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Abstract The capacity for neurogenesis in the adult mam-
malian brain is extremely limited and highly restricted to a
few regions, which greatly hampers neuronal regeneration
and functional restoration after neuronal loss caused by
injury or disease. Meanwhile, transplantation of exogenous
neuronal stem cells into the brain encounters several serious
issues including immune rejection and the risk of tumorige-
nesis. Recent discoveries of direct reprogramming of
endogenous glial cells into functional neurons have provided
new opportunities for adult neuro-regeneration. Here, we
extensively review the experimental findings of the direct
conversion of glial cells to neurons in vitro and in vivo and
discuss the remaining issues and challenges related to the
glial subtypes and the specificity and efficiency of direct cell-
reprograming, as well as the influence of the

< Leping Cheng
Ipcheng @gxmu.edu.cn

< Xiaohui Zhang
xhzhang @bnu.edu.cn

State Key Laboratory of Cognitive Neuroscience and
Learning, IDG/McGovern Institute for Brain Research,
Beijing Normal University, Beijing 100875, China

Key Laboratory of Longevity and Aging-related Diseases of
Chinese Ministry of Education, Guangxi-ASEAN Collabo-
rative Innovation Center for Major Disease Prevention and
Treatment, and Guangxi Key Laboratory of Regenerative
Medicine, Center for Translational Medicine, Guangxi
Medical University, Nanning 530021, China

Department of Cell Biology and Genetics, School of Basic
Medical Sciences, Guangxi Medical University, Nan-
ning 530021, China

Guangxi Health Commission Key Laboratory of Basic
Research on Brain Function and Disease, Guangxi Medical
University, Nanning 530021, China

microenvironment. Although in situ glial cell reprogram-
ming offers great potential for neuronal repair in the injured
or diseased brain, it still needs a large amount of research to
pave the way to therapeutic application.
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The capacity for tissue regeneration is inversely correlated
with increasing levels in the evolutionary hierarchy in
animals [1]. For instance, the retina of teleost fishes has a
remarkable ability to regenerate new neurons after injury,
whereas such an ability is severely limited in birds and
completely absent in rodents [2—4]. In most mammals, the
potential for organ repair is very low, and the central
nervous system (CNS) in particular exhibits extremely
little ability for neuronal self-regeneration after injury or
disease. It is generally believed that mature mammalian
brains are unable to generate many new neurons. However,
many neurological diseases, in particular the neurodegen-
erative disorders such as Parkinson’s disease (PD), Hunt-
ington’s disease (HD), and amyotrophic lateral sclerosis
are associated with a significant loss of specific subtypes of
neuron [5]. Although neural stem cells (NSCs) have been
found to persist in the subventricular zone, hippocampal
dentate gyrus, and hypothalamus in the adult brain of a few
mammalian species, where NSCs can proliferate and then
differentiate into mature neurons mostly in local sites
[6-9], whether the same NSCs exist in the human brain is
still debated [10]. Furthermore, it has also been argued that
the number of new neurons supplied by NSCs is too small
to repair the neuronal loss caused by neurological diseases
in the adult human or animal brain [11].
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A long-favored theory postulates that regeneration of
new neurons in the cell-lesion site in the CNS is a viable
therapeutic approach for curing neural diseases [12]. In
light of the limited regenerative capacity of endogenous
NSCs, a great research effort has been made to develop
other approaches to achieve neuro-regeneration in the CNS
in the past several decades. Two new prevalent strategies,
transplanting pluripotent NSCs and reprogramming
endogenous glial cells, have emerged for enhancing
neuro-regeneration in the mature mammalian CNS. How-
ever, it should be noted that the transplantation of NSCs or
their derivatives has encountered a few challenges, such as
the associated immuno-rejection and the risk of gene
mutations and tumorigenesis, as well as ethical concerns
and the shortage of donors. Moreover, transplantation also
inevitably disrupts the internal environment at the graft
location and often leads to severe inflammation or cerebral
edema-induced obstructive hydrocephalus [13]. On the
contrary, the glial cell-reprogramming approach not only
avoids the above obstacles but also has other advantages,
including much higher safety and efficiency in generating
new neurons than NSC transplantation. Thus, it has gained
increasing attention. In this review, we summarize the key
findings on glial cell-reprogramming and its underlying
molecular mechanisms and cellular factors, the latter of
which include the origin of glial cells and the neural
microenvironment. We also discuss current challenges in
the potential for future therapeutic application.

Glial Cell-Reprogramming

Cell-reprogramming, also known as cell trans-differentia-
tion, is a cell-fate conversion process bypassing an
intermediate pluripotent state, induced by the forced
expression of certain transcription factors (TFs) or the
application of chemicals [14—-19]. In the adult mammalian
CNS, glial cells have an intrinsic proliferative capability
and a ubiquitous distribution, which make them ideal
candidates for conversion into neurons [20]. In 2002, Heins
and colleagues first demonstrated that the forced expres-
sion of the TF Pax6 in cultured astrocytes directs these
glial cells towards neurogenesis [21]. In a later study of
mouse cerebral cortex, forced expression of a dominant-
negative form of Olig2 in injury-induced reactive glial cells
was found to be capable of reprogramming these reactive
glial cells into neuronal cells expressing the immature
neuron marker doublecortin [22]. These two pioneering
studies uncovered a new method for neuronal regeneration
from glial cells. Moreover, expression of another TF, Ngn2
or Ascll (also named Mashl), had similar effects on
cultured glial cells [23]. In addition to expressing neuron-
specific molecular markers, the glial cell reprogramming-
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induced neurons generated action potentials and formed
postsynaptic compartments for receiving synaptic input
from neighboring neurons. Furthermore, the expression of
Ngn2 and DIx2 in cultured astrocytes generated gluta-
matergic and GABAergic neurons, respectively [24], while
the expression of Ascll, Lmx1b, and Nurrl was sufficient to
reprogram astrocytes into dopaminergic neurons in culture
[25].

Meanwhile, in vivo studies of reprogramming glial cells
in the mammalian brain have also advanced rapidly since
2013. Shortly after the finding that co-expression of three
TFs—Ascll, Brn2, and Mytll—is able to induce the direct
conversion of mouse fibroblasts into functional neurons in
culture [26], Torper et al. found that this combination of
three TFs is sufficient to convert the resident glial cells into
NeuN-expressing neurons in the mouse striatum in vivo
[27]. Interestingly, ectopic expression of Sox2 alone also
reprograms astrocytes into neuroblasts, which further
develop into mature functional neurons in both the striatum
and spinal cord in vivo, albeit with lower efficiency
[28-30]. Moreover, over-expression of Sox2 is also suffi-
cient to induce the conversion of another subtype of glial
cell that specifically expresses the chondroitin sulfate
proteoglycan NG2, known as NG2 glia, into mature
neurons in a model of injured cerebral cortex and spinal
cord, through an intermediate progenitor cell stage [31, 32].
Similarly, Ngn2 alone reprograms glial cells into NeuN-
expressing neurons in adult mouse neocortex and striatum,
and most of the new reprogramming-induced neurons are
immunopositive for GABA in the striatum and glutamate
in the cortex [33]. However, the efficiency of Sox2 or
Ngn2-induced glial cell reprogramming is relatively low
in vivo except in the model of spinal cord injury
[28, 29, 32, 33]. Notably, it has also been reported that
co-expression of the anti-apoptotic protein Bcl-2 or the TF
Nurrl with Ngn2 enhances the efficiency of Ngn2-driven
astrocyte reprogramming [34, 35], Moreover, neural
growth factors, including brain-derived neurotrophic fac-
tor, fibroblast growth factor 2, and epidermal growth factor
also enhance the efficiency of Ngn2- or Sox2-drived glial
cell reprogramming by promoting the transition from
progenitor cells to functional neurons in the process of
glial cell reprograming (Fig. 1) [28-33].

In contrast, several other TFs have been found to
directly reprogram glial cells into neurons (Fig. 1). For
example, virus-mediated expression of NeuroDI in astro-
cytes induces their direct conversion into glutamatergic
neurons in mouse cortex [36, 37]. Moreover, co-expression
of NeuroD1 and DIx2 specifically reprograms astrocytes
into GABAergic neurons in the mouse striatum in vivo
[38]. A TF cocktail of Ascll, LmxlIa, and Nurrl is needed
to convert adult striatal NG2 glial cells into GABAergic
neurons [39], and most of these reprogrammed striatal
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Fig. 1 Summary of known approaches for reprogramming glial cells
into neurons. The diagram illustrates the three approaches that have
been used to induce the reprogramming of glial cells into neurons: (1)
the over-expression of a single TF or TF cocktail including direct and
indirect approaches (e.g., via neuroblasts or immature neurons by
SOX2 or Ngn2 signaling); (2) the use of small chemical molecules;
and (3) suppression of the PTB gene.

GABAergic neurons are parvalbumin (PV)-expressing fast-
spiking cells [40]. However, a different TF combination
(NeuroDI, Ascll, and LmxIa) with addition of the
microRNA miR218 is required to generate reprogrammed
dopaminergic neurons in the mouse mid-brain [41].
Another TF Ascll is also effective in inducing direct
glia-to-neuron conversion in the striatum, neocortex, and
retina [42, 43]. Remarkably, in some instances, a combi-
nation of multiple TFs increases the conversion efficiency,
in comparison with that of a single TF, indicating
synergistic action among TFs [35, 38].

Differing from the TF over-expression approach, Fu and
colleagues revealed that repression of polypyrimidine tract
binding protein (PTBP1), an RNA-binding protein, is
sufficient to directly convert fibroblasts into functional
neurons in culture [44]. On the basis of this original
finding, three groups recently demonstrated that the down-
regulation of PTBP1 is also successful for reprogramming
oligodendrocytes, astrocytes, or Miiller cells into neurons
in multiple mouse brain regions in vivo [45—47]. It is worth
noting that these PTBP1 repression-reprogrammed neurons
possess the same identity or nature as endogenous local
neurons in a specific brain circuit, e.g. GABAergic neurons
from oligodendrocytes in the striatum [46], dopaminergic
neurons from astrocytes in the substantia nigra [45], and
ganglion cells from Miiller cells in the retina [47] (except
for the odd result of dopaminergic neurons from astrocytes

in the striatum) [47]. These findings also suggest a unique
advantage of the PTBP1-repression approach over TF over-
expression, that is, manipulating a single factor, PTBPI,
reprograms various types of glial cell into local neurons
ubiquitously in different circuits. In contrast, the TF over-
expression approach often requires combinations of differ-
ent TFs with or without extra molecules to generate a
certain type of induced neuron by the glia-to-neuron
reprogramming process.

Moreover, recent studies have established another
reprogramming approach with the use of small chemical
molecules (Fig. 1). In 2015, Zhang and colleagues first
identified a chemical cocktail containing nine small
molecules that successfully reprogrammed human astro-
cytes into functional neurons in culture [14], and a follow-
up further narrowed it down to 3—4 essential molecules that
were sufficient for efficient reprogramming [48]. However,
in the latter studies, the chemical cocktails were not
effective in converting mouse astrocytes into neurons
either in vitro or the mouse brain in vivo. On the contrary, a
very recent study using a different chemical cocktail
reported the successful reprogramming of mouse astrocytes
into neurons in vitro and in vivo. In the mouse brain, local
infusion of this chemical cocktail into the striatum and
cortex converted astrocytes into GABAergic neurons and
glutamatergic neurons, respectively, but with a low repro-
gramming efficiency (<10%) [49]. These studies have
demonstrated the feasibility of using small chemical
compounds to induce astrocyte—to—neuron conversion,
and selecting better combinations of chemical compounds
seems to be key for future studies and applications.

Molecular Mechanisms

Although multiple cell-reprogramming strategies have
been established, their underlying molecular mechanisms
are still largely unclear. Nevertheless, recent progress in
in vivo time-lapse cell imaging [23], real-time qRT-PCR
[50, 51], and RNA sequencing (RNA-seq) [51, 52] has
made it possible to shed light on the molecular mechanism.

As generally understood, the programming process
consists of at least two steps: suppressing glial-specific
gene expression, and eliciting the expression of critical
genes for the control of neuronal fate and differentiation
[20, 41, 49, 51]. Our recent study using the high-throughput
RNA-seq and chromatin immunoprecipitation sequencing
(ChIP-seq) methods identified approximately 107 down-
stream target genes of Asc// in its induction of astrocyte—
to—neuron conversion [51]. Among these target genes, the
TFs KIfI0 as well as Mytl and Mytll regulate the early
neuritogenesis and the late electrophysiological maturation
of Ascll-reprogrammed neurons, respectively, while the TF
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Neurod4 and the chromatin remodeling factor Chd7 are
required for efficient cell-fate conversion [51].

Moreover, transcriptional regulation and epigenetic
modification are also involved in cell-reprogramming by
increasing the chromatin accessibility for the TFs, which
allows large TF overexpression-induced changes in gene
expression [52-54]. For example, Pollak et al. reported that
Ascll directly binds the promoter or proximal enhancer
sites of the progenitor genes Hes5, DIlI, Hes6, and DII3,
and then remodels the chromatin from a repressive state to
an active expression state in the process of reprogramming
mouse Miiller glia into neurogenic retinal progenitors [55].
When the process of Ngn2-binding to regulatory elements
of its downstream targets NeuroD1, NeuroD4, and Trnpl is
inhibited, Ngn2 over-expression in glial cells fails to induce
direct conversion to neurons [56].

Ectopic expression of Ascll in mouse Miiller glia also
decreases the level of histone-3 lysine-27 trimethylation
(H3K27me3) but increases the H3K27 acetylation
(H3K27Ac) level in the progenitor genes Hes5, Hes 6,
dlll, and dlI3 [55]. Because H3K27me3 and H3K27Ac are
generally correlated with the repression and activation
states of gene expression, respectively, these histone
modifications elicited by Ascll overexpression in Miiller
glia result in significant increases in the expression of
progenitor genes [55]. Thus, these findings suggest that
epigenetic regulation or histone modification is a key step
in the glia-to-neuron conversion induced by TF overex-
pression. Similarly, substantially increased methylation at
the glia-specific GFAP gene and reduced methylation in
the neuronal gene NEFM have been found in the chem-
ically-induced reprogramming of astrocytes to neurons
[14].

Taken together, these molecular findings have revealed
that during cell-reprograming, certain TFs or small
molecule cocktails trigger complex regulation of transcrip-
tion that switches glia-specific gene expression profiles to
progenitor- or neuronal-specific profiles and further up-
regulates the neurogenic ability in late differentiation and
maturation. Epigenetic modification and chromatin remod-
eling actively reinforce the latter process [49, 56].
Recently, a transcriptional dynamic model illustrated the
temporal hierarchies of molecular regulation for neuronal
fate acquisition during the glia-to-neuron reprogramming
induced by Ascll or Ngn2 [56].

With regard to the molecular mechanism underlying
PTBP1 down-regulation-induced glia-to-neuron conver-
sion, a key event is the sequential suppression of gene-
regulation loops as follows. First, PTB (polypyrimidine
tract binding protein 1) repression in the glial cell relieves
the suppression of neuronal induction by the microRNA
miR-124/REST (REl-silencing transcription factor) sig-
naling in the early neurogenesis stage [44, 45, 57]. Second,
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further down-regulation of the neuronal analogue nPTB
elevates the levels of the transcription activator BRN2 and
miR-9, both of which are required for neuronal maturation
[45, 57].

Glial Cell Origin

Glial cells are highly heterogeneous and abundant in the
mammalian brain, and the major types are the astrocyte,
the NG2 cell, and the microglia [37, 58, 59]. To date,
studies have elucidated that all three types can be
reprogrammed into neurons in vivo [38-42, 46, 60] (see
Table 1). In the retina, Miiller glia are converted into
retinal bipolar neurons, amacrine cells, and ganglion
projection neurons by Ascll expression or PTB downreg-
ulation [43, 47, 55, 61]. Interestingly, accumulating
evidence has suggested that the different origins of glial
cells could be a factor determining the identity or type of
newly-reprogrammed neurons. For example, NeuroDI
reprograms astrocytes into glutamatergic neurons, but
converts NG2 cells into both glutamatergic and GABAer-
gic neurons in cultured mouse glia cells, whereas NeuroD1
is effective for human astrocyte reprogramming but not for
human microglia [37]. However, it is not clear what
intrinsic factors among the different glial subtypes influ-
ence the fate determination of reprogramming-induced
neurons.

Reactive glial cells following neurodegeneration or
traumatic injury can proliferate and then form a glial scar
to prevent further damage to neuronal tissue. Reactive glial
cells are composed of multiple types of glia including
microglia, astrocytes, and NG2 cells, which play different
roles at different stages. For example, reactive microglia
provide an immediate immuno-like defensive response,
while reactive astrocytes form protective barriers (or scars)
against the further spread of damage. However, the latter
process has also been thought to greatly decrease the
possibility of further neural repair of certain circuits
[20, 62, 63]. Recruiting reactive glial cells for reprogram-
ming alleviates the glial barrier that inhibits neuronal repair
to some extent [17]. Considering such complex progressive
processes involving various reactive glial cells, it would be
ideal if glia-to-neuron conversion can be well controlled to
affect specific glial types at certain time points after
damage, e.g. controlling the induction of astrocyte repro-
gramming at the glial scar-formation stage. Precise control
of the reprogramming of different types of reactive glial
cell would have maximal benefits in therapeutic applica-
tion. Certainly this demands sophisticated reprogramming
routes specifically for reactive glial cells. Nevertheless,
proliferating reactive glial cells provide an additional glia
resource for reprogramming. Guo et al. used the retrovirus-



1629

F. Wang et al.: Perspective on Direct Reprograming of Glia to Neurons

o)
[9¢] YStH +VavO/(%06)uoinau _awmhﬁﬁ [@o4maN  X31109 1010
X91I100
YStH pauyopun [N+ [ ]Sy [e1qa12)
X31100
[sel Y3ty uoImau [eprwelld [AANN+ZUSN [BI1qa1)
[e€l Mo uoInau +in[H ADT+TADA TUSN Xa40D)
[Lg] Y3tH pauygepun [qomaN Xa40D)
TE€9LT—A+6XSI+ISILAL]
lo¥] Mo (%8'CL) +mD +ITO66MTHD ~+uljoysi0.4 X340D)
eISIU
[sy] y3ry SIUO/(% 0¢) d81euruedo VNY YS/91d enueIsqng
[og] Mo uomau +vgvo VdA zxos pI0o feurdg
[6T “8¢] A 1199 +X0a zvos wnems
[e€] M0 uomau +vgvo ADA+TADA TUSN wmeLng
[8¢] Y3tH uomau +vgvo xa + [qomaN wneg
TE9LT-A+6XSIHISILAL] +
lo¥] o[ (%1°L8) +VAVD [20664IHD +uij0ys10,] wnmems
(2] Mo pauyep-un 1DANADZUIg+[19SY wnens
[1¥] MO uomau d13ruredoq QIzyu [oanaN-+exury+r1osy wneLs
l6€] A (%89) +VAVD/(%91) +In[D [ANMN +D [T+ []oSY wneLg
[er] YsSiH +vavo/+HnoD 1195V UreIqpiN od1a u1
ureiqpru
[zy) yStH +vgvD/Hmo 115y [esioq
DZXOYJ+ [LNN+TPUDH+
[z8] Y3ty uoINAU JIIAUAIPBION EDID+07—JV+qzxoyd—+r1osy UreIqpIAl
[cz] MO uomau d131uredoq [AANN g [xur+ 1195y
X91100
[9¢ “¢zl Mo pauyepun 1195V [e1qa1)
X3LI00
w_m_m suoInauruy xa +:ua<< TeIqaId)
X9LI00
izd] Mo uomau +ygvo a [e19a19D)
X9LI00
[96] MO uoinau +InH JUSUJ +{J0maN [eIqa13)
X31I02
[eT ‘12l A paugepun 9xnd [e1qa1D
X91100
[9¢ “vT *¢Tl Y3t uomou ++in[o TUSN [eIqa1)
[og] Y3TH 1190 +HL/4VEVD [ANTD TUSN Xa40D)
[L€] Y3y uomau +in[H JqomanN X3)I0D) (190
lo¥] Y3tH +vavo/+mn [SLIAG-T ‘ITO664IHD ‘6XSI US40, paImno) o414 up  AK0NSY SO
Kouaroyje
RN UOISIQAUOD) ad£) reuomaN SIQUIQ/VNY OJoTWl/Sa[nog[owl [[ews SI paesie], uor3oy 90INO0S [eI[D)

'0A14 Ul PUB 04714 U] UOTISISAUOD UOINAU-0)-BI[S 0} sayoeoidde juaoar jo Arewwing | 9qe],

pringer

A



Neurosci. Bull. November, 2021, 37(11):1625-1636

1630

'95Ge< onel Furwwerdordar :Aouaroyye Y3y suoinau (++In[D) d131rewein|3 10 (+ygyD) d1310ygyD ‘siojoe) uonduosuen s 7

s8] i uoInau d1Sourwedoq ISTYH Ys [AANN+D [ XUWT+[]ISY
[3X044[]9SV
(8] ysry uomau +ygvo LSTY US +9xyT+5xIq+gXos omaur 99 ZON
[1¥] MO uoinau d13reuruedoq QITyIM DIXWT +[19SYV+[qOoAnIN
[L€] ySiH uoinau +noH [o4maN X110
»1)
(871 USH ar8reururedoq/(%¢) +vVAVO/(%8L) +MID LdVA +T0664IHD +681£6INAT +THSIEFAS Xa10D)
ound+9vs +I1dvVd+VdA +
[20664IHD
i48] ysSiH uomau (%7'8) +VdvD/(%88) +InD +A2L+GdNLL +THSIEPES +681E6INAT XoU0) o4 ul - sAA0NSY  UBWINE
[19] 12 1190 refodrg VS [1>sy  eunor pamfuy
[ev] P 1199 suuoewe/rejodig 1195V eunal pamfuy  oaza ui
ySiH 1190 rejodiqrejodrun ZUSN
[08] Y3t s[[e0 refodiqruny/rejodnniy 1195V ens
[ss] Mo 1100 refodrg 1195V o314 ul TN
[96] Yy uoInau Jereins [oinaN wnems  odu ul
[9¢] %07 (%L'SD) +vavD / (%T¥L) +IND [qo4naN oapia ur - eISOIIN
(o] YSIH uomau +vygvo Y/E SYNYIS wneLng
X31102
[0y ‘o€l USH uoInau (%89) +VavO/(%91) +nD [4HNN + D[xXwy + ]Sy [81Q31D)
X31100
[1€] Mo 1199 +X0d zvos [e1qa10)
[zel YSTH +vavo/+mn zyos pi0d Teurdg
[L€] YSH pauyepun [qomaN X0y oA ul
[L€] USH uomau (%01) +VavV9I/(%06) +MID [qo4naN Xauo) oy ur - [0 7 ON
Kouaroyjye
pEN| UOISIOAUOD) ad£) reuomaN SIOUIQ/VNY 0I0TW/Sa[nod[owl [[ewrs SI palesie], uordoy 90INO0S [eI[D)

ponunuod | Jqel,

pringer

A's



F. Wang et al.: Perspective on Direct Reprograming of Glia to Neurons

1631

based approach, which transduces exogenous gene expres-
sion specific for proliferating cells, to achieve NeuroDI
expression in reactive astrocytes and NG2 cells and found
reprogrammed functional neurons in a mouse model of
cortical injury [37]. Similar results of reprogramming
reactive glial cells into functional neurons were obtained
by retrovirus-mediated Ngn2 over-expression in the mouse
striatum after local injury [33]. Lentivirus-mediated TF
expression has also been used to target the reprogramming
of reactive NG2 cells in the injured mouse spinal cord [30].

Regional Specificity and the Microenvironment

A few in vivo studies have suggested that brain regions or
neural microenvironments can exert an important influence
on the efficiency of glial cell-reprogramming and the fate
control of reprogrammed neurons in the mouse CNS
[31, 33, 35, 42, 45, 47, 49]. For an example, forced
expression of Ngn2 reprograms non-neuronal cells into
GABAergic neurons in the striatum, while it generates
glutamatergic neurons in the neocortex [33]. We also
reported that similar AAV-mediated expression of Ascl/ in
the astrocytes of the mouse striatum and cortex have
different efficiencies in the direct conversion to functional
neurons [42]. Similarly, the same TFs (Nurrl+Ngn2 or
Nurrl+Ascll) induces glial-to-neuron conversion with
high efficiency in the grey matter in the mouse cortex,
but are not effective in the white matter, although
comparable numbers of cortical astrocytes were infected
by AAV vectors in both regions [35, 64]. The regional
specificity is more evident in the direct glia-to-neuron
conversion induced by PBT down-regulation, in which
local neuronal constituents seem to determine the identity
of programming-induced neurons [45, 47]. Several studies
have suggested that variations in the glial transcriptome
among different brain regions may account for the
differences in the outcome of reprogramming
[45, 49, 65, 66].

Changes in the microenvironment after injury or the
onset of neurological disease, can affect the outcome of
reprogramming, especially the indirect reprogramming
mediated via neuroblasts. Brain injury or disease often
substantially alters the levels of cytokines, growth factors,
and morphogens in the microenvironment, and extracellu-
lar signaling mediated by these molecules is known to play
differential roles in neuroblast survival and neuronal
differentiation [67, 68], which may facilitate glial cell
reprogramming [68]. Grande et al. reported that ischemic
injury augments the production and subsequent maturation
of Ngn2-induced new neurons [33]. In the mouse cortex,
the altered cortical microenvironment at the stab wound
injury site reprograms the astrocytes with a deletion of

Rbpj-k, a key regulator of Notch signaling, into GABAer-
gic interneurons through a process mediated via the
amplified neuroblast population. More interestingly, this
neurogenic potential can spread widely across different
sensory cortices [69]. Although it is not clear how the glial
Notch-signaling blockade and local injury alter the tran-
scriptome profiles of astrocytes and the microenvironmen-
tal conditions, the extensive spread of neurogenic induction
to uninjured cortical areas implies the importance of
microenvironmental signaling in the process of glia-to-
neuron reprogramming.

Function of Reprogramming-Derived New
Neurons

It remains a fundamental question as to whether the
functions of the newly generated neurons resemble the
endogenously existing neurons regarding the formation of
synapses, the ability to communicate electrically, and the
ability to form correct afferent/efferent connections with
host neurons. FElucidating these functional aspects of
reprogramming-induced new neurons is demanding in the
field for the potential application to neural repair [70].
Berninger et al. provided the first evidence that astroglia-
derived neurons in culture exhibit several electrophysio-
logical hallmarks of functional neurons, including the
formation of characteristic neuronal morphology and the
ability to fire action potentials and receive phasic synaptic
inputs [23]. In a previous study, we reported similar
processes of functional maturation of Asc/l induced
neurons approximately 5 weeks after induction, plus
demonstrating their efferent synaptic transmission to pre-
existing neurons, in the mouse mid-brain and neocortex
in vivo [42]. Analogous functional maturation processes
have also been reported in many other studies
[35, 36, 38-41, 45, 47]. All these morphological and
electrophysiological results from culture and brain slice
studies directly suggest that reprogramming of glial cells
can generate neurons with the same functional properties as
neighboring endogenous neurons. Moreover, further stud-
ies have shown that these new glia-derived neurons can
integrate into the existing neural circuits by forming correct
afferent and efferent connections in various brain regions
in vivo. By using retrograde trans-synaptic tracing with
modified rabies virus, Torper et al. showed that individual
striatal NG2-derived new neurons connect with 3—4 local
pre-existing neurons on average [39]. In the mouse spinal
cord, NG2 glia-derived neurons receive not only local
connections from dorsal root ganglia but also long-rang
projection synapses from the brain stem [32]. Further
studies in the neocortex [35], nigrostriatum [45], striatum
[38], and retina [47], have consistently reported that the
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in situ glia reprogramming-induced neurons send long-
range axonal projections to the same target areas as the pre-
existing neurons [35, 38, 45, 47]. These anatomical studies
have demonstrated that newly reprogrammed neurons are
able to form largely correct synaptic connections with local
neurons and distant brain nuclei, endorsing their potential
for neural network reconstruction after injury or in
neurodegenerative diseases [32, 35, 38, 45, 47]. In this
direction, however, a fundamental question remains as to
whether and how these new glial reprogramming-induced
neurons perform the correct neuronal functions in sensory
perception, motor control, learning/memory, and other
brain functions.

Prospectives and Challenges

Over the past decade, several different strategies have been
established for successfully reprogramming various types
of glia into defined neurons in the CNS in animal studies
(Table 1). These newly-induced neurons have been
reported to integrate into the existing neuronal circuits
and form correct connections in vivo
[32, 35, 36, 38, 45-47, 61]. All these studies have raised
the potential of glial-reprogramming for providing an
alternative cell source for neuro-regeneration in the injured
or diseased brain, besides the transplantation of NSCs
[70, 71]. In this direction, several pioneering studies have
tested the feasibility of the glial cell reprogramming-based
approach for neuro-regeneration of defined types of neuron
in mouse models of some prominent neurological diseases,
including PD, AD, and HD. Rivetti di Val Cervo et al.
reported that in an adult PD mouse model, in situ
reprogramming of striatal astrocytes into functional
dopaminergic neurons dramatically alleviates the symp-
toms in spontaneous motor behavior, such as increasing the
coordination of limbs during voluntary locomotion, axial
symmetry, and gait [41]. Two recent studies have also
reported that similar motor deficits are largely reversed
after regeneration of dopaminergic neurons by PTBP1
repression-induced astrocyte reprogramming in the sub-
stantia nigra [45] and in the striatum [47]. In a mouse
model of ischemic injury, partial restoration of motor
function and fear memory function have been reported 3—-9
weeks after the induction of reactive astrocyte-reprogram-
ming in the mouse motor cortex and amygdala, respec-
tively [36]. Similarly, in situ reprogramming of astrocytes
into GABAergic neurons in the striatum reduces striatal
atrophy, improves motor function, and extends the life span
of HD-model mice [38]. Thus, these animal model findings
strongly endorse the potential application of in vivo glia-to-
neuron reprogramming for repairing certain circuits in the
injured or degenerating brain. However, a causal link
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between the re-supply of reprogrammed neurons and the
restoration of certain brain functions or behaviors in these
disease models is not yet fully clarified. Recently, chemo-
or opto-genetic tools have been used to suppress the
activity of transplanted stem cells to confirm their contri-
bution to rescuing motor functions in a PD mouse model
[45, 72, 73]. In the PD model, Fu and colleagues were the
first group to use a similar approach to clarify the causal
link between glia-derived dopaminergic neurons and the
rescue of PD-like symptoms [41]. Further future works are
still needed to elucidate the exact contributions of glia-
derived new neurons in the normal and diseased brain.

We think that there are three critical challenges in the
potential application of glia-to-neuron reprogramming for
future therapeutic application to the injured or diseased
brain.

First, a major hurdle for therapeutic application is the
risk of the adventitious virus associated with the virus-
based gene delivery system. Currently, the lentiviruses,
retroviruses, and adeno-associated viruses (AAVs) are
commonly used to deliver recombinant TF DNA vectors
[74, 75]. The use of lentivirus or retrovirus is known to
increase the risk of genetic mutations and tumorigenicity,
due to integration into the host-cell genome [13]. However,
AAVs do not have the latter problem but have a
comparable efficiency in expressing TFs for relatively
long periods in glial cells [76]. However, AAV expression
vectors normally have limited room for recombining
exogenous genes, and thus they are not suitable for
delivering several genes simultaneously [74]. In addition,
a high dose of AAVs often leads to toxic effects after
injection into animal tissues [76, 77], and is also accom-
panied by a significant leakage of expression of target
genes to neural cells other than glial cells. The latter issue
may produce false-positive results in research. For exam-
ple, recently there has been a strong debate on the
efficiency of the TF NeuroDI in reprogramming astrocytes
into neurons in vivo with AAV delivery, so a series of AAV
dosage experiments are needed for different CNS sites in
various animal species to avoid the AAV leakage problem
[78]. Furthermore, cell lineage-tracing analysis is also
needed to confirm the glia-to-neuron conversion following
the AAV delivery of TF genes. To fully address the cell
lineage, a combined time-lapse approach to characterizing
the switch of morphology and transcriptomic profiles at
different reprogramming stages should be applied to follow
the fate of the reprogrammed progeny of glial cells and
capture axon-dendritic growth in induced new neurons,
either in the intact brain or 3-D organoids [79].

With regard to the possible application of chemically-
induced glia-to-neuron reprogramming, this has several
unique advantages over the genetic approach, such as easy
drug application or delivery, and convenient combinations
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for inducing defined neurons. However, its outcome
efficiency is substantially lower than that of the genetic
approach. Moreover, the off-target action and potential
toxicity to other neural cells have not yet been extensively
addressed.

Second, the regeneration of different defined types of
neuron that have been lost in various brain diseases
requires varied combinations of specific TFs or chemicals.
A quest to identify these strategic combinations demands
numerous research efforts. To date, glial cells have been
successfully reprogrammed into glutamatergic neurons
[35-37], GABAergic neurons [30, 38, 40, 46], dopamin-
ergic neurons [41, 45], retinal ganglion cells [80], and
noradrenergic neurons [81]. However, attempts to generate
other neuronal subtypes such as cholinergic and seroton-
ergic neurons have not yet been successful. Considering
that generating diverse neuronal subtypes is a crucial step
towards the restoration of damaged neuronal networks, a
newly developed approach using CRISPR/Cas9 technology
may expedite the discovery process [82, 83]. Moreover,
more understanding of the molecular mechanisms that gate
cell fate switches will also greatly promote the identifica-
tion of these critical molecular factors for designing new
routes for the in vivo reprogramming of glial cells into
specific neurons more efficiently in the CNS. Other factors
related to glial cell origins and local microenvironments,
especially in injured or diseased circuits, are also indis-
pensable. Future research is required to explicitly elucidate
how these cellular factors influence glia-to-neuron
conversion.

Finally, there is still a lack of systematic research on the
reprogramming of human glial cells. Almost all glia-to-
neuron conversions in vivo have been done in animals
(Table 1). Even in cultured cells, there are only eight
studies exploring the feasibility of human glia-to-neuron
reprogramming, and they are mainly focused on astrocytes
and NG2 cells. For example, the TFs NeuroDI and
NeuroD4, or a combination of NeruoDI, Ascll, Lmxla,
and miR218, have been found to convert human cortical
astrocytes into functional neurons [37, 41, 56] but failed to
reprogram human microglia into neurons [37]. The PTB
repression approach is also effective in converting cultured
human astrocytes into dopaminergic neurons [45]. In
addition, two recent studies reported successful reprogram-
ming of human NG2 cells into GABAergic neurons and
dopaminergic neurons by the TF cocktails Ascll, DIx5,
Lhx6, Sox2, and Foxgl or Ascll, Lmxla, and Nurrl with a
short hairpin (sh)RNA against the RE1-silencing transcrip-
tion factor (sh REST), respectively [84, 85]. On the
contrary, reprogramming of human microglia has still not
been established. Considering the different natures of
transcription and epigenetic regulation among species, the
reprogramming approaches developed from animal studies

cannot be simply applied to human glia cells. Thus, future
studies are needed to test these established approaches in
cultured human glial cells in vitro or in human brain
organoids ex vitro.

Meanwhile, due to ethical constraints, glia-to-neuron
conversion cannot be directly tested in the human brain. A
recent study by transplanting human astrocytes engineered
to express the inducible forms of TF genes (Ascll, Brn2,
and MpytIl) into the rat brain further found that after
doxycyline induction, some surviving human astrocytes
were reprogrammed into neurons that expressed the
human-specific neural cell adhesion molecule (hNCAM)
[27]. This study provides an alternative system for testing
or identifying molecular approaches to reprogramming
human glia cells in vivo. It is unknown whether the mouse
brain environment is similar to that in the human brain and
how it affects the reprograming process. Thus, it is
mandatory to test these glia-to-neuron reprogramming
genes or chemicals in the CNS of non-human primates
before any translation to cell therapy in human patients,
following protocols similar to the pharmaceutical devel-
opment of regular small molecular drugs.

Concluding Remarks

Over the past decade, rapid advances have been achieved
in the field of glial cell reprogramming, which opens a
future avenue for recruiting endogenous glial cells for the
potential regeneration of defined functional neurons to treat
traumatic injury and neurodegenerative diseases. This new
strategy for neuron replacement can avoid some of the
major obstacles of the ongoing stem cell-based therapies.
To date, growing numbers of studies have established
various TF or chemical cocktail approaches to efficiently
reprogram various types of glial cells into glutamatergic,
GABAergic, or dopaminergic, neurons in the mouse CNS
in vivo. These reprogramming-induced neurons have also
been shown to integrate into the existing neuronal circuits
and restore some of the defective brain functions in mouse
models of neurodegenerative diseases, including PD and
HD. These findings imply that a re-supply of new induced
neurons is able to reconstruct injured or diseased neural
circuits. However, it is still completely unknown what
factors instruct these induced neurons to properly build
their functions and circuit connections, especially long-
distance connections, similar to the pre-existing endoge-
nous neurons. Finally, although several approaches estab-
lished in animal studies have been verified in cultured
human astrocytes or NG2 cells, little advance has been
made in glia-to-neuron reprogramming in the brain of non-
human primates or humans, primarily due to ethical issues
and limited experimental resources. Moreover, other issues
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associated with toxicity, adventitious virus risk, and glia-
specific gene-delivery methods have yet to be investigated
extensively. Thus, from these perspectives, it is still an
odyssey to translate glial reprogramming as a cell replace-
ment for therapeutic application.
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