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Traditional pharmaceuticals in the forms of small chemical compounds or macromolecules
such as proteins or RNAs have provided lifesaving solutions to many acute and chronic
conditions to date. However, there are still many unmet medical needs, especially those of
degenerative nature. The advent of cell-based therapy holds the promise to meet these
challenges. In this review, we highlight a relatively new paradigm for generating or
regenerating functional cells for replacement therapy against conditions such as type I
diabetes, myocardial infarction, neurodegenerative diseases and liver fibrosis. We focus on
the latest progresses in cellular reprogramming for generating diverse functional cell types.
We will also discuss the mechanisms involved and conclude with likely general principles
underlying reprogramming.
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INTRODUCTION

Cellular reprogramming refers to a process of cell fate transition, i.e., converting one type of cells to
another. The field has a long and rich history starting from the pioneering work of Gurdon in the
1950s. The initial success in frog cloning highlighted the potential of reprogramming fully
differentiated nuclei back to totipotent state that can give rise to a new frog (Gurdon, 1962).
Three decades later, MyoD was used to convert the mouse embryonic fibroblasts (MEFs) into
myoblasts in 1987, marking the first transcription factor or TF to convert cell fate (Davis et al., 1987).
In 2006, Takahashi and Yamanaka used 4 TFs, Oct4, Sox2, Klf4 andMyc to convert MEFs to induced
pluripotent stem cells (iPSCs) (Takahashi and Yamanaka, 2006; Takahashi et al., 2007). In addition,
numerous functional cell types have been reported through reprogramming, including neurons
(Vierbuchen et al., 2010; Barker et al., 2018), myoblasts (Davis et al., 1987), cardiomyocytes (Ieda
et al., 2010; Qian et al., 2012), hepatocytes (Huang et al., 2011; Sekiya and Suzuki, 2011) and
pancreatic β-cells (Zhou et al., 2008). Together, these studies not only demonstrated the feasibility of
generating desired cell types from somatic cells, but also provided a rational system to analyze cell
fate control.

Despite tremendous advances so far, concerns such as tumorigenicity and efficiency have
hampered efforts to implement reprogramming technologies towards human therapies.
Alternative approaches such as direct programming in vivo or transdifferentiation can provide
more appropriate microenvironment with adequate and suitable biochemical and biophysical
conditions to make induced mature cells involved into the surrounding tissues and replenish the
loss of functional cells in the injured organs (Wang H. et al., 2021). Nevertheless, there are challenges
ahead that require more careful investigations, leading to better solutions to issues such as low
efficiencies, lack of standard, as well as safe and specific delivery (Fu and Srivastava, 2015; Gascon
et al., 2017; Barker et al., 2018;Wang H. et al., 2021). In recent years, the field has achieved substantial
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progresses in solving these problems. Here we review these novel
and promising advances by different cell types and summarize the
mechanism and general principles underlying the process of
reprogramming for generation for functional cells.

SKELETAL MYOGENESIS

MYOD was the first TF known to mediate lineage fate
conversion, although earlier hints were reported on myoblast
generation by treatment with DNA methylation inhibitor 5-
Azacytidine that can target the locus of MyoD and activate the
expression (Constantinides et al., 1977; Davis et al., 1987). Since
then, MYOD has become the most used factor for inducing the
reprogramming of skeletal muscle lineage (Chal and Pourquie,
2017). Furthermore, MYOD has been used to induce the direct
differentiation of human embryonic stem cells (hESCs) and
human-induced pluripotent stem cells (hiPSCs) to myogenic
cells, which can be utilized to transplant to alleviate the
symptoms of mouse muscle diseases like Duchenne or
Miyoshi muscular dystrophies (Goudenege et al., 2012; Saho
et al., 2016; Young et al., 2016). The combination of MYOD
overexpression and treatment with three chemical molecules
CHIR99021, Forskolin and RepSOX could convert mouse
fibroblasts into expandable induced PAX7+ myogenic
progenitor cells (iMPCs) (Bar-Nur et al., 2018). Mechanically,
the characteristics of fibroblasts cell fate would be lost gradually,
which is prior to the acquirement of stem cell properties during
the converting process where Tet regulated DNA demethylation
plays a critical role (Yagi et al., 2021).

Interestingly, alternative factors such as transcription factors
PAX3/PAX7 have been shown to induce myogenic differentiation
in mouse and human pluripotent stem cells (Darabi et al., 2008;
Darabi et al., 2012; Quattrocelli et al., 2015; Carrio et al., 2016).
Compared with MYOD triggered transdifferentiation, the PAX3/
PAX7 approach takes advantage of embryonic body (EB)
differentiation followed with sorting by cell surface markers
like PDGFRα (CD140a) or CD56 to enrich myogenic cells
(Chal and Pourquie, 2017). While the in vitro induced
myogenic progenitors by conditional expression of Pax3/Pax7
were immature and resemble embryonic/fetal myoblasts, these
cells are functionally mature and have long-term regenerative
capability upon transplantation (Incitti et al., 2019).

In addition to transcription factors, bioactive nanomaterials
have also been utilized to promote the myogenic differentiation.
Monodispersed gold and gold-silver nanoparticles (AuNPs and
Au-AgNPs) can be used for the attachment and proliferation of
myoblasts and facilitate the myogenic differentiation of myoblasts
through activating p38α mitogen-activated protein kinase
pathway and enhancing the expression of myogenic genes
MyoD, MyoG and Tnnt-1 (Ge et al., 2018). Polypyrrole (PPy)
is another frequently used biomaterials that has been reported to
promote the myogenic differentiation in vitro (Li et al., 2019).
However, the material has poor degradability and low solubility,
limiting its use in vivo for regenerative medicine (Li et al., 2019).
Recently, Zhou et al. designed an injectable multifunctional
polypyrrole@polydopamine (PPy@PDA) crosslinked

nanocomposite hydrogel to overcome the drawbacks
mentioned above, and they constructed the nanocomposite-
crosslinked Pluronic F-127 (F127)-polycitrate matrix (FPCP)
to accomplish the enhancement of skeletal muscle repair and
regeneration in vivo (Zhou et al., 2021). The combination of
advancedmaterials as well as engineered cell types may ultimately
provide the solution to myogenic therapies in patients.

Islet β-cells
The pancreatic islet is a specialized organ with both endocrine
(islets of Langerhans) and exocrine (acinar cells and ductal cells)
functions (Zhou and Melton, 2018). Exocrine cells, which make
up the majority of islets, have strong regenerative capacity
whereby the exocrine pancreas could restore rapidly when
acute pancreatitis occurs. On the other hand, the endocrine
cells, only accounting for the 5% of pancreatic islet, have little
capability of regeneration (Zhou and Melton, 2018). Islet β-cells,
as one of pancreatic endocrine cell types, can secrete insulin
especially and are selectively destroyed in type I diabetes.
Replenishing these patients’ pancreatic cells with functional β-
cells through a regenerative medicine approach has great
potential as a therapeutic alternative to the traditional therapy
of lifelong insulin injections.

In vivo transdifferentiation is a promising strategy whereby the
initial cell source is abundant, and the immune rejection could be
avoided. In 2008, the first documented in vivo direct
reprogramming was performed of β-cells regeneration
converted from pancreatic exocrine cells (acinar cells) via the
combinatory expression of three transcription factors Ngn3, Pdx1
andMafA (Zhou et al., 2008; Li et al., 2014). Further investigation
found this combination could also induce the gastrointestinal
epithelial cells into endocrine β-like cells (Chen Y.-J. et al., 2014).
Similarly, cells of the antral stomach also tend to complete this
conversion (Ariyachet et al., 2016). Only the combination of Pdx1
and MafA delivered by adeno-associated virus (AAVs) through
pancreatic duct could reprogram alpha cells into beta cells in
mouse and human cells (Xiao et al., 2018; Furuyama et al., 2019).
Moreover, by taking advantages of the close developmental
relationship, ectopic expression of Tgif2 can convert hepatic
cell fate to that of pancreatic progenitors (Cerda-Esteban et al.,
2017). Unexpectedly, depletion of Foxo1 in Neurog3 (+)
enteroendocrine progenitor cells generated mature β-like cells
with insulin and C-peptide secreting capacity in response to
glucose and sulfonylureas (Talchai et al., 2012). Additionally,
the inactivation of Fbw7 could convert pancreatic ductal cells into
α, δ, and β cells (Sancho et al., 2014) (Table 1).

However, one of the challenges in this field is that the newly
induced β-cells cannot persist for long in type I diabetes due to
autoimmunity (Pipeleers et al., 2002; Zaret and Grompe, 2008).
Moreover, it has been reported that β-cells could be reactivated
through the reversal of autoimmunity (Tang et al., 2020).
Therefore, the combination of anti-autoimmune therapy
would have a positive effect on the regeneration of β-cells
(Wherrett et al., 2011; Bluestone et al., 2015; Wang et al.,
2018; Tang et al., 2020). Alternatively, some porous
biomaterials, like alginate derivatives, could be utilized as
immune barrier to prevent these cells from the attack of
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autoimmunity (Vegas et al., 2016). Intriguingly, gene therapy
through ectopic expression of Pdx1 and MafA by AAVs could
obtain insulin-producing cells with the resistance of
autoimmunity in the non-obese diabetic (NOD) mouse (Xiao
et al., 2018).

Overall, these diverse approaches all show promises in
generating functional cells, thus, providing solid foundations
for future pre- and clinical development for curing type I and
II diabetes with cell reprogramming.

CARDIOMYOCYTES

Heart failure is one of the most serious diseases that threaten
human life in the modern era, affecting more than 14 million
people worldwide (Laflamme and Murry, 2011; Qian et al., 2012;
Arrigo et al., 2020; Roger, 2021; Savarese et al., 2022). About 1/4
cardiomyocytes (CMs) dysfunction a few hours after a
myocardial infarction in the human left ventricle, but the left
ventricle resident cardiomyocytes have little capability of
proliferation after birth (Murry et al., 2006). Even with the
aging process, the left and right ventricular myocardium have
been estimated to lose 38 million and 14 million myocyte nuclei/
year irreversibly, along with the enlargement of the remaining
cardiomyocytes (Olivetti et al., 1991). Therefore, it is critical to
obtain the abundant functional cardiomyocytes capable of
repairing the injured or aging heart.

Several approaches have been reported. First, combinatorial
expression of two cardiac transcription factors, Gata4 and Tbx5
and the subunit of BAF chromatin remodeling complexes,
Smarcd3, has been reported to convert mouse mesoderm into
cardiomyocytes efficiently (Takeuchi and Bruneau, 2009).
Secondly, Gata4, Tbx5 and Mef2c can induce the direct
reprogramming of postnatal cardiac or dermal fibroblasts into
cardiomyocyte-like cells in a complementary approach (Ieda
et al., 2010). Remarkably, this combination of the three
transcription factors (Gata4, Tbx5 and Mef2c) with or without
the fourth factor Hand2 can convert the postnatal murine cardiac
fibroblasts into induced cardiomyocytes in the mouse model of
myocardial infarction for the first time (Qian et al., 2012; Song
et al., 2012). Mechanically, Mef2c and Tbx5 serve to open the
compacted chromatin and the factors behave through context-

specific cooperative mechanisms to guide cardiac reprogramming
(Liu et al., 2020). Thirdly, miRNAs (miRNAs 1,133, 208, and 499)
can convert fibroblasts to cardiomyocytes in vitro and in vivo
(Jayawardena et al., 2012). Fourthly, a combination of microRNA
mimic miR-208b-3p with the treatment of ascorbic acid and bone
morphogenetic protein 4 (BMP4) can trigger the formation of a
tissue-like structure containing three distinct cell types,
cardiomyocytes, endothelial cells and smooth muscle cells
from mouse tail-tip fibroblasts and this structure could be
transplanted for the restoration of the infarcted hearts (Cho
et al., 2021). Finally, nine chemicals (9C) can induce human
fibroblasts to generate cardiomyocyte-like cells in vivo of mouse
heart infarction model (Cao et al., 2016) (Table 2).

There were discrepancies associated with some of the
above mentioned methods. For instance, while the three
transcription factors Gata4, Mef2 and Tbx5 (GMT) can
realize a robust transdifferentiation to cardiomyocytes in
mouse, the same combination fails to perform the
corresponding reprogramming in human (Yamakawa and
Ieda, 2021). In the later research, Rie Wada and others
achieved this purpose of transdifferentiation from human
fibroblasts by addition of two cardiac-specific genes MESP1
and MYOCD (GMTMM) (Wada et al., 2013). Although other
combinations, like six factors (Gata4, Tbx5, Hand2, Myocd,
miR-1, and miR-133) (Nam et al., 2013) and seven factors
(Gata4, Mef2c, Tbx5, Mesp1, Myocd, Esrrg, and Zfpm2) (Fu
et al., 2013) have also been reported to complete this
transition, almost all documented cases have lower
efficiency of conversion comparing with that in mouse and
lack functional beating property (Yamakawa and Ieda, 2021)
(Table 2). These studies highlight the need to standardize
protocols and criteria used in evaluating efficacy.

In addition to the transdifferentiation from cardiac fibroblasts
into cardiomyocytes to alleviate the symptom of heat failure,
enhancing the capability of myocardial regeneration was
considered another promising strategy. Through the transient
ectopic heart-specific expression of Oct4, Sox2, Klf4, and c-Myc
(OSKM), the adult mouse cardiomyocytes could be reset into a
kind of fetal state whereby nondividing cardiomyocytes regain
their regenerative capacity (Chen et al., 2021). Notably, the long-
term expression of OSKM tends to lead to tumor formation
(Chen et al., 2021).

TABLE 1 | Cell reprogramming for Islet β-cells.

Factors Methods Starting Cell
Type

Target Cell
Type

Disease/
Model

References

NGN3, PDX1,
MAFA

overexpression acinar cells pancreatic β-cells Type I diabetes (Zhou et al., 2008; Li et al., 2014)

NGN3, PDX1,
MAFA

overexpression gastrointestinal epithelial cells pancreatic β-cells Type I diabetes Chen et al. (2014b)

NGN3, PDX1,
MAFA

overexpression antral stomach cells pancreatic β-cells Type I diabetes Ariyachet et al. (2016)

PDX1, MAFA overexpression pancreatic α-cells pancreatic β-cells Type I diabetes (Xiao et al., 2018; Furuyama et al., 2019)
TGIF2 overexpression hepatocytes pancreatic progenitors — Cerda-Esteban et al. (2017)
FOXO1 ablation Neurog3+ endocrine progenitor

cells
pancreatic β-cells Type I diabetes Talchai et al. (2012)

FBW7 ablation pancreatic ductal cells pancreatic α-, δ-, and β- cells — Sancho et al. (2014)
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A newly isolated culture of expandable cardiovascular
progenitor cells (CPCs) was reported with promising
characteristics for regenerative medicine (Lalit et al., 2016;
Zhang et al., 2016; Wang et al., 2022). These multipotent stem
cells exist exclusively in the embryonic development and could
subsequently generate heart tissue (Laugwitz et al., 2005).
Recently, CPCs were reported to be obtained by treatment
with six small molecules from mouse or human fibroblasts
and cultured in chemical define and xeno-free conditions
(Wang et al., 2022), which provides a new and abundant cell
source for cardiac cell therapy and enhances the clinical
application prospects of CPCs.

NEURONS

Neural degenerative diseases such as Parkinson’s disease and
Alzheimer disease remain untreatable. Major efforts in
regenerative medicine are directed towards these two
degenerative diseases. Due to limited capability of self-renewal
in the adult central nervous system and the highly organized
complicated neural circuits make the neurodegeneration or nerve
injuries one of the most intractable diseases to cure.

The non-neuronal macroglia include NG2 glia and astrocytes.
NG2 cells are the progenitors of myelinating oligodendrocytes
with capability of self-renewal and proliferation (Kang et al.,
2010). Astrocytes are widespread in the central nervous system
and contain neural differentiation potential under pathological
conditions (Magnusson et al., 2014). These characteristics make
glial cells the ideal cell sources to replenish the loss functional
neurons in neural degenerative diseases or neural injuries (Wang
H. et al., 2021). Nevertheless, it has proved to be difficult for
traditional strategies to replace the compensatory glial cells or
scars with functional neurons (Barker et al., 2018). Recently, the
approaches of direct reprogramming of resident glial cells to
functional neurons in vivo have shed light on the repair of the
diseased nervous system.

Since 2013, several groups have proved the feasibility that
the glial cells can be converted to functional new neurons
through ectopic expression of neural master gene(s) by
different adeno-associated virus (AAV) serotypes or
retrovirus, independently (Guo et al., 2014; Matsuda et al.,
2019; Chen et al., 2020; Zhou et al., 2020). Single factors
including NEUROD1 (Guo et al., 2014; Chen et al., 2020),
SOX2 (Niu et al., 2013; Tai et al., 2021) or ASCL1 (Liu Y. et al.,
2015) is enough to accomplish this kind of transition. It is
worth noting that SOX2 seems to induce the glial cells into a
progenitor condition (Niu et al., 2013; Tai et al., 2021).
Furthermore, this genetic method of transformation can be
substituted by sequential exposure to a cocktail of small
molecules in vitro (Zhang et al., 2015). Intriguingly,
knocking down only one single RNA-binding protein,
polypyrimidine tract-binding protein 1 (Ptbp1), which has
been reported to induce the transdifferentiation of
fibroblasts into neurons in vitro previously (Xue et al.,
2013), can perform a robust conversion of astrocytes into
functional dopaminergic neurons to alleviate motor defects
in a Parkinson’s disease mouse model by CRISPR system
CasRx (Zhou et al., 2020) or antisense oligonucleotides
(ASOs) (Qian et al., 2020). Additionally, this approach can
also alleviate the eyesight of retinal injury mouse model by
reprogramming Müller glia into retinal ganglion cells (RGCs)
(Zhou et al., 2020). If true, the small molecules targeting Ptbp1
may also be utilized in the design of therapeutics for
neurodegeneration or nerve injuries (Table 3).

Nevertheless, the promising strategies of glia-to-neuron
conversion have also been challenged by the work recently
reported (Wang L.-L. et al., 2021; Rao et al., 2021). By
rigorous lineage tracing methods and various AAVs, they
questioned the capability of NeuroD1 of inducing the
reprogramming from astrocytes to functional neurons. Instead,
the so-called newborn neurons are the progenies of resident
neurons. Furthermore, the astrocytes-to-neurons transition
also fails to be detected upon the depletion of PTBP1 (Wang

TABLE 2 | Cell reprogramming for Cardiomyocytes.

Factors Methods Starting Cell
Type

Target Cell
Type

Disease/Model References

TBX5, MEF2C, GATA4 overexpression fibroblasts cardiomyocytes myocardial
infarction

Qian et al. (2012)

TBX5, MEF2C, GATA4, HAND2 overexpression fibroblasts cardiomyocytes myocardial
infarction

Song et al. (2012)

OCT4, SOX2, KLF4, c-MYC overexpression adult
cardiomyocytes

fetal cardiomyocytes myocardial
infarction

Chen et al. (2021)

Mir1133, 208, 499 overexpression fibroblasts cardiomyocytes myocardial
infarction

Jayawardena et al.
(2012)

TBX5, MEF2C, GATA4, MESP1,
MYOCD1

overexpression human fibroblasts cardiomyocyte-like cells — Wada et al. (2013)
tissue formation tail-tip fibroblasts cardiomyocytes, endothelial cells, smooth

muscle cells
myocardial
infarction

Cho et al. (2021)

chemical
induction

fibroblasts cardiomyocytes myocardial
infarction

Cao et al. (2016)

chemical
induction

fibroblasts cardiovascular progenitor cells myocardial
infarction

Wang et al. (2022)
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L.-L. et al., 2021). Meanwhile, the NeuroD1-induced microglia-
to-neuron conversion is also questioned (Rao et al., 2021).

In summary, despite the reported induced reprogramming
from the resident glial cells to functional neurons, this is a
promising means to replenish the loss of neurons resulting
from the neurodegenerative diseases or nerve injuries. The
details underlying this process and the original cell species are
still controversial, which is partly on account of the variant
experimental conditions, including virus titer, the parameters
and window of detection and the disease models to name a few. A
broad and comprehensive knowledge will be necessary before we
can perform the clinical trials.

TUMOR CELLS

In theory, it should be possible to apply iPSC technology to tumor
cells, to convert them to a benign phenotype, or one sensitive to
chemotherapeutic drugs. Indeed, Utikal et al. identified that mouse
malignant R545 melanoma cell line could be reprogrammed into
iPSCs by the transfection of Yamanaka factors (Utikal et al., 2009).
The expression of endogenous Oct4, Klf4, and Myc was activated in
these iPSC clones derived fromparental R545 cells. Besides, these iPSC
lines also showed demethylation of the pluripotency-related geneOct4
and Nanog promoters and the decrease of tumorigenicity in vivo
(Utikal et al., 2009). In 2010,Mioshi et al. reported that gastrointestinal
cancer cells, including pancreatic, liver, and colorectal cancer cells,
acquired pluripotency so that these cells displayed the potential to
form ectoderm, mesoderm, and endoderm morphological patterns
after the introduction of Yamanaka factors. Induced cells were less
malignant both in vitro and in vivo but showed higher sensitivity to 5-
fluorodeoxyuridine than the parental cells (Miyoshi et al., 2010). To

explore the effect of oncogene on cancer cell reprogramming, Carette
et al. reprogrammed human KBM7 chronic myeloid leukemia cells,
which harbored breakpoint-cluster region -Abelson leukemia gene
(BCR-ABL) fusion, through the retrovirus-mediated expression of
Yamanaka factors. They found that reprogramming activated the
expression of pluripotency-related genes and restored the
differentiation potency in cancer cell-derived iPSCs. In addition,
reprogrammed cells lost dependency on BCR-ABL oncogene
signaling and possessed resistance to the inhibitor treatment,
leading to a potential approach for leukemia treatment (Carette
et al., 2010). Similarly, in the study of Liu et al., human mixed-
lineage leukemia-AF9 fusion gene overexpressed acute myeloid
leukemia (AML) cells were successfully converted into iPSCs
through Yamanaka factors transfection. Reprogramming re-wrote
epigenetic patterns so that oncogenic gene MLL-AF9 was silenced
(Liu et al., 2014). To investigate whether the acquired benign feature
could maintain during terminal differentiation into initial and
alternative cell lineages, human osteosarcoma, liposarcoma, and
sarcomas were reprogrammed by transfection of OCT4, NANOG,
SOX2, LIN28, KLF4, andMYC. Interestingly, each pattern of terminal
differentiation of such induced cells could abrogate the tumorigenicity
of parental cells (Zhang et al., 2013) (Table 4). Cancer cell
reprogramming and subsequent differentiation might be a
promising strategy for the treatment of cancer.

Despite of these reported studies, only a minority of cancer
cells are amenable to successful reprogramming. One obvious
reason is certain mutations and genomic instability might impede
cancer cell reprogramming. For instance, it has proved that
Notch1 mutation induced T-acute lymphoblastic leukemia
could not be converted into the pluripotent state (Liu et al.,
2014). Besides, the majority of cancer patients undergo chemo- or
radio-therapy before surgical resection. Whether such treatments

TABLE 3 | Cell reprogramming for Neurons.

Factors Methods Starting Cell
Type

Target Cell
Type

Disease/Model References

NEUROD1 overexpression astrocytes glutamatergic neurons brain injury/Alzheimer’s
disease

Guo et al. (2014)
NG2 cells GABAergic and glutamatergic

neurons
NEUROD1 overexpression Microglia Neurons — Matsuda et al. (2019)
NEUROD1 overexpression astrocytes Neurons ischemic injury Chen et al. (2020)
PTBP1 Knockdown by shRNA/

ASOs
midbrain
astrocytes

dopaminergic neurons Parkinson’s disease Qian et al. (2020)

PTBP1 Knockdown by CRISPR-
CasRx

Müller glia retinal ganglion cells (RGCs) Retinal Injury Zhou et al. (2020)
striatal
astrocytes

dopaminergic neurons Parkinson’s disease

SOX2 overexpression astrocytes neuroblasts — Niu et al. (2013)
SOX2 overexpression NG2 glial cells ASCL1+ progenitor cells spinal cord injury (SCI) Tai et al. (2021)
ASCL1 overexpression astrocytes Neurons — Liu et al. (2015b)
NEUROGENIN2 overexpression non-neuronal

cells
Neurons — Grande et al. (2013)

NURR1, NEUROGENE2 overexpression astrocytes Neurons Cerebral Cortex Injury Mattugini et al. (2019)
ASCL1, LMX1A, NURR1 overexpression striatal NG2 glia GABAergic and glutamatergic

neurons
— Torper et al. (2015)

NEURD1, DLX2 overexpression striatal
astrocytes

GABAergic neurons Huntington’s disease Wu et al. (2020)

ASCL1, NEUROD1, LMX1A,
Mir218

overexpression astrocytes dopaminergic neurons Parkinson’s disease Rivetti di Val Cervo et al.
(2017)

chemical induction astrocytes Neurons — Zhang et al. (2015)
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could prevent the generation of cancer cell-derived iPSCs remains
unclear. Therefore, although such iPSC technology is feasible to
reverse many types of cancer cells back into a pluripotent state
with benign features, the efficiency, safety and universality
remains the huge challenge for its clinical application.

PRINCIPLES OF CELL REPROGRAMMING

Chromatin Accessibility Dynamics During
Reprogramming
The reprogramming approaches discussed above are quite
diverse in terms of factors and cell types involved. One may
wish to search for general principles governing these diverse
processes. As it takes anywhere between 40 and 200 trillion

cells to make a human, making up our brains, muscles, organs
and every part of us (Bianconi et al., 2013). Yet, each of these
cells share one common genome, thus, inspiring hope that
unifying principles can be researched and identified. Now tools
are becoming available at a faster pace, this may allow us to
interrogate the genome in much greater detail. Indeed, recent
cell atlas efforts have shown that each cell type possesses a
unique chromatin accessibility pattern (Cusanovich et al.,
2018; Cao et al., 2020; Zhang et al., 2021), which may serve
as a fingerprint for the identification of cell types undergoing
reprogramming or fate transition. To this end, our group have
recently made progress in profiling chromatin accessibility
dynamics (CAD) during reprogramming (Li D. et al., 2017;
Cao et al., 2018). We have provided a general logic for
understanding cell fate transition at the chromatin level as

TABLE 4 | Cell reprogramming from tumor cells.

Factors Methods Starting Cell
Type

Target Cell
Type

Disease/Model References

Oct4, Sox2, Klf4, Myc overexpression R545 Pluripotent embryonic stem-
like cells

Melanoma Utikal et al. (2009)

OCT4, SOX2, KLK4, MYC overexpression PaCa-2, PLC, DLD-1,
HCT116

Pluripotent embryonic stem-
like cells

Pancreatic, liver, colon cancer Miyoshi et al.
(2010)

OCT4, SOX2, KLK4, MYC overexpression KBM7 Pluripotent embryonic stem-
like cells

Leukemia Carette et al.
(2010)

OCT4, SOX2, Nanog, KLK4, MYC,
LIN28A

overexpression HOS, SAOS2, MG63 et al Pluripotent embryonic stem-
like cells

Osteosarcoma Zhang et al. (2013)

OCT4, SOX2, KLK4, MYC overexpression Primary AML cells Pluripotent embryonic stem-
like cells

Leukemia Liu et al. (2014)

OCT4, NANOG, SOX2, KLF4, MYC,
MIR302A

overexpression HCT116, HT29, DLD1
et al

Pluripotent embryonic stem-
like cells

prostate, brain, breast cancer
et al

Mathieu et al.
(2011)

FIGURE 1 | The binary chromatin accessibility code during cell reprogramming. The chromatin remodeler complexes, like BAF and NuRD function to open and
close chromatin in the process of cell fate transition, respectively. The cellular morphological changes, such as EMT/MET, always accompany with that process.
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shown in Figure 1. If we mark the open chromatin sites by “1”
and the opposite sites by “0” during the chromatin accessibility
dynamics, every cell type could be labeled by a specific binary
chromatin accessibility code.

It would be an intractable task to screen for the appropriate
combination of factors from the highly variable gene list to
perform the cell reprogramming into the targeted cell type.
The analysis of chromatin accessibility dynamics could offer
certain clues in that the core factors’ footprints would be
uncovered from the dynamic sites. Directly comparing the
chromatin accessibility dynamics between mESCs and mouse
embryonic fibroblasts (MEFs) revealed that the most enriched
binding motifs of transcription factors in the open sites were
those of OCT, SOX2 and KLF (Li D. et al., 2017), i.e., the core
Yamanaka factors in somatic cells reprogramming (Takahashi
and Yamanaka, 2006). Additionally, the highest ranking
enriched motifs within closed sites were the AP-1 family
which would impede somatic cells reprogramming
dramatically, and the AP-1 antagonist JDP2 could even
substitute OCT4 to realize this transition (Liu J. et al.,
2015). While the motif analysis of chromatin accessibility
dynamics is an approach to rationally predict critical factors
to perform unimplemented cell reprogramming, it must rely
on pre-existing motif databases and the culture medium to
capture the cell types of interest. Also, this method cannot be
used to predict the essential regulators without DNA
binding motif.

The General Protein Machine During
Reprogramming
The process of cellular reprogramming is invariably
accompanied by reduction of the characteristics of initial
cells and the acquisition of those in targeted cells, which is
also revealed by the dynamic changes in genomic accessibility.
Pioneer factors serve a pivotal role in facilitating chromatin
accessibility when cell fate is converted, such as NEUROD1 in
microglia-neuron transition (Matsuda et al., 2019), SOX2 in
somatic cell reprogramming (Chen J. et al., 2014), FOXA in
fibroblast-hepatocyte transdifferentiation (Huang et al., 2011;
Sekiya and Suzuki, 2011). But generally, ATP-dependent
chromatin remodeling complex BAF (BRG1/BRM-associated
Factor) serves a broader role in exposing DNA that wraps
around nucleosomes and opens chromatin, which participates
almost all the biological process (Ho and Crabtree, 2010;
Hodges et al., 2016; Cenik and Shilatifard, 2021). In
addition to the enzyme core subunit BRG1/BRM, the recent
works suggest the other accessory compositions are also
involved in reprogramming regulation, like DPF2 (Zhang
et al., 2019), SS18 (Kuang et al., 2021) and PBRM1 (Sinha
et al., 2020). In contrast with the opening of chromatin during
reprogramming, it is equally important to close the genomic
loci representing the initial cell state. Histone deacetylase 1/2
(HDAC1/2) contained nucleosome remodeling and histone
deacetylation (NuRD) complex could be one of the “brake”
apparatuses (Li D. et al., 2017) (Figure 1).

The Cell Morphological Changes During
Reprogramming
In addition to the chromatin dynamics, cell morphological
changes are also a phenomenon that cannot be ignored, which
would provide certain guiding significance for the optimization in
the process of cellular reprogramming. Mesenchymal-to-
epithelial transitions (MET) or the opposite process EMT
could provide a kind of that conceptual framework (Li et al.,
2010; Zhao et al., 2015; Li Q. et al., 2017; Wang et al., 2022) to
investigate the underlying mechanism and improve the strategy
for reprogramming.

Chemical Induction of Reprogramming
Cell reprogramming induced by the cocktail of small molecules
alone holds huge promise in regenerative medicine in that the
chemical compounds are convenient to be synthesized, preserved,
and standardized, and the effects are often reversible (Yu et al.,
2014; Qin et al., 2017). However, in the absence of directional
lineage-specific factors, reprogramming process induced by small
molecules tends to be context dependent with one or more
intermediate stages whereby the cell fate is highly plastic and
has the potential for multidirectional differentiation (Cao et al.,
2017; Li X. et al., 2017; Cao et al., 2018; Guan et al., 2022). Unlike
the transcription factors that activate downstream functional
gene expression directly, small molecules regulate cell fate
transition through interfering epigenetic machines, signal
pathways, metabolic fluxes, etc., which results in a relatively
less efficient and longer process (Yu et al., 2014; Qin et al., 2017).

CONCLUSION AND PERSPECTIVES

The successful obtainment of functional cells through cell
reprogramming enables cell replacement therapy for
regenerative medicine. In the last 4 decades, various cell types
with no or little capability of regeneration, including
cardiomyocytes, neurons, and Islet β-cells were acquired by
direct or trans differentiation in vivo or vitro utilizing
transcription factors, cytokines and/or small molecules.

As research on the cell atlas progresses, the increasing cell
types are revealed, but only a minority of which we can
control cell fate. To date, we still lack enough successful
paradigms to draw a general principle/law to instruct the
performance of cell reprogramming, especially for small
molecules induced process. One of the well-studied barriers
preventing the transition between different cell fate is the
epigenetic landscape and the future promising work in this
field is to figure out whether there are core epigenetic rules to
stabilize cell fate and the universal tools to remove these
barriers. Another thorny problem is that there are still very
few cell types that can be cultured in vitro, which results in the
failure to capture the target cell population. In addition to
developing more suitable media, 3D cultures and in vivo
reprogramming approaches may provide alternative
solutions. Of course, the emerging technologies, including
Cas9 screening (Black et al., 2020; Kuang et al., 2021),

Frontiers in Cell and Developmental Biology | www.frontiersin.org June 2022 | Volume 10 | Article 9275557

Kuang et al. Reprogramming in Regenerative Medicine

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


antibody libraries screening (Blanchard et al., 2017), Cas9-
derived endogenous genes regulation tools (Grath and Dai,
2019; Russo et al., 2021), computational modelling (Letort
et al., 2019; Kang and Li, 2020), etc., will also positively
contribute to this field.
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