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Abstract: Neuroglial cells have a high level of plasticity, 
and many types of these cells are present in the nervous 
system. Neuroglial cells provide diverse therapeutic 
targets for neurological diseases and injury repair. Cell 
reprogramming technology provides an efficient pathway 
for cell transformation during neural regeneration, while 
transcription factor-mediated reprogramming can facilitate 
the understanding of how neuroglial cells mature into 
functional neurons and promote neurological function 
recovery.

Keywords: Neuroglial cell; Reprogramming; Transcription 
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1  Introduction
Neuroglial cells are non-neuronal cells and have received 
great attention because glial cells have been regarded as 
important modulators of many aspects of brain function 
and disease [1]. The term “neuroglia” was originally 
proposed by Virchow in 1850, who assumed that neuroglia 
were a class of cells that consisted of neurons embedded 
in a layer of connective tissue, referred to as “glia”. Glial 
cells in the CNS consist of astrocytes, oligodendrocytes 
and microglia, while glial cells in the peripheral nervous 
system (PNS) consist of Schwann cells (SCs) and satellite 

glia. Neuroglial cells are intimate partners of neurons 
throughout their life cycle [2]. In embryos, neuroglial 
cells form a cellular framework and regulate the survival 
and differentiation of neurons. In addition, during 
neurogenesis and early development, neuroglial cells 
mediate the proliferation and differentiation of neurons 
by synthesizing and secreting various growth factors and 
extracellular matrix components [2]. The most prominent 
function of neuroglial cells during development is 
formation of myelin sheaths around axons, which provide 
necessary signals and maintain rapid conduction for 
nervous system function [3]. Additionally, neuroglial 
cells maintain homeostasis in nerve cells and participate 
in synaptic plasticity and cell repair [2]. Similar to 
developmental processes in other types of animal cells, 
the development of neuroglial cells is influenced by 
interactions between cells; cell lineage and extracellular 
signaling can regulate the migration, proliferation and 
differentiation of glial cells. In recent years, by isolating 
different types of glial cells for culture and in vitro growth 
studies, researchers have made substantial progress in 
identifying the types of microglial cells and factors that 
affect the development of neuroglial cells [4]. Thus, the 
application of cell reprogramming technology has become 
a focus of research. Neuroglial cell reprogramming 
can be mediated by cytokines, epigenetic factors and 
transcription factors. DNA methylation and proteomics 
also play key regulatory roles in this process, and cell 
reprogramming technology is widely used to examine the 
roles of these factors. This review focuses on the research 
progress in examining the regulation of neuroglial cell 
reprogramming by transcription factors (Table 1).

2  Definition of neuroglial cell 
reprogramming
In the nervous system, all methods of transforming non-
neuronal cells into neurons are presently caused damage 
to brain, and the emergence of cell reprogramming 
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technology may allow non-neuronal cells to produce a 
variety of specific cell types, including neurons [5]. In 
cell reprogramming, direct reprogramming, also known 
as transdifferentiation, can transform one somatic cell 
type directly into another without inducing pluripotency. 
Cell reprogramming can be implemented using many 
methods, each of which has its own advantages and 
disadvantages. The reprogramming process typically 
uses regulatory factors to improve cell characteristics and 
mediate functional development [6]. Generally, three main 
approaches are used. First, exogenous transgenes can 
be introduced into cells to overexpress key transcription 
factors and initiate the process of transdifferentiation 
[7-10]. Second, direct regulation of DNA or epigenetics 
methods, such as CRISPR/Cas9 gene editing, can 
specifically target, silence or up-regulate endogenous 
genes that are critical for the process of transdifferentiation 
[11-14]. Finally, drug-targeted transcription factors can be 
used to induce a cellular immune response [15], which 
then induces a cascade effect and epigenetic remodeling 
or directly changes the epigenetic environment [16, 17]. In 
recent years, direct reprogramming of neuroglial cells has 
been achieved by constructing vectors that overexpress 

transcription factors, which have been used for small 
molecule research and CRISPR/Cas9 gene therapy. 
Lentiviral vectors overexpressing transcription factors 
are the most popular technology at present [6]. Brulet et 
al [5] proposed that NEUROD1, a non-invasive vascular 
transdifferentiation factor, can be used to produce new 
neurons. They used adenovirus AAV9 to deliver NEUROD1 
to astrocytes via intravascular pathways, and a small 
fraction of non-reactive astrocytes in the striatum were 
found to be transformed into neurons, while no astrocytes 
in the cortex were transformed. These results show that 
under physiological conditions, a single transcription 
factor can induce astrocytes to transform into neurons. 
Even in the absence of reactive glial proliferation, 
NEUROD1 can also transform astrocytes into neurons. 
Additionally, after regression of reactive glial proliferation, 
transcription factors can also mediate the transformation 
of astrocytes into neurons, which may be helpful for 
treatment in emergency situations. Furthermore, long-
term clinical studies have been conducted in patients after 
nervous system injury.

Neuroglial cells play a variety of roles in the 
physiological and pathological processes of the central 

Table 1.  Transcription factors regulate glial cell reprogramming

Cell Types Related Transcription Factors Cell Generated (other nerve regeneration) References

Central Nervous System

Astrocyte NeuroD1 Neuron [5]

Astrocyte SOX2 DCX+ Neuron [19]

Astrocyte ASCL1, Neurog2 Neuron [23]

Astrocyte DLX2 GABA Neuron [42]

Astrocyte Neurog2 Glutamatergic Neuron [42]

NG2 glial cell SOX2 DCX + Neuron [29]

Static astrocyte SOX2 Neuroblast [45]

Reactive astrocyte PAX6 Neurogenic Cell [42]

Reactive astrocyte NeuroD1 Glutamatergic Neuron [44]

Oligodendrocyte progenitor cell SOX2 Nerve-like Stem Cell [46]

Microglial cells SOX2 Neural Stem Cell
/Progenitor Cell

[47]

Peripheral Nervous system

Schwann cell C-JUN Myelination [53]

Schwann cell RUNX2 Myelination [52]

Schwann cell NF-κB Myelination and Axon Regeneration [60]

Schwann Precursor Cell NOTCH Myelination [60]

Satellite glial cell SOX10, MYRF, NKx2.2 Oligodendrocyte-like Cell [68,69]
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nervous system, such as maintaining homeostasis, 
providing neurotrophic proteins to neurons and regulating 
nerve signaling. Recently, there has been increasing 
evidence that glial cells can also act as nerve stem/
progenitor cells and contribute to adult neurogenesis 
or nerve regeneration. For example, astrocytes and 
oligodendrocyte precursor cells may be activated 
to proliferate and differentiate under pathological 
conditions. When cultured in vitro, they can form 
neural spheres capable of differentiating into astrocytes, 
oligodendrocytes and neurons. In addition, forced 
expression of exogenous genes in astrocytes and NG2-glia 
successfully reprogrammed them into neurons, which may 
also indicate their stem/progenitor characteristics [18]. 
Niu’s team [19] screened more than a dozen neural stem 
cell (NSC) regulators, which play a key role in neurogenesis 
and cell reprogramming, and found that the stem cell 
factor SOX2 can produce DCX-positive cells (possibly 
neuroblasts in the brains of adult mice. SOX2 has also 
been found to have powerful reprogramming capabilities 
[20, 21] and in vivo reprogramming of astrocytes depends 
on SOX2 [22]. Su et al [23] demonstrated that SOX2 could 
reprogram astrocytes to transform into mature neurons 
after spinal cord injury in adult mice. These transformed 
neurons can form synaptic connections with local motor 
neurons. In summary, SOX2 overexpression initiates 
a progressive reprogramming process that transforms 
astrocytes into neuronal progenitor cells and ultimately 
generates mature neurons in the damaged adult CNS. The 
multistep reprogramming process that drives SOX2 may 
provide much-needed neurons for nerve regeneration after 
injury or degeneration. Studies have also demonstrated 
that astrocytes can be reprogrammed to transform in 
vitro into fully functional neurons using a retroviral 
transcription factor carrying ASCL1 or NEUROG2 [24, 25]. 
In addition, the co-expression of SOX2 and ASCL1 can 
induce astrocytes isolated from the adult mouse brain to 
transform into neurons [26]. When the adult mouse cortex 
suffers local damage, glial cells proliferate [21, 27]. Three 
days after injury, these proliferated neuroglial cells could 
be used in induction experiments targeting SOX2 or ASCL1, 
and expression of DCX could be observed in the injured 
tissues. No neurogenesis was observed, but on the seventh 
day after the experiment, SOX2 alone could induce a large 
number of DCX-positive cells. Identification of these DCX-
positive cells in Sax10- iCreERT2 mice (transgenic mice) 
revealed that most originated from proliferative NG2 glial 
cells [28, 29]. Patch clamp recording further confirmed 
the presence of low-frequency signals in these induced 
neurons. Although these results were consistent with 
those of neurons, Bergles et al [30] indicated that some 

of the signaling characteristics might originate from NG2 
glial progenitor cells. In fact, even overexpression of SOX2 
could not transform NG2 glial cells or astrocytes into DCX-
positive cells without previous cortical tissue damage [31].

Thus, direct reprogramming is caused by different 
transcription factors in specific cell lines and epigenetic 
backgrounds [32].

3  Transcription factors mediate 
neuroglial cell reprogramming in 
the central nervous system
Astrocytes exhibit two states: static and reactive. These 
states differ in that static astrocytes cannot divide but 
can proliferate and differentiate when activated by injury 
states [33] or other pathological conditions such as stroke 
[34] and neurodegenerative diseases [35]. Activated 
astrocytes under pathological conditions are reactive and 
have the potential for neurogenesis, and their abilities 
lie between those of radial glial cells and static astrocyte 
[36]. In fact, one study showed that astrocytes produce 
multilineage precursor cells and NSCs during the early 
postnatal period [37]. Some reports also indicate that 
reactive astrocytes in the damaged brain have significant 
plasticity and the potential to become NSCs. These 
activated astrocytes can self-renew and be reprogrammed 
into neurons, astrocytes and oligodendrocytes in vitro 
[38-41]. Astrocytes can also produce neurons or NSCs 
when appropriate transcriptional signals are provided 
in vitro. Recombinant Pax6 adenovirus can promote the 
transformation of astrocytes into neurogenic cells in the 
early postnatal cerebral cortex [24, 25, 42, 43]. However, 
there is no evidence of the function of these neurons and 
no indication of their cell type. Therefore, Berninger et al 
[24] studied the physiological characteristics of neurons 
derived from these transformed astrocytes. Using the 
transcription factors NEUROG2 and MASH1, they found 
that in the early postnatal cortex, astrocytes could be 
induced to transform into neurons. Spontaneous synaptic 
activity was not observed during the incubation period. 
However, when these astrocytes were co-cultured with 
cortical neurons, functional synaptic signals appeared 
in the derived neurons, indicating that spontaneous 
or induced synaptic activity was regulated by the 
transcription factors NEUROG2 and MASH1. Therefore, 
it was suggested that astrocytes could be regulated by 
specific transcription factors, and the derived neurons 
could facilitate repair of damaged neuronal networks. 
In addition, Heinrich et al [25] established functional 
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synapses by expressing neurogenic factors, confirming 
that DLX2 mediates the transformation of postnatal 
cortical astrocytes in mice into GABAergic neurons, 
while NEUROG2 was associated with transformation 
of astrocytes into glutamatergic neurons. Similarly, in 
addition to transforming astrocytes of postnatal mice, 
NEUROG2 or DLX2 can also mediate the progressive 
development of reactive astrocytes into fully functional 
neurons that can establish functional connections 
with damaged cerebral cortex astrocytes. These results 
suggest that endogenous astroglia play an important 
role in the regeneration of the CNS after brain injury or 
during pathological states.

Neurogenic factors and REST-assisted inhibitors 
(neuronal phenotypic regulators) regulate the 
transcriptional mechanism of astrocyte reprogramming 
into neurons. Masserdotti et al [32] found that NEUROG2 
and ASCL1 mediated early transcription during the 
process of direct reprogramming of postnatal astrocytes 
into different neuronal subtypes in vitro. Their study 
revealed the transcriptional events that occur during the 
initial stage of astrocyte reprogramming into neurons; 
this transformation occurs rapidly in a dynamic manner, 
and ASCL1 and NEUROG2 exhibit a unique transcriptional 
program. By analyzing the identified target genes, 
NEUROD4 was shown to act on downstream target 
genes and affect the direct reprogramming of astrocytes 
into functional neurons. The combination of REST and 
the NEUROD4 promoter prevented the recruitment of 
NEUROG2. Therefore, this process may reveal some of 
the mechanisms of early inhibition of reprogramming of 
astrocytes to transform into neurons.

Zhao et al [44] suggested that the transcription factor 
NEUROD1 could reprogram reactive astrocytes in injury 
or Alzheimer’s disease (AD) models to transform into 
glutamatergic neurons, and repetitive action potentials 
and spontaneous synaptic activity could be detected in 
these neurons, suggesting that the transformed neurons 
establish functional connections with peripheral 
neurons.

In addition to demonstrating that reactive astrocytes 
or astrocytes in the brain of postnatal mice can be 
directly reprogrammed into neurons or stem cell-like 
cells by overexpression of certain transcription factors, 
induced neuronal stem cells (iNSCs) can also be derived 
from astrocytes in vivo. Huang and colleagues [45] 
demonstrated that astrocytes can be directly transformed 
into neuroblasts. Unlike previous studies, they found 
that most of the induced neuroblasts originated from 
stationary astrocytes, suggesting that static astrocytes 

also exhibit plasticity in vivo. They reprogrammed 
stationary astrocytes into induced adult neuroblasts 
(iANBs) using a single transcription factor, SOX2. They 
also found that brain-derived neurotrophic factors 
and valproic acid, a cephalin and histone deacetylase 
inhibitor, promoted iANBs to differentiate into mature 
neurons, suggesting that the microenvironment is also 
essential for cell reprogramming. Differentiated neurons 
have electrophysiological functions; therefore, they can 
be integrated into local neuronal circuits. In another 
study, SOX2 was also used to transform static astrocytes 
into neuroblasts in adult mice with spinal cord injuries.

Oligodendrocyte precursor cells (OPCs) can develop 
into multipotent neuron-like stem cells (NSLCs), which 
can self-renew and produce neurons, astrocytes and 
oligodendrocytes when exposed to certain extracellular 
signals. This was an important finding in developmental 
neurobiology, suggesting that glia have the potential 
to be reprogrammed into stem cells for treatment of 
neurological diseases [46]. External or intrinsic signals 
that endow these neuroglial cells with neurogenic 
potential are associated with four transcription factors 
(OCT4, SOX2, KLF4 and C-MYC) that may directly 
reprogram fibroblasts into induced pluripotent stem cells, 
and these core transcription networks may regulate a 
neuroglial population [47, 48]. SOX2, as a high mobility 
group transcription factor, maintains the pluripotency 
of NSCs [49, 50]. SOX2 is expressed in developing nerve 
canals and proliferating CNS progenitor cells. The 
transition from OPCs to NSLCs has been shown to be 
mediated by SOX2 activation, and this core transcription 
factor plays a key role in identifying and maintaining 
the development of NSCs. The BMP signaling pathway 
is an important modality used to induce reprogramming 
of OPCs into pluripotent NSCs. Immunocytochemical 
analysis shows that the BMP signaling pathway regulates 
SOX2 expression, mediates reprogramming of microglial 
cells (MGs) and OPCs and up- regulates markers of NSCs 
such as CD15 and nestin. Protein imprinting and double 
immunostaining further confirmed that activation of 
the BMP signal by SOX2 binding may be an important 
molecular pathway involved in the reprogramming of OPC 
lineage. This study confirmed that OPCs and MGs could be 
reprogrammed in vitro, and the reprogrammed cells could 
exhibit some markers of NSCs or progenitor cells when 
SOX2 and BMP signal transduction are up-regulated. 
The mechanisms involved in these processes may help to 
regulate the fate of neuroglial cells and provide a valuable 
treatment for neuron loss during neurological diseases 
[46, 51].
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4  Transcription factors mediate 
neuroglial cell reprogramming in 
the peripheral nervous system.
Myelination of the PNS is essential for maintaining axonal 
function. After peripheral nerve injury, the function 
of SCs changes from myelination to demyelination. SC 
reprogramming affects the survival and demyelination of 
neurons and their supporting axons. This reprogramming 
is regulated by distal regulatory elements, which also 
integrate multiple transcription factors [52].

SCs can repair injured neurons, facilitate their survival 
and provide necessary pathways for axon regeneration and 
target innervation. The transformation of reparative SCs 
involves dedifferentiation and alternative differentiation 
or activation, commonly referred to as (direct or pedigree) 
reprogramming. Damage-induced SC reprogramming 
involves activation of myelin genes and a series of repair 
factors, including up- regulation of nutrient factors, 
elevation of cytokines involved in the immune response, 
activation of the myelin sheath to halt myelin autophagy 
and macrophage aggregation in SCs and determination 
of the regeneration trajectory of the target through axon 
orientation. The repair process involves the regulatory 
mechanism of the transcription factor c-Jun. After injury, 
c-Jun is rapidly up-regulated in SCs. In contrast, in the 
absence of c-Jun, injury leads to dysfunction, neuronal 
death and functional recovery failure. Therefore, although 
c-Jun is not necessary for SC development, it is essential for 
SC reprogramming and post-injury repair [53]. c-Jun levels 
are low or non-existent in Schwann cell precursors (SCPs) 
and are elevated in immature SCs, but c-Jun is inhibited 
during postnatal development. It can be detected in many 
non-myelinated SCs and in a small number of myelinated 
cells and adult developing nerves [54-58]. c-Jun can also 
control the response of SCs to injury, dedifferentiation of 
myelin cells and activation of repair programs [56, 59]. The 
transcription factors NOTCH, SOX2, PAX3 and ID2 can act 
as negative regulators of myelin formation [54, 55], while 
c-Jun regulates the myelin gene to inhibit the expression of 
these negative regulators after injury [53]. Although c-Jun 
plays an important role in the response of SCs to nerve 
injury, it also activates other transcription factors, some of 
which depend on c-Jun, such as RUNX2, which acts as an 
enhancer that can bind to c-Jun after nerve injury.RUNX2 
is also a transcription factor that is necessary to induce 
the expression of other genes [52].

In SC dedifferentiation, negative regulators of 
myelin formation can offset the positive regulators of 
myelin formation in most cases and may play a major 

role after nerve injury. For example, the transcription 
regulators SOX2, Pax3, ID2, EGR1 and EGR3 can mediate 
SC dedifferentiation in damaged nerves. In vitro, 
overexpression of SOX2, Pax3 and ID2 can reduce the 
expression of the myelin gene [60]. In addition, SOX2 
can help repair the damaged myelin sheath, and this 
action is mediated by Ephrin-B/EphB2 signaling between 
fibroblasts and SCs [61].

NOTCH is a transmembrane receptor protein that 
is lysed after ligand binding to produce an intracellular 
domain. As a transcriptional regulator, NOTCH controls 
the proliferation of SCs and promotes the production of 
immature SCs by SCPs in vivo, but also acts as a negative 
regulator of myelin formation. During the formation of the 
myelin sheath, the NOTCH level gradually decreases, and 
its inactivation or over- activation will lead to premature 
or delayed myelin sheath formation, respectively [61]. 
ZEB2 controls SC transdifferentiation and myelin 
regeneration by recruiting Histone deacetylases 1 and 2 
(HDAC1/2) and NURD complexes and inhibiting NOTCH-
Hey2 signaling [62]. Nuclear factor-kappa B (NF-kappa B) 
is a transcription factor that regulates many physiological 
processes and mediates inflammatory responses in many 
diseases. Several studies have shown that the activation 
of NF-kappa B is essential for transformation, axon 
regeneration and demyelination of SCs in vitro [60].

Furthermore, the binding sites of the transcription 
factors SOX10 and EGR2/KROX20 cannot be identified 
by the activity enhancer recognition marker h3k27ac, 
which is the key determinant of SC differentiation. The 
expression of the transcription factor EGR2 disappears 
after nerve injury. h3k27a can accurately indicate the 
dynamic changes in SC transcription, and it can be used 
to monitor the effect of transcription factors on myelin 
formation in SCs and the response of the PNS to nerve 
injury [52].

Satellite glial cells are a group of cells around 
primary sensory neurons that are similar to astrocytes in 
the central nervous system [63]. As a type of peripheral 
glial cells, satellite glial cells can regulate the neuron 
microenvironment and signal transmission in sensory 
ganglia [64]. When satellite glial cells are cultured in 
vitro, they show plasticity and produce various types of 
glial cells [65, 66]. Matthias et al [32] found that satellite 
glial cells can be reprogrammed to some extent, which 
may be related to their characteristics and the plasticity 
of their precursors. When SOX10 is overexpressed, a type 
of elliptic glial cell (possibly satellite glial cells but not 
SCs) in the peripheral system, which are not SCs, in the 
PNS tends to transform into oligodendrocyte-like cells. 
In this microenvironment, satellite glial cells, can closely 
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contact neurons and may provide signal guidance for 
the development of oligodendrocytes. The expression 
of endogenous SOX10 in satellite glial cells is important 
and may be activated when satellite glial cells transform 
into oligodendrocyte-like cells [66, 67]. SOX10-induced 
reprogramming of satellite glial cells into oligodendrocytes 
is also associated with many transcription factors, such as 
NKx2.2 and MYRF [68, 69].

5  Advances in neuroglial cell repro-
gramming in neurological diseases
A study published in the Journal Nature Biotechnology 
showed that reprogramming astrocytes into dopaminergic 
neurons improves motor function in mice with Parkinson’s 
disease (PD). This method can be used in place of traditional 
cell replacement. In mice with unilateral striatal astrocyte 
deletion (a PD model), lentiviral injection induced 
the overexpression of NeAL218 (via a mixture of three 
transcription factors, including NEUROD1, ASCL1, LMX1A 
and microRNA218). At 5 weeks after lentiviral induction 
of NeAL218, dopaminergic neurons were increased, and 
motor function had recovered. This in situ reprogramming 
of astrocytes for PD provides a new possibility for cell 
replacement therapy, thus avoiding unnecessary cell 
transplantation or immunosuppression [70]. Rivetti [71] 
also used NeAL218 to reprogram human astrocytes in 
vitro and mouse astrocytes in vivo to induced dopamine 
neurons, further by promoting chromatin remodeling 
and activating TGFβ, Shh, and Wnt signaling pathways 
to improve the efficiency of in vitro reprogramming. They 
found that human astrocytes reprogrammed as efficiently 
as 16%, resulting in excitatory induced dopamine neurons 
and improved gait disorders.

Reactive glial cells produced after brain injury in 
mice or in AD models can reprogram functional neurons 
directly in vivo through the transcription factor NEUROD1. 
NEUROD1 mediates reprogramming of astrocytes into 
glutamatergic neurons and the reprogramming of NG2 
glial cells into glutamatergic neurons and GABAergic 
neurons. This process of reprogramming glial cells into 
different types of neurons using the same transcription 
factor may provide important clues to the lineage 
relationship between neurons and glial cells. Reactive 
glial cells can be reprogrammed as functional neurons in 
the brain of injured or diseased mice, which may provide 
a treatment for reactive gliosis, which is widely associated 
with nerve injury and neurodegenerative diseases. In 
situ reprogramming of functional neurons by reactive 
astrocytes and NG2 cells may provide new research topics 

for brain repair via internal reprogramming of neurons [72]. 
However, whether non-viral methods or small molecule 
strategies can be used to influence reprogramming in 
vivo has become a major concern of researchers [72-74]. 
Another equally challenging question is whether in vivo 
reprogramming can be used to treat behavioral deficits, 
such as cognitive impairments, that occur in neurological 
diseases. In conclusion, in situ reprogramming of reactive 
glial cells into functional neurons may indicate that direct 
reprogramming is the first step in brain repair, and this 
process may be used to replace neurons lost because 
of nerve injury or disease [72]. Cytotherapy has been 
shown to improve post-stroke dysfunction. However, 
identifying the most suitable cell type and its source is 
still a problem that requires further study. In principle, 
candidate cells should have high levels of plasticity 
and the ability to produce different types of neurons; 
additionally, malignant transdifferentiation should be 
avoided. Recently, endogenous astrocyte reprogramming 
into neurons has gradually become a method used to 
restore nerve function in CNS diseases. It is hoped that 
astrocyte reprogramming into neurons in glial scars can 
be applied for nerve tissue regeneration. Unlike stem cell 
transplantation and recruitment of NSCs from neurogenic 
regions of the adult brain, reactive astrocytes, which 
are abundant around the lesion, have the ability to be 
reprogrammed. Moreover, transformation of reactive 
astrocytes into neurons not only helps to replace the lost 
neuron population but also helps to create a more suitable 
environment for neuron growth and synaptic integration. 
Future research will highlight the potential of in vivo 
reprogramming of astrocytes to produce different subtypes 
of neurons and to identify more suitable astrocyte subsets 
for post-stroke reprogramming [75]. Furthermore, we will 
explore more transcriptional regulatory networks that can 
reprogram astrocytes into specific subtypes of neurons, 
and use related adeno-associated virus (AAV) to deliver 
Ascl1 or Neurog2 transcription factors, as these factors 
can induce reactive astrocytes [76]. Neuroglial cells are 
reprogrammed and induced to regenerate neurons in a 
mouse stroke model, which helps to find better ways to 
screen for alternative populations of neurons that are lost 
after a stroke [77]. The above summary is shown in Table 2.

6  Prospects
In conclusion, transcription factor-mediated neuroglial 
reprogramming is a promising field in the study of cell 
replacement therapy in the nervous system. At present, 
researchers can directly reprogram astrocytes to form 
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neuronal cells in vivo and in vitro. Compared with in vitro 
methods, in vivo reprogramming eliminates the process 
of cell culture and transplantation, which has the benefit 
of allowing cells to be regulated by transcription factors 
and other factors that affect cell survival, leading to 
precise reconstruction of endogenous cells, tissues and 
organs [45]. It is also worth focusing on the application 
of chemical reprogramming. Chemicals can reprogram 
directly from one somatic cell type to another somatic 
cell type by regulating cell signaling pathways and 
epigenetic modifications without using transgenes. The 
production of induced pluripotent stem cells (iPS) often 
requires the expression of multiple transcription factors 
mediated by viral vectors, which may disrupt genomic 
integrity and cellular function. Chemical reprogramming 
is an ideal way to further reduce the risk of tumorigenesis. 
To date, many reported research results have shown that 
the combination of chemicals and cell type-specific 
media can differentiate somatic cells into desired cell 
types, including neuronal cells, neuroglial cells, neural 
stem cells, and brown adipocytes, cardiomyocytes, 
etc [77]. Zhang [78] believes that small molecules can 
bind transcription factors and chemically reprogram 
neuroglial cells into neurons. They added nine small 
molecule mixtures that inhibited glial cells but activated 
neuronal signaling pathways in human astrocytes, and 
successfully reprogrammed astrocytes into neurons 
within 8-10 days. This chemical reprogramming is 
mediated through epigenetic regulation and involves 
the transcriptional activation of NeuroD1 and Neurog2. 
Finally, it was proved that neurons transformed by human 
astrocytes can survive in culture for at least 5 months 
and form a functional synaptic network. Chemically 
reprogrammed human neurons can survive in mice for 
more than a month and integrate into local circuits. The 
study opens a new way to reprogram neuroglial cells into 
functional neurons using chemicals.

Compared with the CNS, the study of neuroglial 

cell reprogramming in the PNS is at an early stage. The 
regeneration ability of the PNS is mainly related to the 
plasticity of SCs. Therefore, transcription factors involved 
in myelin formation provide a new therapeutic strategy 
for cell reprogramming in the case of peripheral nerve 
diseases or peripheral nerve injuries. Many researchers 
continue to optimize reprogramming techniques to use 
stem / progenitor-like glial cells as endogenous cells to 
repair nerves [18]. Currently, Somatic reprogramming 
is dominated by transdifferentiation between specific 
lineages and limited cell proliferation, low reprogramming 
efficiency and genomic modification steps still inhibit the 
clinical application of this technology. In order to balance 
efficiency and genomic modification for reprogramming, 
current vectors need to be improved and new vectors 
explored [79]. In the future, we will continue to improve 
the safety and efficiency of transcription factor-mediated 
neuroglial cell reprogramming. Cells may be targeted by 
intravenous injection of safe vectors and transcription 
factors rather than stereotactic injections [80]. Additional 
studies are needed to explore different molecular 
mechanisms in the nervous system and dig deeper into 
the role and activation mode of reprogramming, which 
have profound significance for the process of neuroglial 
cell transdifferentiation (Figure 1).
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Table 2. Neuroglial cell reprogramming and neurological diseases

Disease Types Specie Transcription Factors Cell Transdifferentiation References

PD Mouse NeuroD1, ASCL1, LMX1A Astrocyte→Dopaminergic Neuron [70, 71]

Brain Damage, AD Mouse NeuroD1 Astrocyte→Glutamatergic Neuron [72]

Brain Damage, AD Mouse NeuroD1 NG2 glial cell→ Glutamatergic 
Neuron

[72]

Stroke Mouse ASCL1, Neurog2 Reactive astrocyte→ Neuron [76]
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Abbreviations
AAV   Adeno-Associated Virus
AD   Alzheimer’s Disease
CNS   Central Nervous System
HDAC1/2 Histone Deacetylases 1 and 2
iANB  induced Adult Neuroblasts
iNSCs  induced Neuronal Stem Cells
iPSCs  induced Pluripotent Stem Cells
MGs   Microglial Cells
NF-κB  Nuclear factor-kappa B
NSCs  Neural Stem Cells
NSLCs  Neuron-like Stem Cells
OPCs  Oligodendrocyte Precursor Cells
PD   Parkinson’s Disease
PKA  Protein Kinase A
PKC  Protein Kinase C
PNS  Peripheral Nervous System
Shh   Sonic hedgehog
TGF-β Transforming Growth Factor
SCP  Schwann Cell Precursor
SCs  Schwann Cells

References
[1]	 Jung YJ, Chung WS. Phagocytic Roles of Glial Cells in 

Healthy and Diseased Brains. Biomol Ther (Seoul). 2018 
Jul;26(4):350–7.

[2]	 Aschner M, Allen JW, Kimelberg HK, LoPachin RM, Streit WJ. 
Glial cells in neurotoxicity development. Annu Rev Pharmacol 
Toxicol. 1999;39(1):151–73.

[3]	 Jessen KR. Glial cells. Int J Biochem Cell Biol. 2004 
Oct;36(10):1861–7.

[4]	 Bhat NR. Signal transduction mechanisms in glial cells. Dev 
Neurosci. 1995;17(5-6):267–84.

[5]	 Brulet R, Matsuda T, Zhang L, Miranda C, Giacca M, Kaspar BK, 
et al. NEUROD1 Instructs Neuronal Conversion in Non-Reactive 
Astrocytes. Stem Cell Reports. 2017 Jun;8(6):1506–15.

[6]	 Grath A, Dai G. Direct cell reprogramming for tissue 
engineering and regenerative medicine. J Biol Eng. 2019 
Feb;13(1):14.

[7]	 Morita R, Suzuki M, Kasahara H, Shimizu N, Shichita T, Sekiya 
T, et al. ETS transcription factor ETV2 directly converts human 
fibroblasts into functional endothelial cells. Proc Natl Acad Sci 
USA. 2015 Jan;112(1):160–5.

[8]	 Patel M, Yang S. Advances in reprogramming somatic cells 
to induced pluripotent stem cells. Stem Cell Rev Rep. 2010 
Sep;6(3):367–80.

Figure 1. Transcription factor-mediated glial cell reprogramming is a promising area in the study of neuronal cell replacement therapy. 
Researchers can directly reconstitute astrocytes in and out of rats to form neuronal cells. Thus, endogenous cells, tissues and organs are 
accurately reconstructed; however, somatic cell reprogramming is dominated by transdifferentiation between specific lineages and limited 
cell proliferation, low reprogramming efficiency, and genome modification steps still hinder the clinical application of this technology. In 
order to balance the efficiency of reprogramming and genomic modification, it is necessary to improve existing vectors and explore new 
vectors and increase their safety and efficiency. [18, 45, 77-80]



Advances in transcription factors related to neuroglial cell reprogramming   25

[9]	 Meng F, Chen S, Miao Q, Zhou K, Lao Q, Zhang X, et al. 
Induction of fibroblasts to neurons through adenoviral gene 
delivery. Cell Res. 2012 Feb;22(2):436–40.

[10]	 Ban H, Nishishita N, Fusaki N, Tabata T, Saeki K, Shikamura 
M, et al. Efficient generation of transgene-free human 
induced pluripotent stem cells (iPSCs) by temperature-
sensitive Sendai virus vectors. Proc Natl Acad Sci USA. 2011 
Aug;108(34):14234–9.

[11]	 Chakraborty S, Ji H, Kabadi AM, Gersbach CA, Christoforou N, 
Leong KW. A CRISPR/Cas9-based system for reprogramming 
cell lineage specification. Stem Cell Reports. 2014 
Dec;3(6):940–7.

[12]	 Chen Z, Li S, Subramaniam S, Shyy JY, Chien S. Epigenetic 
Regulation: A New Frontier for Biomedical Engineers. Annu Rev 
Biomed Eng. 2017 Jun;19(1):195–219.

[13]	 Rubio A, Luoni M, Giannelli SG, Radice I, Iannielli A, Cancellieri 
C, et al. Rapid and efficient CRISPR/Cas9 gene inactivation 
in human neurons during human pluripotent stem cell 
differentiation and direct reprogramming. Sci Rep. 2016 
Nov;6(1):37540.

[14]	 Chavez A, Scheiman J, Vora S, Pruitt BW, Tuttle M, P R Iyer 
E, et al. Highly efficient Cas9-mediated transcriptional 
programming. Nat Methods. 2015 Apr;12(4):326–8.

[15]	 Sayed N, Wong WT, Ospino F, Meng S, Lee J, Jha A, et al. 
Transdifferentiation of human fibroblasts to endothelial cells: 
role of innate immunity. Circulation. 2015 Jan;131(3):300–9.

[16]	 Kaur K, Yang J, Eisenberg CA, Eisenberg LM. 5-azacytidine 
promotes the transdifferentiation of cardiac cells to skeletal 
myocytes. Cell Reprogram. 2014 Oct;16(5):324–30.

[17]	 Naeem N, Haneef K, Kabir N, Iqbal H, Jamall S, Salim A. DNA 
methylation inhibitors, 5-azacytidine and zebularine potentiate 
the transdifferentiation of rat bone marrow mesenchymal 
stem cells into cardiomyocytes. Cardiovasc Ther. 2013 
Aug;31(4):201–9.

[18]	 Tan ZJ, Ju SH, Huang X, Gu YK, Su ZD. [Glial cells function as 
neural stem cells and progenitor cells]. Sheng Li Xue Bao. 2017 
Apr;69(2):207–17.

[19]	 Niu W, Zang T, Zou Y, Fang S, Smith DK, Bachoo R, et al. In vivo 
reprogramming of astrocytes to neuroblasts in the adult brain. 
Nat Cell Biol. 2013 Oct;15(10):1164–75.

[20]	 Karow M, Sánchez R, Schichor C, Masserdotti G, Ortega F, 
Heinrich C, et al. Reprogramming of pericyte-derived cells of 
the adult human brain into induced neuronal cells. Cell Stem 
Cell. 2012 Oct;11(4):471–6.

[21]	 Ring KL, Tong LM, Balestra ME, Javier R, Andrews-Zwilling Y, Li 
G, et al. Direct reprogramming of mouse and human fibroblasts 
into multipotent neural stem cells with a single factor. Cell 
Stem Cell. 2012 Jul;11(1):100–9.

[22]	 Niu W, Zang T, Smith DK, Vue TY, Zou Y, Bachoo R, et al. SOX2 
reprograms resident astrocytes into neural progenitors in the 
adult brain. Stem Cell Reports. 2015 May;4(5):780–94.

[23]	 Su Z, Niu W, Liu ML, Zou Y, Zhang CL. In vivo conversion of 
astrocytes to neurons in the injured adult spinal cord. Nat 
Commun. 2014 Feb;5(1):3338.

[24]	 Berninger B, Costa MR, Koch U, Schroeder T, Sutor B, Grothe 
B, et al. Functional properties of neurons derived from in 
vitro reprogrammed postnatal astroglia. J Neurosci. 2007 
Aug;27(32):8654–64.

[25]	 Heinrich C, Blum R, Gascón S, Masserdotti G, Tripathi P, 
Sánchez R, et al. Directing astroglia from the cerebral cortex 

into subtype specific functional neurons. PLoS Biol. 2010 
May;8(5):e1000373.

[26]	 Buffo A, Vosko MR, Ertürk D, Hamann GF, Jucker M, Rowitch D, 
et al. Expression pattern of the transcription factor Olig2 in 
response to brain injuries: implications for neuronal repair. 
Proc Natl Acad Sci USA. 2005 Dec;102(50):18183–8.

[27]	 Simon C, Götz M, Dimou L. Progenitors in the adult cerebral 
cortex: cell cycle properties and regulation by physiological 
stimuli and injury. Glia. 2011 Jun;59(6):869–81.

[28]	 Simon C, Lickert H, Götz M, Dimou L. Sox10-iCreERT2 : a mouse 
line to inducibly trace the neural crest and oligodendrocyte 
lineage. Genesis. 2012 Jun;50(6):506–15.

[29]	 Heinrich C, Bergami M, Gascón S, Lepier A, Viganò F, Dimou 
L, et al. Sox2-mediated conversion of NG2 glia into induced 
neurons in the injured adult cerebral cortex. Stem Cell Reports. 
2014 Dec;3(6):1000–14.

[30]	 Bergles DE, Roberts JD, Somogyi P, Jahr CE. Glutamatergic 
synapses on oligodendrocyte precursor cells in the 
hippocampus. Nature. 2000 May;405(6783):187–91.

[31]	 Chen G, Wernig M, Berninger B, Nakafuku M, Parmar M, Zhang 
CL. In Vivo. Reprogramming for Brain and Spinal Cord Repair. 
eNeuro.2015;2(5):0106-15.

[32]	 Masserdotti G, Gillotin S, Sutor B, Drechsel D, Irmler M, 
Jørgensen HF, et al. Transcriptional Mechanisms of Proneural 
Factors and REST in Regulating Neuronal Reprogramming of 
Astrocytes. Cell Stem Cell. 2015 Jul;17(1):74–88.

[33]	 Buffo A, Rite I, Tripathi P, Lepier A, Colak D, Horn AP, et al. 
Origin and progeny of reactive gliosis: A source of multipotent 
cells in the injured brain. Proc Natl Acad Sci USA. 2008 
Mar;105(9):3581–6.

[34]	 Liu Z, Li Y, Cui Y, Roberts C, Lu M, Wilhelmsson U, et al. 
Beneficial effects of gfap/vimentin reactive astrocytes for 
axonal remodeling and motor behavioral recovery in mice after 
stroke. Glia. 2014 Dec;62(12):2022–33.

[35]	 Pitter KL, Tamagno I, Feng X, Ghosal K, Amankulor N, Holland 
EC, et al. The SHH/Gli pathway is reactivated in reactive glia 
and drives proliferation in response to neurodegeneration-
induced lesions. Glia. 2014 Oct;62(10):1595–607.

[36]	 Berninger B. Making neurons from mature glia: a far-fetched 
dream? Neuropharmacology. 2010 May;58(6):894–902.

[37]	 Ganat YM, Silbereis J, Cave C, Ngu H, Anderson GM, Ohkubo 
Y, et al. Early postnatal astroglial cells produce multilineage 
precursors and neural stem cells in vivo. J Neurosci. 2006 
Aug;26(33):8609–21.

[38]	 Lang B, Liu HL, Liu R, Feng GD, Jiao XY, Ju G. Astrocytes in 
injured adult rat spinal cord may acquire the potential of neural 
stem cells. Neuroscience. 2004;128(4):775–83.

[39]	 Robel S, Berninger B, Götz M. The stem cell potential of 
glia: lessons from reactive gliosis. Nat Rev Neurosci. 2011 
Feb;12(2):88–104.

[40]	 Shimada IS, LeComte MD, Granger JC, Quinlan NJ, Spees 
JL. Self-renewal and differentiation of reactive astrocyte-
derived neural stem/progenitor cells isolated from the 
cortical peri-infarct area after stroke. J Neurosci. 2012 
Jun;32(23):7926–40.

[41]	 Sirko S, Behrendt G, Johansson PA, Tripathi P, Costa M, Bek 
S, et al. Reactive glia in the injured brain acquire stem cell 
properties in response to sonic hedgehog. [corrected]. Cell 
Stem Cell. 2013 Apr;12(4):426–39.



26   K. Liu, et al.

[59]	 Shy ME, Shi Y, Wrabetz L, Kamholz J, Scherer SS. Axon-Schwann 
cell interactions regulate the expression of c-jun in Schwann 
cells. J Neurosci Res. 1996 Mar;43(5):511–25.

[60]	 Boerboom A, Dion V, Chariot A, Franzen R. Molecular 
Mechanisms Involved in Schwann Cell Plasticity. Front Mol 
Neurosci. 2017 Feb;10:38.

[61]	 Parrinello S, Napoli I, Ribeiro S, Wingfield Digby P, Fedorova M, 
Parkinson DB, et al. EphB signaling directs peripheral nerve 
regeneration through Sox2-dependent Schwann cell sorting. 
Cell. 2010 Oct;143(1):145–55.

[62]	 Wu LM, Wang J, Conidi A, Zhao C, Wang H, Ford Z, et al. Zeb2 
recruits HDAC-NuRD to inhibit Notch and controls Schwann 
cell differentiation and remyelination. Nat Neurosci. 2016 
Aug;19(8):1060–72.

[63]	 Nadeau JR, Wilson-Gerwing TD, Verge VM. Induction of 
a reactive state in perineuronal satellite glial cells akin 
to that produced by nerve injury is linked to the level of 
p75NTR expression in adult sensory neurons. Glia. 2014 
May;62(5):763–77.

[64]	 Poulsen JN, Larsen F, Duroux M, Gazerani P. Primary culture 
of trigeminal satellite glial cells: a cell-based platform to 
study morphology and function of peripheral glia. Int J Physiol 
Pathophysiol Pharmacol. 2014 Mar;6(1):1–12.

[65]	 Fex Svenningsen A, Colman DR, Pedraza L. Satellite cells of 
dorsal root ganglia are multipotential glial precursors. Neuron 
Glia Biol. 2004 Feb;1(1):85–93.

[66]	 Weider M, Küspert M, Bischof M, Vogl MR, Hornig J, Loy 
K, et al. Chromatin-remodeling factor Brg1 is required for 
Schwann cell differentiation and myelination. Dev Cell. 2012 
Jul;23(1):193–201.

[67]	 Weider M, Reiprich S, Wegner M. Sox appeal - Sox10 attracts 
epigenetic and transcriptional regulators in myelinating glia. 
Biol Chem. 2013 Dec;394(12):1583–93.

[68]	 Hornig J, Fröb F, Vogl MR, Hermans-Borgmeyer I, Tamm ER, 
Wegner M. The. Transcription Factors Sox10 and Myrf Define 
an Essential Regulatory Network Module in Differentiating 
Oligodendrocytes. Dev Biol. 2007;302(2):683–93.

[69]	 Liu Z, Hu X, Cai J, Liu B, Peng X, Wegner M, et al. Induction of 
oligodendrocyte differentiation by Olig2 and Sox10: evidence 
for reciprocal interactions and dosage-dependent mechanisms. 
Dev Biol. 2007 Feb;302(2):683–93.

[70]	 Fyfe I. Parkinson disease: in situ astrocyte reprogramming - 
simpler cell replacement therapy in PD? Nat Rev Neurol. 2017 
Jun;13(6):318–9.

[71]	 Rivetti di Val Cervo P, Romanov RA, Spigolon G, Masini D, 
Martín-Montañez E, Toledo EM, et al. Induction of functional 
dopamine neurons from human astrocytes in vitro and mouse 
astrocytes in a Parkinson’s disease model. Nat Biotechnol. 
2017 May;35(5):444–52.

[72]	 Guo Z, Zhang L, Wu Z, Chen Y, Wang F, Chen G. In vivo direct 
reprogramming of reactive glial cells into functional neurons 
after brain injury and in an Alzheimer’s disease model. Cell 
Stem Cell. 2014 Feb;14(2):188–202.

[73]	 Bayart E, Cohen-Haguenauer O. Technological overview of iPS 
induction from human adult somatic cells. Curr Gene Ther. 
2013 Apr;13(2):73–92.

[74]	 Hou P, Li Y, Zhang X, Liu C, Guan J, Li H, et al. Pluripotent stem 
cells induced from mouse somatic cells by small-molecule 
compounds. Science. 2013 Aug;341(6146):651–4.

[42]	 Heins N, Malatesta P, Cecconi F, Nakafuku M, Tucker KL, 
Hack MA, et al. Glial cells generate neurons: the role of the 
transcription factor Pax6. Nat Neurosci. 2002 Apr;5(4):308–15.

[43]	 Corti S, Nizzardo M, Simone C, Falcone M, Donadoni C, 
Salani S, et al. Direct reprogramming of human astrocytes 
into neural stem cells and neurons. Exp Cell Res. 2012 
Aug;318(13):1528–41.

[44]	 Zhao C, Teng EM, Summers RG Jr, Ming GL, Gage FH. Distinct 
morphological stages of dentate granule neuron maturation in 
the adult mouse hippocampus. J Neurosci. 2006 Jan;26(1):3–11.

[45]	 Huang Y, Tan S. Direct lineage conversion of astrocytes to 
induced neural stem cells or neurons [J]. Neurosci Bull. 2015 
Jun;31(3):357–67.

[46]	 Doi T, Ogata T, Yamauchi J, Sawada Y, Tanaka S, Nagao M. Chd7 
collaborates with Sox2 to regulate activation of oligoden-
drocyte precursor cells after spinal cord injury. J Neurosci. 2017 
Oct;37(43):10290–309.

[47]	 Takahashi K, Yamanaka S. Induction of pluripotent stem cells 
from mouse embryonic and adult fibroblast cultures by defined 
factors. Cell. 2006 Aug;126(4):663–76.

[48]	 Jaenisch R, Young R. Stem cells, the molecular circuitry 
of pluripotency and nuclear reprogramming. Cell. 2008 
Feb;132(4):567–82.

[49]	 Graham V, Khudyakov J, Ellis P, Pevny L. SOX2 functions 
to maintain neural progenitor identity. Neuron. 2003 
Aug;39(5):749–65.

[50]	 Cavallaro M, Mariani J, Lancini C, Latorre E, Caccia R, Gullo F, 
et al. Impaired generation of mature neurons by neural stem 
cells from hypomorphic Sox2 mutants. Development. 2008 
Feb;135(3):541–57.

[51]	 Rex M, Orme A, Uwanogho D, Tointon K, Wigmore PM, Sharpe 
PT, et al. Dynamic expression of chicken Sox2 and Sox3 genes 
in ectoderm induced to form neural tissue. Dev Dyn. 1997 
Jul;209(3):323–32.

[52]	 Hung HA, Sun G, Keles S, Svaren J. Dynamic regulation of 
Schwann cell enhancers after peripheral nerve injury. J Biol 
Chem. 2015 Mar;290(11):6937–50.

[53]	 Jessen KR, Mirsky R. The repair Schwann cell and its function in 
regenerating nerves. J Physiol. 2016 Jul;594(13):3521–31.

[54]	 Parkinson DB, Bhaskaran A, Arthur-Farraj P, Noon LA, Woodhoo 
A, Lloyd AC, et al. c-Jun is a negative regulator of myelination. J 
Cell Biol. 2008 May;181(4):625–37.

[55]	 Parkinson DB, Bhaskaran A, Droggiti A, Dickinson S, 
D’Antonio M, Mirsky R, et al. Krox-20 inhibits Jun-NH2-terminal 
kinase/c-Jun to control Schwann cell proliferation and death. J 
Cell Biol. 2004 Feb;164(3):385–94.

[56]	 Arthur-Farraj PJ, Latouche M, Wilton DK, Quintes S, Chabrol E, 
Banerjee A, et al. c-Jun reprograms Schwann cells of injured 
nerves to generate a repair cell essential for regeneration. 
Neuron. 2012 Aug;75(4):633–47.

[57]	 Hantke J, Carty L, Wagstaff LJ, Turmaine M, Wilton DK, Quintes 
S, et al. c-Jun activation in Schwann cells protects against 
loss of sensory axons in inherited neuropathy. Brain. 2014 
Nov;137(Pt 11):2922–37.

[58]	 Klein D, Groh J, Wettmarshausen J, Martini R. Nonuniform 
molecular features of myelinating Schwann cells in models for 
CMT1: distinct disease patterns are associated with NCAM and 
c-Jun upregulation. Glia. 2014 May;62(5):736–50.



Advances in transcription factors related to neuroglial cell reprogramming   27

[78]	 Zhang L, Yin JC, Yeh H, Ma NX, Lee G, Chen XA, et al. Small 
Molecules Efficiently Reprogram Human Astroglial Cells into 
Functional Neurons. Cell Stem Cell. 2015 Dec;17(6):735–47.

[79]	 Hu C, Li L. Current reprogramming systems in regenerative 
medicine: from somatic cells to induced pluripotent stem cells. 
Regen Med. 2016 Jan;11(1):105–32.

[80]	 Cheng L, Hu W, Qiu B, Zhao J, Yu Y, Guan W, et al. Generation of 
neural progenitor cells by chemical cocktails and hypoxia. Cell 
Res. 2014 Jun;24(6):665–79.

[75]	 Chouchane M, Costa MR. Cell therapy for stroke: use of local 
astrocytes. Front Cell Neurosci. 2012 Oct;6(49):49.

[76]	 Dahlquist E. Evaluating use of AAV in reprogramming glial cells 
into neurons post stroke. University of Minnesota M.S. thesis. 
2018; 1-34.

[77]	 Takeda Y, Harada Y, Yoshikawa T, Dai P. Chemical compound-
based direct reprogramming for future clinical applications. 
Biosci Rep. 2018 May;38(3):BSR20171650.


