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SUMMARY

Central nervous system injury and neurodegenerative diseases cause irreversible loss of neurons. Overexpression of exogenous specific tran-
scription factors can reprogram somatic cells into functional neurons for regeneration and functional reconstruction. However, these prac-
tices are potentially problematic due to the integration of vectors into the host genome. Here, we showed that the activation of endogenous
genes Ngn2 and Isl1 by CRISPRa enabled reprogramming of mouse spinal astrocytes and embryonic fibroblasts to motor neurons. These
induced neurons showed motor neuronal morphology and exhibited electrophysiological activities. Furthermore, astrocytes in the spinal
cord of the adult mouse can be converted into motor neurons by this approach with high efficiency. These results demonstrate that the acti-
vation of endogenous genes is sufficient to induce astrocytes into functional motor neurons in vitro and in vivo. This direct neuronal reprog-

ramming approach may provide a novel potential therapeutic strategy for treating neurodegenerative diseases and spinal cord injury.

INTRODUCTION

Injury to the human central nervous system (CNS) is devas-
tating because our adult CNS has little regenerative capacity
to replace lost neurons and induce functional recovery.
Hence, acute CNS injury and chronic neurodegenerative
diseases are associated with irreversible loss of neurons, ul-
timately leading to permanent functional deficit and
neurological disability. The ultimate goal of regenerative
medicine for CNS injury repair is to replace lost neurons
to restore lost functions. One common type of CNS injury
is spinal cord injury (SCI). With the development of the
economy, theincidence of SClis increasing gradually. There
are from 250,000 to 500,000 people around the world
suffering from SCI every year according to recent World
Health Organization reports (Courtine and Sofroniew,
2019; Fehlings et al., 2017). SCI leads to irreversible neuron
loss and the interruption of the ascending and descending
spinal tract, leading to sensory and motor dysfunction
below the injury plane and even severe disability (Bradbury
and McMahon, 2006; Thuret et al., 2006). The clinical
symptoms related to SCI depend on the anatomical level
and severity of the lesion, ranging from mild sensory/motor
disorders to complete quadriplegia (Noristani et al., 2016),
which brings a heavy burden to the family and society. After
SCI, astrocytes proliferate to form a dense glial scar in the
injured site, which forms a physical barrier to prevent
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axonal regrowth (Fawcett and Asher, 1999; Noristani
etal., 2016; Yiuand He, 2006). So far, there is barely an effec-
tive strategy for promoting the recovery of function in the
clinic. Due to the limited self-healing ability of the CNS af-
ter injury, many defects remain permanent. Therefore,
nerve repair and locomotor functional reconstruction after
SCI are the most challenging medical problems.

Cell replacement is a potential therapeutic strategy for
the loss of neurons after injury (Gong et al., 2020; Snyder
and Teng, 2012). Although this therapy can compensate
for motor neuron (MN) loss after SCI, the sources of func-
tional MNs are still limited. Recent studies showed the gen-
eration of MNs from induced pluripotent stem cells (iPSCs)
(Chen et al., 2014; Fernandopulle et al., 2018); however,
cellular therapy still faces several significant obstacles in
treating human SCI. First, the generation of iPSCs and their
gradual differentiation into MNs is a long and complicated
process, which is technically challenging due to the vari-
able lineage of iPSCs and the heterogeneity of differenti-
ated neurons (Arbab et al., 2014; Liu et al., 2016). Second,
transplanting cells of this origin may increase the risk of tu-
mor formation (Knoepfler, 2009). Third, the transplanta-
tion process may lead to secondary SCI. Furthermore, cell
transplantation often requires a large number of cells,
which may result in unexpected damage to the pre-existing
functional neural circuits and the formation of cystic tissue
at the injection site (Su et al., 2014).
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More recent studies have shown that defined transcrip-
tion factors (TFs) can directly induce fibroblasts or astro-
cytes into functional neurons, which further proves the
feasibility of direct transdifferentiation of non-neuronal
cells into neurons. For example, mouse cortical astrocytes
can be converted into glutamatergic and GABAergic neu-
rons by overexpression of Ngn2 and DIx2, respectively
(Heinrich etal., 2010). Dopaminergic neurons can be gener-
ated from mouse and human fibroblasts by overexpression
of three TFs: Ascll, Nurrl, and Lmx1« (Caiazzo et al., 2011).
Overexpressing defined TFs can induce serotonergic neu-
rons from human fibroblasts (Vadodaria et al., 2016; Xu
et al., 2016). Small molecules combined with overexpres-
sion of Ngn2 can convert human fibroblasts to cholinergic
neurons (Liu et al., 2013). The knockdown of Ptbpl pro-
motes the glial-to-retinal ganglion cell or astrocyte-to-dopa-
minergic neuron conversion in a Parkinson’s disease mouse
model (Qian et al., 2020; Zhou et al., 2020). However, the
generation of MNs by direct neuronal reprogramming has
been barely reported. Recent progress in direct neuronal re-
programming revealed that induced neurons (iNs) could be
used in cellular therapy as well as disease modeling (Drouin-
Ouellet et al., 2017; Furlan et al., 2016; Li et al., 2019; Liu
etal., 2016; Qian et al., 2020). Despite the limitations of re-
programming efficiency and neuron purity, the directly
transformed specific neurons may still be valuable for dis-
ease modeling and drug identification of late-onset human
nervous system diseases (Arbab et al., 2014).

Recently, the type II clustered regularly interspaced short
palindromic repeat and Cas9 nuclease (CRISPR/Cas9) sys-
tem from bacteria was repurposed for genome editing in
mammalian cells (Cong et al., 2013; Mali et al., 2013).
Dead Cas9 (dCas9), an inactivated form of Cas9, has been
designed to fuse with transactivation factor to form pro-
grammable synthetic TFs, known as the CRISPR activation
(CRISPRa) system (Konermann et al., 2015; Zalatan et al.,
2015). This system can function as a pioneer factor to target
the silenced chromatin locus with high accuracy and pro-
mote downstream gene transcription (Liu et al., 2018; Pol-
stein et al., 2015). Our study explores the possibility of
direct reprogramming of the astrocytes and mouse embry-
onic fibroblasts (MEFs) into MNs by gene editing. In this
study, using the CRISPRa system, we provide an easy-to-
follow approach for direct and highly efficient conversion
of mouse spinal cord astrocytes and MEFs into functionally
mature MNSs in vitro and in vivo.

RESULTS

Activation of endogenous Ngn2 and Isl1 with dCas9-
VP64

It has been reported that overexpression of the TFs Islet-1
(Isl1) and LIM Homeobox 3 (Lhx3) along with neurogenin
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2 (Ngn2) can differentiate iPSCs into lower MNs (Fernando-
pulle et al., 2018). We wondered whether spinal cord astro-
cytes could be reprogrammed into functional MNs by TF
combinations. The CRISPRa system was used to activate
the expression of endogenous genes (Konermann et al.,
2015), and single-guide RNAs (sgRNAs) were designed to
target the Ngn2 and Is/1 promoter region close to the tran-
scription start site. Ngn2 was chosen for its ability to convert
astrocytes into functional iNs, and Is/1 is an important TF
for MN specification. We first detected transcriptional acti-
vation of target genes with each designed Ngn2 and Isl1
sgRNA delivered by lentivirus in primary cultured astro-
cytes. Gene expression analysis showed that sgRNAs target-
ing the promoter of Ngn2 induced a 20-fold upregulation of
Ngn2 transcription. For IslI promoter, about a 10-fold in-
crease was observed (Figure S1A). The increased protein ex-
pressions of NGN2 and ISL1 in astrocytes by sgRNAs were
also verified by western blot (Figures S1B and S1C). De-
signed sgRNAs and the dCas9-VP64-GFP plasmids were
also transduced into MEFs to verify the transcriptional acti-
vation of target genes (data not shown). These results sug-
gest that dCas9-VP64 can activate the silenced Ngn2 and
Isl1 in astrocytes through specific sgRNA guidance.

Activation of Ngn2 and Isl1 enabled mouse spinal cord
astrocytes to acquire motor neuronal properties

To explore whether spinal cord astrocytes can be induced
into functional MNs through activation of endogenous
Ngn2 and Isl1, we isolated astrocytes from the spinal cord
of neonatal C57/BL6] mice (postnatal days 0-3) and
cultured them as initiating cells for reprogramming. Pri-
mary astrocytes were cultured to the third generation to
remove residual neurons, and about 95% of the cells ex-
pressed the astrocyte marker glial fibrillary acidic protein
(GFAP). The cultured cells showed almost no expression
of the neuronal marker MAP2 or motor neuronal marker
HB9, nor microglia marker IBA1 (Figures 1A, 1B, and
S1D). These results indicated that the cultured cells were as-
trocytes with undetectable neurons or microglial cells. We
first examined whether activation of endogenous Ngn2 and
Isl1 could induce astrocytes into MNs by being infected
with the lentivirus dCas9-VP64-GFP and the sgRNA. The
date of infection was denoted as day O, and the medium
was switched to neuronal medium containing 2% B27 sup-
plement on day 3 (Figure 1C). During the process of con-
version, cell morphology changed from an initially flat,
spread-out shape to one with bipolar and multipolar pro-
cesses and smaller cell bodies, showing typical complex
neurite-like structures. At 14 days post infection (dpi), we
added a ROCK inhibitor, Y-27632, to promote the neurite
extension as suggested by a previous study (Klim et al.,
2019). At 18 dpi, the induced cells exhibited typical
neuronal morphology (Figure 1D). Immunostaining results



'O‘
©

100+
/[IBA1/
g 80+
[}
s 604
[
S 404
]
o]
o 20
iMNs oA
>
s = C9Q§ ¥ &1‘ \Q,V'
D?y 0 Day 3 Day 6 Day 14 Day 21
| ] ] ]
ﬁ'* T10% FBs! B27 T B27+BDNF  IB27+BDNF+Y-276321
e e
dCas9-VP64 pUB-sgRNA
lentivirus lentivirus

O'Control N+l

100
80
60
40
20

[Tuj1/

NeuN positive rate

0
Control N+I

Figure 1. Conversion of astrocytes into induced neurons (iNs)

(A) The cultured astrocytes at passage 3 expressed GFAP but almost no expression of MAP2, HB9, and IBA1. Scale bar, 50 pum.

(B) Quantitative analysis of (A) (n = 3 independent experiments).

(C) Timeline for the reprogramming process.

(D) Cell morphology during the reprogramming. Scale bar, 100 um. Right: image of iNs at high magnification. Scale bar, 50 um.

(E) Representative images showing the expression of the neuronal marker Tuj1 at 14 days post infection (dpi). GFP indicated the virus-
transduced cells. Scale bars, 100 pum.

(F) Reprogramming efficiency is determined by the percentage of Tuj1"* cells relative to GFP™ cells at 14 dpi (n = 4 independent experi-
ments).

(G) iNs expressed the mature neuronal markers MAP2 and NeuN at 21 dpi. Scale bar, 50 um.

(H) Quantitative analysis of NeuN" cells relative to GFP* cells (n = 4 independent experiments). Data are presented as mean + SEM.
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revealed that the neuronal marker Tujl became detectable
at 14 dpi, and about 88% of virus-transduced astrocytes
converted into Tujl™ cells. However, the expression of
Tujl was almost undetectable in the control group, even
within the GFP-positive cells (Figures 1E and 1F). Since
Tuj1 is expressed in both immature and mature neurons,
its expression per se during Ngn2-Isl1-induced neurogene-
sis does not indicate the maturation of the induced neu-
rons. Instead, MAP2 and NeuN are widely used as markers
for mature neurons. We detected these markers at 21 dpi
during Ngn2-Isl1-induced neurogenesis with a relatively
high rate (78.2% =+ 2.7% for NeuN*, n = 4) (Figures 1G
and 1H). These data indicate that Ngn2-Isl1-induced neu-
rons could mature in vitro.

We next examined the mRNA expressions of some
marker genes of astrocyte and neuron. As shown in Fig-
ure S2, the expression of Aldh1l1 and Gfap, two astrocyte-
specific genes, gradually decreased during the conversion
by Ngn2 and Isl1 activation, while NeuroD4, a neuron-spe-
cific marker, showed elevated expression level by day 7, and
eventually achieved an almost 10-fold increase by day 14.
One mechanism of gene expression regulation of Gfap is
DNA methylation in the promoter region in neurons at
the neurogenic stage during normal development (Con-
dorelli et al., 1997; Teter et al., 1996). We thus assessed
the methylation levels of Gfap in the promoter region by
sequencing-based bisulfite sequencing PCR (BSP). The re-
sults showed that the methylation level of all CpG sites
in promoter regions increased, and the median methyl-
ation level significantly increased from 63.6% to 82% dur-
ing the process of conversion (Figures S3A and S3B). These
data indicate that the reduction of Gfap could be caused by
the hypermethylation in the promoter region upon
reprogramming.

Next, we analyzed the subtype properties of reprog-
rammed neurons. Immunostaining results revealed that
the induced cells expressed spinal MN marker HB9, and
over 83% of Tuj1* cells co-stained with HB9 at 14 dpi (Fig-
ures 2A and 2B). The induced neuronal cells also expressed
the cholinergic MN marker choline acetyltransferase
(ChAT). Immunofluorescence quantitative analysis dis-
played that almost 70% of Tuj1" cells expressed ChAT (Fig-
ures 2C and 2D). In contrast, none of the induced neuronal
cells expressed GAD1, a marker for GABAergic neurons (Fig-
ure 2E). When co-cultured with mouse astrocytes, the
induced neurons survived over 35 days with the contin-
uous expression of HB9 (Figure 2F). It is well known that
the distinct Hox gene expression pattern along the rostro-
caudal axis confers regional neuronal identity in the spinal
cord. To further specify the nature of the induced neuron,
we examined the mRNA expressions of region-specific
Hox genes. We found that Hoxc6 (brachial region), Hoxc8
(brachial region), Hoxc9 (thoracicregion), and Hoxc10 (lum-
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bar region) were upregulated significantly by 14 days of
Ngn2 and Isl1 activation (Figure S2C), showing no regional
specificity of the induced neurons. These results suggest
that the cultured astrocytes mainly acquired a motor
neuronal fate after activation of endogenous Ngn2 and Isl1.

We then examined whether the induced motor neurons
(iMNs) were functional. We found that the iMNs with
typical neuronal morphology also expressed the presynap-
tic marker synaptotagmin 1 (SYT1) with a punctate pattern,
suggesting the establishment of synaptic structures, at 21
dpi. Quantitative analysis revealed that over 58% of Tuj1*
cells could be co-stained with SYT1 (Figures 2G and 2H).
Electrophysiological characteristics of induced neurons
were detected by whole-cell patch clamp. The induced
GFP* neuronal cells showed typical spontaneous postsyn-
aptic currents (sPSCs) at 35 dpi. More importantly, sPSCs
could be blocked by 10 uM CNQX, an antagonist of
AMPA/kainate glutamate receptors (Figures 2I and 2J; n =
3 of 12 cells). The induced neuronal cells could fire repeti-
tive action potentials (APs) in response to the injection of
step currents, and APs could be eliminated by blocking
voltage-gated sodium channels withl uM tetrodotoxin
(TTX) (Figure 2K; n = 5 of 14 cells). Together, these data
indicated that iMNs could generate electrophysiological ac-
tivities and form synaptic connections.

Conversion of MEFs to functional motor neurons by
activation of Ngn2 and Isl1

The above results showed that activation of Ngn2 and Isl1
can induce postnatal mouse spinal cord astrocytes into
functional MNs. We then wondered whether MEFs could
be reprogrammed into iMNs in the same way, as fibroblasts
are widely used as the starting cells for neuron reprogram-
ming (Herdy et al., 2019; Li et al., 2019; Son et al., 2011;
Vierbuchen et al., 2010). MEFs were isolated from wild-
type mice and infected with dCas9-VP64-GFP and the
sgRNA lentivirus. At 14 dpi, 83% of virus-transduced
MEFs were found to be positive for Tujl (Figure 3A). Mean-
while, about 80% of Tuj1" reprogrammed cells expressed
HB9 (Figure 3B). Furthermore, the reprogrammed cells
also expressed the pan-neuronal marker MAP2 (Figure 3C)
as well as the cholinergic MN marker ChAT at 21 dpi (64.3%
+ 3.3% for ChAT" of Tuj1* cells, n = 3, Figure 3D). These
cells exhibited typical MN morphology with multiple den-
drites and prominent axons. These data suggested that
MEFs could be efficiently converted into iMNs by activa-
tion of Ngn2 and Isl1 as well.

Next, we analyzed the functional characteristics of iMNs
derived from MEFs. Immunostaining results revealed that
the converted cells also expressed the presynaptic marker
SYT1 at 21 dpi, and almost 60% of Tuj1* cells co-stained
with SYT1 (Figure 3E). The electrophysiological properties
of iMNs derived from MEFs were examined at 35 dpi and
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Figure 2. iNs showed motor neuronal properties

(A) Motor neuron marker HB9 expression in mouse spinal cord astrocyte-derived iNs at 14 dpi. Scale bar, 100 um.

(B-E) (B) Neuronal purity is determined by the expression of HB9 relative to Tuj1* cells at 14 dpi (n = 4 independent experiments).
Immunostaining with (C) ChAT and (E) GAD1 antibodies at 21 dpi. Scale bars, 50 um. (D) Quantitative analysis of ChAT" cells relative to
Tuj1* cells (n = 4 independent experiments). Data are presented as mean + SEM.

(F) iMNs morphology and expression of HB9 at 35 dpi. Scale bar, 50 um.

(G and H) (G) iMNs expressed the presynaptic marker SYT1 and at 21 dpi. Scale bar, 50 um. (H) Quantification of (G) (n = 3 independent
experiments). Data are presented as mean + SEM.

(I) Patch-clamp recordings were performed on iMNs at 35 dpi.

(J) Representative traces of spontaneous postsynaptic currents were recorded from iMNs under the voltage-clamp mode and could be
blocked by CNQX (n = 3 of 12 cells).

(K) Representative traces of APs recorded from iMNs when injected with step currents, which could be blocked by the Na* channel blocker
tetrodotoxin (TTX). An exemplary trace is highlighted in red (n = 5 of 14 cells).
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Figure 3. Conversion of MEFs to functional MNs

(A) Representative images showing the expression of the neuronal marker Tuj1 at 14 dpi (n = 4 independent experiments). GFP indicated
the virus-transduced cells. Scale bar, 100 pm. Reprogramming efficiency is determined by the percentage of Tuj1* cells relative to GFP*
cells at 14 dpi.

(B) iMNs derived from MEFs expressed HB9 at 14 dpi (n = 4 independent experiments). Scale bar, 100 um. Neuronal purity is determined by
the expression of motor neuron marker HB9.

(Cand D) iMNs expressed (C) the mature neuronal marker MAP2 and (D) the cholinergic motor neuron marker ChAT at 21 dpi (n = 3 in-
dependent experiments). Scale bars, 50 um (C) and 20 um (D).

(E) iMNs expressed the presynaptic marker SYT1 at 21 dpi (n = 3 independent experiments). Scale bar, 50 um.

(F) Patch-clamp recordings were performed on iMNs at 35 dpi.

(legend continued on next page)
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beyond. Whole-cell patch-clamp recordings showed that
robust sPSCs could be detected at 35 dpi (Figures 3F and
3G). In response to the injection of step currents, iMNs
could fire repetitive APs (Figure 3H; n = 5 of 12 cells).
Thus, iMNs derived from MEFs became mature in terms
of electrophysiological function.

In vivo conversion of spinal cord astrocytes of adult
mice into neurons by activation of endogenous Ngn2
and Isl1

After successfully establishing astrocyte-to-neuron conver-
sion in vitro, we next investigated whether astrocytes could
be converted into neurons in the mouse spinal cord by acti-
vation of Ngn2 and Isl1. AAV has a high infection rate and
low pathogenicity and has been approved by the US Food
and Drug Administration for clinical trials of the treatment
of CNS diseases (Chen et al., 2020). In particular, AAV9 has
emerged as one of the most commonly used serotypes in
the nervous system for its ability to cross the blood-brain bar-
rier and be widely distributed in the brain and spinal cord,
targeting neurons and astrocytes (Bailey et al., 2020; Lykken
et al., 2018). We chose the recombinant AAV9 vectors to
deliver dCas9-VP64 and the sgRNAs targeting Ngn2 and
Isl1 into the mouse spinal cord. sgRNAs targeting Ngn2 and
Isl1 were constructed under the direct control of U6 and
mU6 promoter, respectively. The AAV-dCas9-VP64-EGFP
vector contained the cytomegalovirus promoter and the
coding sequence for dCas9-VP64 fused with 2A-EGFP (Fig-
ure S4A). To track the astrocyte-converted neurons in the
mouse spinal cord, we used astrocyte-specific reporter mouse
strain, hGFAP-CreERT2;Rosa26-CAG-tdTomato, which ex-
presses tdTomato (tdT) specifically in astrocytes. This mouse
strain was generated by crossing hGFAP-CreERT2 transgenic
mice with conditional Rosa26-CAG-tdTomato reporter mice
(Figure S4B). Once stimulated by tamoxifen, Cre recombi-
nase, under the control of the human GFAP promoter, trans-
locates into nucleus and induces the expression of tdT. We
examined the identity of the labeled cells (tdT" cells, red)
in the adult spinal cord and found that 96.3% of the tdT*
cells expressed the astrocyte marker GFAP, while fewer
than 2% were positive for the neuronal markers NeuN (Fig-
ures S5A and S5B), suggesting a reasonably low degree of
leakage of the GFAP-Cre expression.

We first injected AAV-dCas9-VP64-EGFP into the spinal
cord to test the infection efficiency. We found that the
expression of GFP became evident 14 days post AAV injec-
tion (14 dpi). It is remarkable that although AAV9 can infect
both astrocytes and neurons, only ~12% of GFP* cells ex-

pressed the neuronal marker NeuN, and most of the GFP*
cells expressed the astrocyte marker GFAP in our study
(data not shown). AAV-sgRNAs (AAV-N + I) and AAV-
dCas9-VP64-EGFP virus were then co-injected into the
T10 region of the adult spinal cord of hGFAP-CreER-
T2;R0sa26-CAG-tdTomato mice (age 2-4 months) and
analyzed for induced neurogenesis at different time points
(Figure 4A). For the control group, mice were co-injected
with AAV-sgRNA empty vector virus. At 14 dpi, AAV-N + I/
GFP-infected tdT™ cells (GFP*/tdT") were mainly GFAP" as-
trocytes, and the neuronal marker NeuN was almost not de-
tected, suggesting that the virus-infected astrocytes had not
yet been converted into neurons (Figures 4B and S6A). At 28
dpi, immunostaining showed that AAV-N + I/GFP-infected
tdT* cells became NeuN-positive neurons; these GFP*/tdT*/
NeuN" cells were astrocyte-converted neurons. Quantita-
tive analyses revealed that about 28.3% of AAV-N + I/GFP-
infected tdT* cells acquired neuronal identity, and the
percentage of neuronal conversion continuously increased
t043.2% at 42 dpi (Figures 4C and 4D). Parallel to this trend,
a growing number of GFP*/tdT" cells co-localized with
NeuN, while the number of GFP*/tdT* cells co-localized
with GFAP (GFAP") reduced from 94.3% at 14 dpi to
46.8% at 42 dpi (Figures S6A-S6D). Conversely, in the con-
trol group, AAV/GFP-infected tdT" cells scarcely expressed
NeuN (Figures 4B—4D). These results indicated that activa-
tion of Ngn2 and Isl1 could convert spinal cord astrocytes
intoneurons in vivo. We next investigated the neuronal sub-
types generated from astrocyte-to-neuron conversion. Im-
munostaining results showed that nearly half of GFP"/
tdT™ cells (42 dpi) were HB9™ (49.7% + 4.3%, n = 4) or
ChAT" (44.5% = 3.6%, n = 4) MNs (Figures 5A-5C and 5F)
with almost no expression of GABAergic marker GAD1 (Fig-
ures SE and SF). Quantitative analysis of the MN population
in the virus-injected core areas revealed that the motor
neuronal density in the control group was 16.1 = 1.2/
0.01 mm?, whereas, in the N + I group MNs reached 28.7
+1.5/0.01 mm? (Figure 5D, n = 4), which may be attributed
to astrocyte-to-MN conversion. These results demonstrated
that activation of endogenous Ngn2 and Isl1 could effi-
ciently convert astrocytes into MNs in the adult spinal cord.

Astrocytes in the white matter of the spinal cord fail to
reprogram to neurons

Considering the specificity and maturity of iMNs in the
gray matter (GM), strikingly we found that there were no
GFP*/tdT*/NeuN™ cells in the white matter (WM) at 42
dpi, although double-positive cells (GFP*/tdT*) could be

(G) Representative traces of spontaneous postsynaptic currents were recorded from iMNs under voltage-clamp mode.
(H) Representative traces of APs recorded from iMNs when injected with step currents. An exemplary trace is highlighted in red (n =5 of 12

cells).
Data are presented as mean + SEM.
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Figure 4. In vivo conversion of spinal cord astrocytes into neurons in GFAP-CreERT2;Ai14 transgenic mouse

(A) Outline of experimental design.

(B-D) Representative images showing the expression of the neuronal marker NeuN at (B) 14 dpi, (C) 28 dpi, and (D) 42 dpi, and quan-
tifications of NeuN* cells among all viral infected tdT" cells (n = 5 independent experiments). Arrowheads indicate the converted neurons.
ND, not detected. Scale bars, 20 um. Data are presented as mean + SEM.

identified in that area (Figure 6A). To further verify this
result, we examined the WM area and found double-posi-
tive cells (GFP*/tdT") throughout the WM, indicating effi-
cient targeting of WM astrocytes. However, no GFP*/
tdT*/NeuN* cells were detectable (Figure 6B). On the con-
trary, more than 50% of the double GFP*/tdT" cells were
NeuN* cells in the GM (Figure 6C). These results indicated
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that WM astrocytes fail to reprogram to neurons, even if
the same TFs are activated.

Converted motor neurons project into sciatic nerves

Lower MNs in the spinal cord project axons into skeletal
muscles to control muscle excitation and contraction.
Next, we investigated whether the induced MNs can



ChAT

| GFP T DAPI |

| GFP T

DAPI |

D 50,
E= 401 T 1
E e 0%
= ® 3.
o
= .
= 5 201
V-g
» £ 104
m
I 04
Control N+l
F
o 1007
S~
0
©
(3]
+
=
3
+
o
T8
o

Figure 5. Converted neurons generated from astrocytes showed motor neuron features in the spinal cord of adult hGFAP-

CreERT2;Ai14 transgenic mouse

(A, B, C, E) Representative images showing converted neurons co-stained with (A) HB9, (B) ChAT, (C) HB9/ChAT double-labeled staining,
and (E) GAD1 after activation of endogenous Ngn2 and Isl1 in spinal cord astrocytes (42 dpi). Arrowheads indicate co-labeled cells. Scale

bars, 20 pum.

(D) Quantification of total HB9™ cells in the virus-injected core areas of control group and N + I group (n = 4 independent experiments).

Data are presented as mean + SEM ***p < 0.0001.

(F) Quantified data showing the composition of the astrocyte-converted neurons (n = 4 independent experiments). Data are presented as

mean + SEM.

project into natural target muscles. To this end, we
collected sciatic nerves from AAV-N + I-infected mice at
42 dpi and examined the existence of iMN axons. Longitu-
dinal sections and cross-sections revealed that iMN pro-
jected axons (GFP*/tdT*) in AAV-N + I-infected mice (Fig-
ures 7A and 7B). These axons were apparently wrapped in
myelin sheath as revealed by myelin basic protein staining,
suggesting that the iMN-projected axons could be packed
as endogenous MN axons. To further investigate the prog-
ress of axonal projections after Ngn2-Isl1 induced in vivo

conversion in the hGFAP-CreERT2;Rosa-tdTomato mice
spinal cord, we injected a retrograde tracer, cholera toxin
subunit B (CTB), into the sciatic nerve at 42 dpi. The
mice were sacrificed 7 days after CTB injection for analysis
of the CTB-labeled neurons in the lumbar segment of the
spinal cord. We found that numerous converted neurons
(NeuN*/tdT*/GFP*) in the lumbar segment were retro-
gradely labeled with CTB signal and besides, CTB was also
detected in virus-infected endogenous neurons (NeuN*/
tdT~/GFP*) as expected (Figure 7C). Immunostaining
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Figure 6. Astrocytes in the white matter of the spinal cord failed to convert to neurons
(A) Representative images showing the expression of the neuronal marker NeuN (42 dpi) in the gray matter (GM) region. Arrowheads
indicate GFP*/tdT" astrocyte-converted neurons. Arrows indicate the non-converted GFP*/tdT" astrocytes. Scale bars, 200 pm (upper

panels) and 50 um (lower panels, high magnification).

(B) Representative images showing that no GFP*/tdT" cells express the neuronal marker NeuN (42 dpi) in the white matter (WM) region.

Scale bar, 20 um.

(C) Quantified data showing the reprogramming efficiency in the GM and WM regions (n = 4 independent experiments). ND, not detected.

Data are presented as mean + SEM.

results of HB9 and ChAT further confirmed that CTB-
labeled converted neurons are HB9* and ChAT" MNs (Fig-
ures S7A-S7C). Quantified data showed that 36% of the
CTB-labeled neurons were converted iMNs, and 66% of
the converted iMNs could be labeled with CTB (n = 4
mice, Figure 7D), indicating that these converted iMNs
had projected into sciatic nerves. Altogether, these data
suggest that the in vivo converted iMNs in the spinal cord
could extend their axonal projections into the sciatic nerve
to innervate target skeletal muscles.
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DISCUSSION

Many nervous system diseases are associated with severe
neuronal loss. How to replenish the lost neurons to restore
function has proved to be a challenging task in the past. Pre-
vious studies have reported that there are newly formed
neurons in the adult spinal cord, whether in physiological
or pathological conditions (Noristani et al., 2016; Shechter
etal., 2007), but other studies have shown that the adult spi-
nal cordis not a neurogenic region and cannot produce new
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Figure 7. Axonal projections of the spinal cord astrocyte-converted neurons in the hGFAP-CreERT2;Ai14 mouse sciatic nerve
(A) High-resolution images showing GFP*/tdT" axons co-stained with myelin basic protein (MBP) (bottom row) in sciatic nerve (42 dpi,
longitudinal section). Scale bars, 20 pum.

(B) Representative images showing GFP*/tdT" axons co-stained with MBP in sciatic nerve (42 dpi, cross-section). Scale bars, 10 um.
(C) Retrograde tracing of spinal cord astrocyte-converted neurons by injecting CTB into the sciatic nerve at 42 dpi. CTB-labeled (purple)
converted neurons (GFP*/tdT*/NeuN*) were detected in the lumbar segment of spinal cord (arrowheads); viral infected endogenous
neurons (arrows, NeuN*/tdT~/GFP*) were retrogradely labeled by CTB, as expected. Stars indicate converted neurons not labeled with CTB
(tdT*/GFP*/NeuN*/CTB™). Swallow-tail arrowheads indicate non-converted viral infected astrocytes (tdT*/GFP*/CTB~/NeuN™). Scale bars,
20 pm.

(D) Quantified data showing the percentage of CTB-labeled converted neurons in the lumbar segment of the spinal cord (n = 4 independent
experiments). Data are presented as mean + SEM.
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neurons in the injured or uninjured state (Johansson et al.,
1999; Ohori et al., 2006; Su et al., 2014). We also could not
detect any newly produced neurons in the adult spinal cord
with an injection of control AAV (Figure 4). Despite these
debates, spontaneous neurogenesis in the adult spinal
cord is extremely limited, so strategies are needed to over-
come this limitation. As an alternative strategy, our present
study illustrates that astrocytes can be reprogrammed into
mature MNs in the adult spinal cord by CRISPRa-mediated
activation of endogenous Ngn2 and Isl1.

In this study, we demonstrated that activation of only
two TFs, Ngn2 and Isl1, by the CRISPRa system could
convert astrocytes of mouse spinal cord into functional
MNs with high efficiency. CRISPRa-mediated endogenous
neurogenic factor activation had been reported previously
(Black et al., 2016; Zhou et al., 2018), but our study is the
first to use CRISPRa-based technology to induce MNs.
The iMNs expressed pan-neuron and MN-specific markers,
fired APs, and formed synaptic connections. Furthermore,
MEFs could also be converted into functional MNs.

Direct reprogramming of somatic cells to neurons is a
novel approach to the treatment of nerve injury and degen-
eration. In the process of culture, some TFs that determine
cell fate can initiate reprogramming (Yang et al., 2011). It
has been shown that somatic cells such as astrocytes or fi-
broblasts could be directly converted into various types of
neurons, including glutamatergic, dopaminergic, and
cholinergic neurons, by different combinations of TFs
(Caiazzo et al., 2011; Liu et al., 2013, 2015). Different com-
binations of small molecules have previously been used to
stably reprogram human fibroblasts into neurons by Ascl1
and Ngn2. The reprogramming efficiency was high, but the
cell types of transformation were the mixture of GABAergic
(20%), glutamatergic (35%), and other subtype-specific
neurons. Interestingly, there were no cholinergic neurons
(Ladewig et al., 2012). Ascll and Ngn2 play different roles
in cell-fate determination in different brain regions and spi-
nal cord regions, among which Ascl1 has the characteristics
of indicative determinant and Ngn2 is a permissive factor,
which must be combined with other factors to determine
the phenotype of neurons (Jo et al., 2007; Parras et al.,
2002). The final balance of these two factors in heteroge-
neous cell groups may be the basis of mixed induction of
neural subtypes. It was reported that fibroblasts could be
induced into MNs through overexpressing seven TFs
(Ascl1, Brn2, Myt1l, Lhx3, Hb9, Isl1, and Ngn2), but the re-
programming efficiency was not particularly satisfying
(Son et al., 2011). Isl1 and Lhx3 are two important TFs for
MN specification (Lee and Pfaff, 2001). It has been reported
that Ngn2 possessed the ability of reprogramming, directly
converting human fibroblasts to cholinergic neurons when
overexpressed together with the other three TFs Sox11, Isl1,
and Lhx3 (Liu et al., 2016). In the current study, we exam-
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ined the effects of the combinatorial activation of four
related TFs, Ascll, Ngn2, Lhx3, and Isl1. To our surprise, spi-
nal cord astrocytes could be converted into Tuj1*/HB9*
MNs without the activation of Lhx3. This observation
may suggest that Lhx3 is dispensable for MN reprogram-
ming. We also found that double activation of Ngn2 and
Isl1 was sufficient to efficiently convert MEFs and astro-
cytes from the spinal cord into iMNs in vitro and that these
iMNs could form functional synapses (Figures 1, 2, and 3).
Besides, activation of Ascll and Isl1 could also reprogram
astrocytes into MNs (data not shown). This not only
provides an alternative approach to direct neural reprog-
ramming but also provides insights into the molecular
mechanism of MN induction. The reprogramming effi-
ciency from spinal cord astrocytes into iMNs was over
70%, which was higher than that from MEFs (64%). This
may reflect the different distances of developmental line-
ages between astrocytes and fibroblasts. We evaluated the
efficiency of iMN conversion by calculating the percentage
of ChAT-positive cells, and the percentage of HB9™ cells was
comparable in iMNs converted from both initiating cells
(~83%). Furthermore, iMNs induced by Ngn2 and Isl1
scarcely expressed the GABAergic neuronal marker.

AAVs are the most promising method for in vivo gene de-
livery. The length of time necessary to detect gene expres-
sion mediated by recombinant AAV is highly correlated
with the type of virus used. Some recombinant AAVs pro-
vide fast and stable expression within 1 week while others
need 2—4 weeks to reach maximum expression in the brain
(Mason et al., 2010; Thevenot et al., 2012). In this study, we
examined the reprogramming of astrocytes at different
times after virus injection. We found that the expression
of GFP was first detected at 14 days after AAV injection,
but astrocyte-converted neurons were rarely detectable un-
til 28 dpi. The reprogramming time is similar to that of in-
duction in vitro. Our results demonstrated that the
CRISPRa-mediated activation of Ngn2 and Isl1 could
convert astrocytes into MNs with relatively higher effi-
ciency (~44%) than that of Sox2-mediated astrocytes-to-
MNs in vivo reprogramming (~8%) (Su et al., 2014). The
divergence between the previous report and our study could
be ascribed to differences in species, viral vector, and injury
conditions used in these studies. Although the Cre expres-
sion may leak to neurons at the early developmental stage
to some extent in hGFAP-CreERT2 transgenic mice, most
tdT-labeled cells (>95%) are GFAP" astrocytes. This excluded
the possibility of endogenous MNs as the main contributors
to iMNs. Regional specification may pose hurdles to
inducing neurons from other regions. A previous study re-
ported that astrocytes fail to convert into neurons in the
WM of the brain (Mattugini et al., 2019). In our study, astro-
cytes in the WM of the spinal cord also failed to be reprog-
rammed into neurons. These observations may suggest



that the surrounding environment plays a crucial role in

cell-fate determination (Farmer et al., 2016).
It is worth noting that we cannot exclude the possibility

that other MN-inducing factors are overlooked or that
changing the mixture of the TF may further improve the
converting efficiency and even the converting accuracy.
Such a reprogramming method will significantly promote
the generation of patient-specific MNs, which can be
used in regenerative medicine as well as disease-related
studies. For the modeling of MN-related diseases and cell-
based therapy, a detailed understanding of the mechanism
of iMN production will be crucial. Although we have suc-
cessfully reprogrammed astrocytes into MNs by CRISPRa-
mediated activation of endogenous target genes in vivo,
there are still many important problems that remain to
be solved. It will be of great significance to study whether
different subtypes of neurons can be effectively induced
in vivo, and whether the induced neurons can integrate
into neural circuits and rescue the functional defects. Our
current study provides a basis for the cell replacement ther-
apy of motor nerve-related diseases and may also help to
establish a cellular model for MN-related diseases through
the conversion of patients’ endogenous glial cells or fibro-
blasts to MNs.

EXPERIMENTAL PROCEDURES

A detailed description of all materials and methods is presented in
supplemental experimental procedures.

Animals

Wild-type C57/BL6] mice were purchased from the Experimental
Animal Center of Tongji Medical College, Huazhong University
of Science and Technology. The Rosa26-CAG-tdTomato (Ail4)
mice were kindly donated by Prof. Yan Zhou (Wuhan University)
and obtained from The Jackson Laboratory (Madisen et al.,
2010). The hGFAP-CreERT2 mice were obtained from MMRRC
(Casper et al., 2007). Induction of expression of Cre in hGFAP-
CreERT2;Ail4 transgenic mice was performed as previously
described (Feng et al., 2018) with modifications. A detailed descrip-
tion of the methods is presented in supplemental experimental
procedures. All animal care and experimental procedures complied
with local and international guidelines on the ethical use of ani-
mals and were approved by The University Animal Welfare Com-
mittee, Tongji Medical College, Huazhong University of Science
and Technology.

AAV injection

A laminectomy was performed to expose the dorsal spinal cord of
T9-T11 segments, viruses (recombinant AAV stocks, serotype 9)
were then injected into the spinal cord parenchyma at each of
the two locations to the left and right of the position of the center-
line, and 1 pL of virus (1.4 x 10'2 vector genomes/mL, 1:1 mixture
of AAV-dCas9-VP64-EGFP and AAV-sgRNAs) was injected into each
site at a speed of 100 nL/min. After each injection, the pipette was

left in the tissue for 10 min before being withdrawn slowly. The in-
jecting pipette was pulled from a glass tube with a tip opening size
of 18-20 pm in diameter. After injection, animals were returned to
their homes for standard husbandry.

Retrograde tracing with cholera toxin B: injection into
the sciatic nerve

For retrograde tracing, a 0.5% solution of Alexa Fluor 647-labeled
CTB (Invitrogen) in PBS was injected into the sciatic nerves of
the hGFAP-CreERT2;Ail14 transgenic mice at 42 days after AAV in-
jection. The mice were anesthetized with ketamine/xylazine
(100 mg/kg ketamine; 10 mg/kg xylazine). CTB was injected into
the sciatic nerves using a Hamilton syringe and a 30-gauge needle.
The injection volume was 1 pL. After injection, the needle was kept
in place for at least 2 min before being withdrawn slowly. After
7 days of CTB injection, the mice were sacrificed for analysis of
the CTB-labeled neurons in the lumbar segment of the spinal cord.

Statistical analysis

GraphPad Prism 7.0 software was used for statistical analysis chart-
ing. All results were presented as the mean + SEM unless otherwise
stated. The significance of the difference was determined using one
way-ANOVA. p < 0.05 was considered statistically significant. All
experiments were repeated three or more times.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/
10.1016/j.stemcr.2021.05.020.
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