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Neuronal reprogramming in treating spinal cord injury

Xuanyu Chen, Hedong Li*

Abstract  
Spinal cord injury represents a devastating central nervous system injury that could impair 
the mobility and sensory function of afflicted patients. The hallmarks of spinal cord injury 
include neuroinflammation, axonal degeneration, neuronal loss, and reactive gliosis. 
Furthermore, the formation of a glial scar at the injury site elicits an inhibitory environment 
for potential neuroregeneration. Besides axonal regeneration, a significant challenge in 
treating spinal cord injury is to replenish the neurons lost during the pathological process. 
However, despite decades of research efforts, current strategies including stem cell 
transplantation have not resulted in a successful clinical therapy. Furthermore, stem cell 
transplantation faces serious hurdles such as immunorejection of the transplanted cells 
and ethical issues. In vivo neuronal reprogramming is a recently developed technology 
and leading a major breakthrough in regenerative medicine. This innovative technology 
converts endogenous glial cells into functional neurons for injury repair in the central 
nervous system. The feasibility of in vivo neuronal reprogramming has been demonstrated 
successfully in models of different neurological disorders including spinal cord injury by 
numerous laboratories. Several reprogramming factors, mainly the pro-neural transcription 
factors, have been utilized to reprogram endogenous glial cells into functional neurons 
with distinct phenotypes. So far, the literature on in vivo neuronal reprogramming in the 
model of spinal cord injury is still small. In this review, we summarize a limited number of 
such reports and discuss several questions that we think are important for applying in vivo 
neuronal reprogramming in the research field of spinal cord injury as well as other central 
nervous system disorders.
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Introduction 
Spinal cord injury (SCI) is a devastating neurological disorder 
that often impairs the daily function of patients for their 
entire life (McDonald and Sadowsky, 2002; Gupta et al., 
2010; Boakye et al., 2012). While rodent SCI models have 
offered substantial understanding about the molecular 
and cellular mechanisms, there is still no effective therapy 
yielding significant functional recovery in SCI patients (Nori et 
al., 2017). Thus far, the only Food and Drug Administration-
approved treatment for SCI patients in the United States is 
to give a high dose of methylprednisolone within 8 hours 
after the injury. By this acute treatment, about 20% of motor 
function can be preserved (Bracken et al., 1990). However, the 
potential of methylprednisolone for increased complications 
makes its application very controversial (Hurlbert, 2000; 
Ahuja et al., 2017). SCI induces a cascade of pathological 
changes that eventually lead to axonal degeneration, loss 
of neurons, and reactive gliosis; the glial scar that is formed 
primarily by reactive astrocytes often persists long after SCI is 
inflicted (Norenberg et al., 2004). Furthermore, the inhibitory 
environment of the glial scar at the injury site impedes axonal 
regeneration (Burda and Sofroniew, 2014; Cregg et al., 2014; 
O’Shea et al., 2017). 

Besides axonal regeneration, one major challenge facing 

the SCI field is how to regenerate new functional neurons in 
the injury site in order to restore the lost functions. While 
stem cell therapy offers great promise for regenerating new 
neurons upon grafting into the injury site, immunosuppression 
is required to ensure the survival of engrafted stem cells 
including those of human origin (Lu et al., 2017; Kumamaru 
et al., 2019). The induced pluripotent stem cells (iPSCs) 
appear to have lower ethical and immunogenic concerns 
than other stem cells, because they can be derived from 
patient’s own cells to overcome immunorejection when 
used for transplantation (Marchetto et al., 2010; Brennand 
et al., 2011; Okita et al., 2011; Zhao et al., 2011; Araki et al., 
2013; Okano et al., 2013). In fact, human iPSCs have been 
experimentally transplanted, and shown to differentiate into 
neuronal cell types and promote functional recovery after SCI 
in mice (Nori et al., 2011; Lu et al., 2014). The iPSCs resemble 
the embryonic stem cells and can be propagated in culture 
prior to differentiation into different neuronal cell types in a 
controlled manner (Marei et al., 2017). However, the iPSCs 
still suffer from potential problems such as tumorigenesis 
after transplantation (Lee et al., 2013). Besides stem cells, 
researchers have also transplanted other cell types such as 
Schwann cells, radial glia, and olfactory ensheathing cells 
(Chen et al., 1996; Ramon-Cueto et al., 1998; Hasegawa et 
al., 2005). However, like stem cell transplantation, most of the 
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cell replacement therapies that appear to improve functional 
recovery in rodents have not shown a significant effect in 
clinical trials (Feron et al., 2005). 

In vivo neuronal reprogramming has recently emerged 
as a novel technology to regenerate new neurons from 
endogenous glial cells by overexpression of neurogenic 
transcription factors in the central nervous system (CNS) (Li and 
Chen, 2016). This approach completely eliminates the critical 
problem of immunorejection that the cell transplantation 
therapy is facing. Thus far, in vivo neuronal reprogramming 
has been successfully demonstrated in different laboratories 
with different disease models (Tai et al., 2020). In the injured 
spinal cord, the transcription factor Sox2 has been shown 
to reprogram astrocytes (Su et al., 2014; Wang et al., 2016) 
and NG2 glia (Tai et al., 2021) into proliferating neuroblasts, 
which can further differentiate into mature neurons with 
additional treatments. In addition, the combination of growth 
factor treatment and forced expression of the transcription 
factor Ngn2 is also able to stimulate neurogenesis from neural 
progenitors in the injured spinal cord (Ohori et al., 2006). 
Recently, our research has indicated that NeuroD1 can convert 
reactive astrocytes into functional neurons in the spinal cord 
dorsal horn with high efficiency (Puls et al., 2020). 

Given the unique anatomical structure of the spinal cord, a 
major focus in SCI research has been on axonal regeneration, 
i.e. to regrow the severed axons through the injury site and 
reconnect with downstream targets. Reprogrammed neurons 
can potentially form a “neuronal relay” passing information 
over the injury site. Furthermore, in vivo reprogramming can 
replenish propriospinal neurons that are lost during the injury 
to facilitate the rebuild of local neuronal circuits, which is 
required to achieve functional recovery after SCI (Laliberte et 
al., 2019). Lastly, in vivo reprogramming may alleviate the glial 
scar formation by reducing the number of reactive glial cells 
and improving the inhibitory environment at the injury site 
for better endogenous regeneration (Tai et al., 2021). Below, 
we review a limited number of reports on in vivo neuronal 
reprogramming in the spinal cord (Table 1) and discuss 
several strategic questions on applying this technology to SCI 
research.

Search Strategy
A PubMed search was conducted between March and May 
2021 by using keywords including neuronal reprogramming, 
spinal cord injury, stem cell transplantation, axon regeneration, 

NeuroD1, Sox2, Ngn2, microRNAs, pro-neural transcription 
factors, astrocytes, oligodendrocyte progenitors, NG2 glia, 
microglia, pericytes. 

Neuronal Reprogramming Factors
Sox2 is a transcription factor for maintaining neural progenitor 
and stem cell identity. Therefore, persistent expression of 
Sox2 actually inhibits neuronal differentiation from stem cells. 
In the injured spinal cord, Sox2 has been shown to reprogram 
astrocytes into proliferating neuroblasts, which can further 
differentiate into mature neurons with additional treatments 
(Su et al., 2014; Wang et al., 2016). In this model, Sox2 is 
expressed under the control of human GFAP (hGFAP) promoter, 
which produces a high level of Sox2 expression in astrocytes 
but reduced level in reprogrammed neuroblasts allowing 
further neuronal differentiation. This dynamic Sox2 expression 
during the reprogramming process is important since 
persistent Sox2 expression hinders neuronal reprogramming 
if it happens at all (Su et al., 2014). However, even with a 
reduced level of Sox2 expression achieved by low hGFAP 
promoter activity in reprogrammed neuroblasts, additional 
factors such as brain-derived neurotrophic factor and valproic 
acid are needed for neuronal differentiation and maturation 
(Su et al., 2014; Wang et al., 2016). With that being said, 
cautions need to be taken for potential tumorigenicity of 
reprogrammed cells with an even residual level of Sox2 
expression in the long term. On the other hand, one major 
advantage of Sox2-mediated neuronal reprogramming is the 
production of clonal neuronal progeny (appeared as clusters) 
from the proliferation of Sox2-induced neuroblasts (Wang et 
al., 2016) and thus higher number of reprogrammed neurons 
than astrocyte-to-neuron direct reprogramming.

NeuroD1 is widely expressed and critical to neuronal 
differentiation in the developing CNS. As a terminal 
differentiation factor, unlike Sox2, NeuroD1 inhibits cell 
proliferation and exerts glia-to-neuron direct reprogramming 
without going through a proliferating neuroblast stage (Guo 
et al., 2014). NeuroD1 is also a survival factor in granule 
neurons of the cerebellum and hippocampus, where it is 
highly expressed throughout adulthood in the mouse (Miyata 
et al., 1999). Furthermore, NeuroD1 is a basic helix-loop-
helix transcription factor that can bind to the E-box DNA 
enhancer elements (Massari and Murre, 2000; Seo et al., 
2007). Transcription factors that can bind the nucleosome 
DNA sequences and open up the chromatin for other factors 
to bind, are referred to as “pioneer” factors (Iwafuchi-Doi 

Table 1 ｜ In vivo neuronal reprogramming in the spinal cord

Cell source
Gene delivery 
method (timing)

Reprogramming 
factor Efficiency (NeuN+) Neuronal subtype SCI model

Functional 
recovery References

Neural 
progenitors

Retrovirus (0 dpi) Ngn2 3%; 21.1% (+GFs); 28.2% 
(+GFs+BDNF)

GABAergic (major) Complete 
transection (T10)

N/A Ohori et al., 2006

Astrocytes Lentivirus (0 dpi) Sox2 3%; 6% (+VPA) Glutamatergic, 
GABAergic

Lateral hemisection 
(T7–T9)

N/A Su et al., 2014

Astrocytes Lentivirus (0 dpi) Sox2 + shRNA-p53 + 
BDNF-NOG

20000* Glutamatergic (major) N/A N/A Wang et al., 2016

Astrocytes Lentivirus (0 dpi) Sox2 + shRNA-p53 + 
BDNF-NOG

6000* N/A Contusive injury 
(T7–T9)

N/A Wang et al., 2016

Astrocytes Retrovirus (4 
dpi), AAV (0 dpi) 

NeuroD1 93.5–95% Glutamatergic 
(major), GABAergic↑ 
by NeuroD1+Dlx2

Stab injury 
(T11–T12)

N/A Puls et al., 2020

Astrocytes AAV (10 dpi, 16 
wpi)

NeuroD1 > 95% Glutamatergic Contusive injury 
(T11–T12)

N/A Puls et al., 2020

NG2 glia Lentivirus (0 dpi) Sox2 5000; 44000 (+ BDNF-
NOG); 84000 (+P75-2)*

Glutamatergic, 
GABAergic, 
glycinergic

N/A N/A Tai et al., 2021

NG2 glia Lentivirus (1 wpi) SOX2 + p75-2 45.80% N/A Dorsal hemisection 
(C5)

Forelimb 
motor skill

Tai et al., 2021

AAV: Adeno-associated virus; BDNF: brain-derived neurotrophic factor; dpi: day(s) post injury; GFs: growth factors; NOG: noggin; N/A: not available; p75-2: a 
mutant form of the neurotrophic factor NT3; SCI: spinal cord injury; VPA: valproic acid; wpi: week(s) post injury; *: the number of neurons per injection.
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and Zaret, 2014). As a pioneer factor, NeuroD1 reprograms 
the chromatin landscape to elicit neuronal programming in 
embryonic stem cells (Pataskar et al., 2016) and microglia 
(Matsuda et al., 2019) when overexpressed. Ectopic expression 
of NeuroD1 can induce expression of endogenous NeuroD1 
as well as other downstream target genes such as Hes6 and 
NeuroD4 (Pataskar et al., 2016), which may be important 
effectors for NeuroD1-mediated neuronal conversion. 

Cell death is common during neuronal reprogramming since 
the converting cells undergo dramatic metabolic changes, 
during which cells either overcome the “checkpoint” and 
survive, or undergo apoptosis (Gascon et al., 2016). When 
combined with Bcl2, an anti-apoptotic gene, Ngn2-mediated 
neuronal conversion acquires a much higher efficiency, 
although the authors claim that Bcl2 plays an additional 
role that is independent of apoptotic pathways (Gascon 
et al., 2016). An earlier report also showed that Ngn2-
expressing retrovirus is able to promote neurogenesis in 
the injured spinal cord, but the number of newly generated 
neurons greatly decreases over time even when combined 
with neurotrophic factor treatment (Ohori et al., 2006). In 
sharp contrast, we rarely observe apoptotic cells during 
and after NeuroD1-mediated conversion as determined by 
the TUNEL assay (Puls et al., 2020). This difference in cell 
survival in neurons converted by different transcription 
factors may be explained by the fact that NeuroD1 is not 
only a reprogramming factor but also a survival factor. During 
development, NeuroD1 is required for survival of a variety of 
neuron types in the developing and adult CNS (Miyata et al., 
1999; Morrow et al., 1999; Gao et al., 2009). This dual role of 
NeuroD1 during neuronal conversion may explain its higher 
conversion efficiency over other reprogramming factors.

MicroRNAs (miRNAs) are endogenously derived, short 
non-coding RNAs that regulate gene expression post-
transcriptionally (Bartel, 2004). MiRNAs are crucial to 
differentiation of neural cell types during CNS development 
(Rajman and Schratt, 2017), as well as pathological processes 
after neural injury (Ambros, 2004; Alvarez-Garcia and Miska, 
2005; Christensen and Schratt, 2009) including SCI (Liu et 
al., 2009; Yan et al., 2012; Nieto-Diaz et al., 2014). MiRNAs 
are small and chemically modifiable, which make them ideal 
candidates for therapy. Modifications such as cholesterol 
linkage at the 3′ end, 2′-O-methylation, and locked-nucleic-
acid significantly increase their penetration, stability, and 
efficacy (Yan et al., 2012). A variety of techniques have 
been developed over the years to target the CNS with high 
efficiency and cellular specificity (van Rooij and Kauppinen, 
2014; Wen, 2016). In fact, some modified miRNAs are already 
in clinical trials (Hydbring and Badalian-Very, 2013; Simonson 
and Das, 2015). The idea of using miRNAs to perform 
neuronal reprogramming has been developed. For example, 
miR-124 and miR-9 together are able to convert fibroblasts 
into neurons in culture (Yoo et al., 2011). Whether miRNAs 
can reprogram glial cells into neurons in the injured spinal 
cord needs to be tested in the future. NeuroD1-converted 
neurons are mostly glutamatergic subtype in the brain and 
spinal cord (Guo et al., 2014; Puls et al., 2020). Although the 
underlying mechanism is unclear, NeuroD1 as a basic helix-
loop-helix transcription factor could play an instructive role by 
turning on neuronal genes (Figure 1A) (Boutin et al., 2010). 
However, miRNAs possess a different mechanism of action by 
mainly inhibiting translation of the target genes (Lim et al., 
2005; Conaco et al., 2006). Therefore, forced expression of 
miRNAs may play a permissive, rather than instructive, role 
during astrocyte-to-neuron conversion, and that the fate of 
neuronal subtype of miRNA-converted neurons may more 
likely be determined by the local environment (Figure 1B). For 
example, the region-specific environment may affect subtype 
determination of newly converted neurons in the spinal cord 
(i.e., dorsal horn, enriched in GABAergic interneurons; and 

ventral horn, enriched in cholinergic motor neurons) (Figure 
1B). If this is true, miRNA-mediated neuronal conversion 
may have the advantage of generating different neuronal 
subtypes in different spinal cord regions, which is important 
for functional repair after SCI.

Cell Source for In Vivo Neuronal Reprogramming
Resident astrocytes react to injury-induced cytokine release 
and drastically upregulate expression of the astrocytic marker 
GFAP and the neural progenitor markers Nestin and Vimentin 
(Sofroniew, 2015). These reactive astrocytes also become 
proliferative and hypertrophic in cell morphology, and are a 
major contributor to the formation of glial scar, a dense tissue 
structure that is inhibitory to axonal regeneration (Silver and 
Miller, 2004). We have successfully converted GFAP+ reactive 
astrocytes into functional neurons with high efficiency in 
the injured spinal cord (Puls et al., 2020). We target reactive 
astrocytes for neuronal conversion for two reasons: 1) we are 
unlikely to exhaust the supply of these cells by conversion 
since they are proliferative; 2) reducing the number of reactive 
astrocytes by conversion may inhibit glial scar formation and 
create a more permissive environment for axonal regeneration. 
NG2 glia have also been reprogrammed into functional spinal 
neurons that contribute to the functional recovery of the 
mouse after SCI (Tai et al., 2021). NG2 glia represent largely 
the oligodendrocyte progenitor cells (OPCs) that also express 
Olig2 and PDGFRa. OPCs proliferate under the physiological 
condition and repopulate myelinating oligodendrocytes in 
the adult spinal cord. Upon injury, OPCs migrate to the injury 
site and contribute to glial scar formation (Barnabe-Heider 
et al., 2010). OPCs and astrocytes are not mutually exclusive 
under the injury condition. In fact, it is hard to distinguish 
the two cell types by gene expression upon injury since both 

B

A

Figure 1 ｜ Predicted difference in neuronal subtypes of reprogrammed 
neurons from reactive astrocytes by NeuroD1 and miRNAs in the injured 
spinal cord. 
NeuroD1 is a glutamatergic lineage transcription factor. Persistent NeuroD1 
expression elicits an instructive role in pushing reprogrammed neurons into 
glutamatergic neuronal subtype (A). However, miRNAs play a permissive role 
by inhibiting non-neuronal gene expression, and therefore are predicted to 
allow generation of distinct neuronal subtypes possibly influenced by regional 
cues (B).
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ones express GFAP, Olig2, and NG2 (Barnabe-Heider et al., 
2010). Pericytes help maintain vasculature integrity and have 
been shown as a major cellular component of glial scar in the 
injured spinal cord (Goritz et al., 2011). In addition, pericytes 
can be directly reprogrammed into functional neurons in 
culture (Karow et al., 2018). Therefore, pericytes could be 
another candidate cell source for neuronal reprogramming 
for SCI repair. Interestingly, pericytes also express high level 
of NG2 and might already have been reprogrammed to 
neurons in the injured spinal cord in the recent report, which 
targets NG2 glia for SCI repair (Tai et al., 2021). Microglia, an 
endogenous immune cell type, in the spinal cord, has been 
shown to convert into dopaminergic neurons in the striatum 
(Matsuda et al., 2019). It will be exciting to see if neuronal 
reprogramming can occur in microglia in the injured spinal 
cord. In sum, multiple cell types can be potentially utilized for 
reprogramming purposes in the injured spinal cord, and yet 
the most important consideration may be to achieve sufficient 
neuronal reprogramming for repair without overly disrupting 
the physiological function of these cells.

Neuronal Reprogramming in Gray versus White 
Matters
The concept of “neuronal relay” for SCI repair has been 
discussed for many years (Bonner and Steward, 2015); 
newly converted neurons could form relays connecting 
ascending and descending axons to their projection targets. 
Indeed, Sox2-converted neuroblasts were found to generate 
neuronal clusters in the white matter of the injured spinal 
cord where they have the potential to form synapses with 
the sprouting axonal terminals (Su et al., 2014; Wang et al., 
2016). However, the lack of neurotrophic support in the white 
matter could hinder the survival of these neurons, hence 
the need for exogenous BDNF to assure the maturation and 
survival of the Sox2-converted neurons after SCI (Wang et 
al., 2016). We have rarely observed neuronal conversion 
by NeuroD1 in the white matter of the spinal cord in part 
due to the fact that we routinely target our viral injection 
to the gray matter by a stereotaxic apparatus. In a severe 
injury, the boundary between gray and white matters in the 
spinal cord may be obscured especially around the injury 
site. In addition, the injury-induced inflammation further 
masks this regional difference. Nevertheless, the newly 
reprogrammed neurons could benefit more in the gray matter 
from neighboring neurons by secreted neurotrophic factors 
and synaptic connections, which are critical to neuronal 
survival. On the other hand, glial cells in gray vs white matter 
may possess distinct intrinsic properties that affect neuronal 
reprogramming. In consistent with this notion, white-matter 
astrocytes in the corpus callosum are resistant to NeuroD1-
mediated reprogramming compared with the ones in the 
cortex and striatum. Furthermore, the few reprogrammed 
neurons from astrocytes in the corpus callosum show 
immature neuronal phenotype including lack of excitability 
and neuronal subtype marker expression (Liu et al., 2020). 

Timing for Neuronal Reprogramming
In our recent report on NeuroD1-mediated neuronal 
reprogramming in the injured spinal cord, we tested both 
retrovirus and adeno-associated virus (AAV) expression 
systems for gene delivery (Puls et al., 2020). Retrovirus 
only infects proliferating cells, the number of which is small 
under the physiological condition. To collect an adequate 
number of infected cells for our analysis, we adopted a 4-day-
delayed injection paradigm, i.e., injecting NeuroD1-expressing 
retrovirus at 4 days post injury (Puls et al., 2020). This delayed 
injection was based on the finding that injury-induced 
proliferation of reactive glial cells dramatically increases 2–4 
days post injury (Chen et al., 2008; Hong et al., 2014). For 
AAV that infects both proliferating and resting cells, we tested 

different time points post injury for injection. With different 
AAV injection timings in both stab injury and contusive injury 
models, we were able to demonstrate the high efficiency 
of neuronal reprogramming from reactive astrocytes by 
NeuroD1 in the spinal cord (Puls et al., 2020). In order to 
achieve functional recovery after SCI, more factors will have 
to be taken into consideration. We suggest injecting AAVs 
to convert reactive astrocytes to neurons at 2 weeks after 
SCI. The reasons for this delayed injection are: 1) Reactive 
astrocytes play a beneficial role at the acute phase of SCI in 
restricting injury spread (Okada et al., 2006; Herrmann et al., 
2008); reducing these cells by conversion at this period may 
actually be detrimental; 2) Converted neurons may survive 
better after toxic factors and neuroinflammation induced by 
SCI have subsided; 3) Tissue environment and motor behavior 
of the SCI animals have stabilized by 2 weeks after SCI (Okada 
et al., 2006). Surely, the timing scheme of AAV injection 
will need to be optimized in order to maximize functional 
recovery after SCI. Determining factors will also include cell 
source for reprogramming, behavioral assays engaged, SCI 
model and severity. In consistent with the notion of delayed 
AAV injection, Tai et al. (2021) demonstrated that neuronal 
reprogramming by injecting Sox2/p75-2-expressing lentivirus 
at one week after a dorsal hemisection SCI significantly 
improved forelimb functional recovery in the grid walking 
paradigm, which examines basic and skilled locomotion.

Neurotransmitter Subtypes of Reprogrammed 
Neurons
To rebuild the optimal neuronal circuitry for functional 
repair after SCI, both excitatory and inhibitory neurons 
would be needed to keep the excitatory and inhibitory 
balance. Recently, our research has indicated that NeuroD1 
can convert reactive astrocytes into functional neurons 
in the spinal cord with high efficiency (~90%) (Puls et al., 
2020). However, the neurons converted by highly and 
continuously expressed NeuroD1 are mostly glutamatergic 
(i.e., excitatory) subtype (Puls et al., 2020), which is consistent 
with the fact that NeuroD1 is a glutamatergic neuron-lineage 
determination factor during development (Hevner et al., 
2006; Roybon et al., 2015). Although transcription factors 
such as Ascl1/Mash1 and Dlx2 are able to convert astrocytes 
into GABAergic neurons, their neuronal conversion efficiency 
is much lower than that of NeuroD1 (Heinrich et al., 2010; 
Liu et al., 2015). Interestingly, NeuroD1 has been shown to 
compete with Mash1/Ascl1 in the determination of neuronal 
subtype during forebrain development (Roybon et al., 2010), 
suggesting that relative gene expression levels between these 
transcription factors may be crucial for neuronal subtype 
output. We have also shown that NeuroD1 + Dlx2 can increase 
the proportion of GABAergic phenotype in the converted 
neurons in the spinal cord compared with NeuroD1 alone 
(Puls et al., 2020). Therefore, we believe that we can convert 
astrocytes into inhibitory neurons by combining NeuroD1 
with other antagonizing transcription factors, or by simply 
modulating NeuroD1 expression level during the neuronal 
conversion process. Sox2, a stem cell transcription factor, 
also converts astrocytes into mainly glutamatergic neurons 
(Wang et al., 2016), suggesting a possibly default neuronal 
subtype of astrocyte-converted neurons. Interestingly, Sox2-
reprogrammed neurons from NG2 glia showed an increased 
proportion of GABAergic neuronal subtype in the injured 
spinal cord (Tai et al., 2021), indicating that cell source also 
plays an important role in determining neuronal subtypes 
from in vivo reprogramming. Consistently, a similar increase in 
the number of GABAergic neurons was observed in NeuroD1-
mediated neuronal reprogramming from NG2 glia when 
compared with astrocytes (Guo et al., 2014). 
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Conclusion and Future Perspectives
In vivo reprogramming has brought regenerative medicine into 
a new exciting era. It is like gene therapy in terms of technique 
(i.e., both involve manipulation of gene expression). However, 
unlike gene therapy that only corrects certain gene functions 
in diseased tissues, in vivo reprogramming literally changes 
the cellular identity of the target cells from one cell type to 
another by overexpressing unique reprogramming factors. 

One line of future research direction is to dissect molecular 
mechanisms underlying the reprogramming process with 
the goal of optimizing reprogramming outcomes. Neuronal 
reprogramming is not a natural developmental process and 
may engage distinct molecular mechanisms. Overexpression 
of a transcription factor that only appears during development 
may trigger “unusual” signaling pathways of the molecular 
machinery in the adult cells. Although injury-induced reactive 
astrocytes resemble neural progenitors in terms of their 
gene expression profiles (Sirko et al., 2013; Gotz et al., 2015), 
unique molecular interactions may occur during neuronal 
conversion and produce distinct phenotypes. For example, 
NeuroD1 plays a role in GABAergic neuron differentiation in 
the spinal cord dorsal horn during embryonic development 
(Brohl et al., 2008), but it converts reactive astrocytes into 
glutamatergic neurons in the adult spinal cord (Puls et al., 
2020).

Another demanding research direction in the field of in vivo 
neuronal reprogramming is to fine-tune this technology to 
achieve functional benefit in models of various neurological 
disorders. In the injured spinal cord, while in vivo neuronal 
reprogramming has been repeatedly demonstrated as a 
feasible approach for injury repair, reports with functional 
recovery data at the behavioral level are rare (Tai et al., 2021). 
To facilitate translation towards the clinic, future focus in this 
research field should be to maximize functional benefits of 
neuronal reprogramming after SCI. This could be challenging 
because there are many parameters to optimize in order to 
achieve functional benefits. These parameters may include 
site(s) and timing for viral injection, reprogramming factor(s) 
to use, models of SCI, and types of behavioral assays to 
perform. For example, multiple injection sites may be required 
to reprogram a substantial number of new neurons in order 
to have sufficient impact to achieve functional recovery (Tai 
et al., 2021). Nonetheless, we strongly believe that neuronal 
reprogramming will become an effective treatment for SCI in 
the foreseeable future.
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