20.15.5392-5403.2000
https://doi.org/10.1093/ijnp/pyv085
https://www.ncbi.nlm.nih.gov/pubmed/26224011


Cells 2024, 13, 707 19 of 21

92. Xie, N.; Xiao, C.; Shu, Q.; Cheng, B.; Wang, Z.; Xue, R.; Wen, Z.; Wang, J.; Shi, H.; Fan, D.; et al. Cell Response to Mechanical
Microenvironment Cues via Rho Signaling: From Mechanobiology to Mechanomedicine. Acta Biomater. 2023, 159, 1–20. [CrossRef]
[PubMed]

93. Chanda, S.; Ang, C.E.; Davila, J.; Pak, C.; Mall, M.; Lee, Q.Y.; Ahlenius, H.; Jung, S.W.; Südhof, T.C.; Wernig, M. Generation of
Induced Neuronal Cells by the Single Reprogramming Factor ASCL1. Stem Cell Rep. 2014, 3, 282–296. [CrossRef] [PubMed]

94. Vierbuchen, T.; Ostermeier, A.; Pang, Z.P.; Kokubu, Y.; Südhof, T.C.; Wernig, M. Direct Conversion of Fibroblasts to Functional
Neurons by Defined Factors. Nature 2010, 463, 1035–1041. [CrossRef] [PubMed]

95. Marro, S.; Pang, Z.P.; Yang, N.; Tsai, M.C.; Qu, K.; Chang, H.Y.; Südhof, T.C.; Wernig, M. Direct Lineage Conversion of Terminally
Differentiated Hepatocytes to Functional Neurons. Cell Stem Cell 2011, 9, 374–382. [CrossRef] [PubMed]

96. Wapinski, O.L.; Vierbuchen, T.; Qu, K.; Lee, Q.Y.; Chanda, S.; Fuentes, D.R.; Giresi, P.G.; Ng, Y.H.; Marro, S.; Neff, N.F.; et al.
Hierarchical Mechanisms for Direct Reprogramming of Fibroblasts to Neurons. Cell 2013, 155, 621. [CrossRef] [PubMed]

97. Wapinski, O.L.; Lee, Q.Y.; Chen, A.C.; Li, R.; Corces, M.R.; Ang, C.E.; Treutlein, B.; Xiang, C.; Baubet, V.; Suchy, F.P.; et al. Rapid
Chromatin Switch in the Direct Reprogramming of Fibroblasts to Neurons. Cell Rep. 2017, 20, 3236–3247. [CrossRef]

98. Pang, Z.P.; Yang, N.; Vierbuchen, T.; Ostermeier, A.; Fuentes, D.R.; Yang, T.Q.; Citri, A.; Sebastiano, V.; Marro, S.; Südhof, T.C.;
et al. Induction of Human Neuronal Cells by Defined Transcription Factors. Nature 2011, 476, 220–223. [CrossRef]

99. Son, E.Y.; Ichida, J.K.; Wainger, B.J.; Toma, J.S.; Rafuse, V.F.; Woolf, C.J.; Eggan, K. Conversion of Mouse and Human Fibroblasts
into Functional Spinal Motor Neurons. Cell Stem Cell 2011, 9, 205–218. [CrossRef]

100. Pfisterer, U.; Kirkeby, A.; Torper, O.; Wood, J.; Nelander, J.; Dufour, A.; Björklund, A.; Lindvall, O.; Jakobsson, J.; Parmar, M. Direct
Conversion of Human Fibroblasts to Dopaminergic Neurons. Proc. Natl. Acad. Sci. USA 2011, 108, 10343–10348. [CrossRef]

101. Torper, O.; Pfisterer, U.; Wolf, D.A.; Pereira, M.; Lau, S.; Jakobsson, J.; Björklund, A.; Grealish, S.; Parmar, M. Generation of
Induced Neurons via Direct Conversion in Vivo. Proc. Natl. Acad. Sci. USA 2013, 110, 7038–7043. [CrossRef] [PubMed]

102. Colasante, G.; Lignani, G.; Rubio, A.; Medrihan, L.; Yekhlef, L.; Sessa, A.; Massimino, L.; Giannelli, S.G.; Sacchetti, S.;
Caiazzo, M.; et al. Rapid Conversion of Fibroblasts into Functional Forebrain GABAergic Interneurons by Direct Genetic
Reprogramming. Cell Stem Cell 2015, 17, 719–734. [CrossRef] [PubMed]

103. Martinat, C.; Bacci, J.-J.; Leete, T.; Kim, J.; Vanti, W.B.; Newman, A.H.; Cha, J.H.; Gether, U.; Wang, H.; Abeliovich, A. Cooperative
Transcription Activation by Nurr1 and Pitx3 Induces Embryonic Stem Cell Maturation to the Midbrain Dopamine Neuron
Phenotype. Proc. Natl. Acad. Sci. USA 2006, 103, 2874–2879. [CrossRef] [PubMed]

104. Kim, J.; Su, S.C.; Wang, H.; Cheng, A.W.; Cassady, J.P.; Lodato, M.A.; Lengner, C.J.; Chung, C.Y.; Dawlaty, M.M.; Tsai, L.H.; et al.
Functional Integration of Dopaminergic Neurons Directly Converted from Mouse Fibroblasts. Cell Stem Cell 2011, 9, 413–419.
[CrossRef] [PubMed]

105. Chung, S.; Leung, A.; Han, B.S.; Chang, M.Y.; Moon, J., II; Kim, C.H.; Hong, S.; Pruszak, J.; Isacson, O.; Kim, K.S. Wnt1-Lmx1a
Forms a Novel Autoregulatory Loop and Controls Midbrain Dopaminergic Differentiation Synergistically with the SHH-FoxA2
Pathway. Cell Stem Cell 2009, 5, 646–658. [CrossRef] [PubMed]

106. Caiazzo, M.; Dell’Anno, M.T.; Dvoretskova, E.; Lazarevic, D.; Taverna, S.; Leo, D.; Sotnikova, T.D.; Menegon, A.; Roncaglia, P.;
Colciago, G.; et al. Direct Generation of Functional Dopaminergic Neurons from Mouse and Human Fibroblasts. Nature 2011, 476,
224–227. [CrossRef] [PubMed]

107. Dell’Anno, M.T.; Caiazzo, M.; Leo, D.; Dvoretskova, E.; Medrihan, L.; Colasante, G.; Giannelli, S.; Theka, I.; Russo, G.;
Mus, L.; et al. Remote Control of Induced Dopaminergic Neurons in Parkinsonian Rats. J. Clin. Investig. 2014, 124, 3215–3229.
[CrossRef] [PubMed]
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