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Promoting residential cells, particularly endogenous neural
stem and progenitor cells (NSPCs), for tissue regeneration rep-
resents a potential strategy for the treatment of spinal cord
injury (SCI). However, adult NSPCs differentiate mainly into
glial cells and contribute to glial scar formation at the site of
injury. Gsx1 is known to regulate the generation of excitatory
and inhibitory interneurons during embryonic development
of the spinal cord. In this study, we show that lentivirus-medi-
ated expression of Gsx1 increases the number of NSPCs in a
mouse model of lateral hemisection SCI during the acute stage.
Subsequently, Gsx1 expression increases the generation of glu-
tamatergic and cholinergic interneurons and decreases the gen-
eration of GABAergic interneurons in the chronic stage of SCI.
Importantly, Gsx1 reduces reactive astrogliosis and glial scar
formation, promotes serotonin (5-HT) neuronal activity, and
improves the locomotor function of the injured mice. More-
over, RNA sequencing (RNA-seq) analysis reveals that Gsx1-
induced transcriptome regulation correlates with NSPC
signaling, NSPC activation, neuronal differentiation, and inhi-
bition of astrogliosis and scar formation. Collectively, our
study provides molecular insights for Gsx1-mediated func-
tional recovery and identifies the potential of Gsx1 gene ther-
apy for injuries in the spinal cord and possibly other parts of
the central nervous system.

INTRODUCTION
To restore function after spinal cord injury (SCI), it is essential to
repair and reconstruct the damaged local circuitry. Major hurdles
in neural regeneration include a limited level of neurogenesis in the
adult spinal cord and an inflammatory microenvironment that in-
hibits neurogenesis, axon regeneration, neuronal relay formation,
and myelination at the injury site.1,2 Endogenous neural stem and
progenitor cells (NSPCs) that reside around the central canal in the
ependymal region provide a potential cell source for damage repair
and regeneration.3–5 In general, it is thought that resident NSPCs
have a limited contribution to cell replacement. Studies have shown
that ependyma is not a major source of endogenous NSPCs nor
does it provide neuroprotective astrocytes after SCI;6,7 however,
several other studies implicate that ependymal cells are resident
NSPCs and can contribute to axon remyelination and stimulate
M
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functional recovery.8,9 SCI is known to activate NSPCs and differen-
tiate mainly into astrocytes and oligodendrocytes.5,10,11 Cell trans-
plantation approaches using exogenous NSPCs have been tested;
however, issues related to immunogenicity, integration, efficacy,
and safety present significant challenges for the treatment of SCI.12

Studies have reported that residential glial cells can be reprogrammed
into neurons by forced expression of neurogenic transcription factors,
e.g., Sox2 or NeuroD1, in the injured brain and spinal cord, but they
led to limited or no functional improvement.13 A more recent study
has demonstrated that reprogramming of residential NG2 glial pro-
genitors promotes adult neurogenesis and functional improvement
following SCI.14 It has also been shown that astrocytes become reac-
tive and produce chondroitin sulfate proteoglycans (CSPGs), which
result in permanent functional deficits.15 Thus, the attenuation of glial
scar formation represents a potential strategy to promote axonal
regeneration and functional recovery.16–18 Furthermore, SCI induces
over-inhibition by the GABAergic interneurons, rendering neurons
spared from injury non-functional.19,20 Studies have demonstrated
that by reducing the excitability of inhibitory interneurons or re-es-
tablishing the excitation-inhibition homeostasis, the dormant relay
pathways can be reactivated after SCI and lead to improved locomo-
tor function.21 Therefore, identifying an innovative method to
promote neurogenesis, reduce glial scarring, and control excitation-
inhibition homeostasis is thus fundamental to the development of
an effective SCI therapy.

Many transcription factors play essential roles in neurogenesis during
the embryonic development of the spinal cord.22 Among these factors,
genomic screened homeobox 1 (Gsx1 or Gsh1) and NK6 homeobox 1
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Figure 1. Gsx1 expression promotes cell proliferation in the injured spinal cord

(A) Lateral hemisection SCI was performed on 8- to 12-week-old mice at the T9–T10 level immediately followed by the injection of lentivirus encoding Gsx1 along with RFP

reporter (lenti-Gsx1-RFP). Lentivirus encoding only the reporter RFP was used as a control (lenti-Ctrl-RFP). Spinal cord tissues were analyzed by immunohistochemistry,

RNA-seq, Ingenuity Pathway Analysis (IPA), and quantitative real-time PCR analysis. Scale bar, 100 mm. (B) Confocal images of sagittal sections of spinal cord tissue at 3 DPI

(legend continued on next page)
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(Nkx6.1) are known to regulate the proliferation and differentiation of
interneuron progenitors.23,24Gsx1 and its homologGsx2 are expressed
inNSPCs and control the choice between excitatory and inhibitory cell
fates of the interneurons in thedeveloping spinal cord.24–26 In addition,
studies have shown that Gsx2 maintains progenitors of the lateral
ganglionic eminence in an undifferentiated state, whereas Gsx1
promotes progenitor maturation and the acquisition of neuronal phe-
notypes, indicating that Gsx factors control the balance between pro-
liferation and differentiation in the neuronal progenitor pool.26

Furthermore, our previous studies have established that Gsx1 and
Nkx6.1 factors bind to a Notch1 enhancer and regulate the expression
of Notch1 during the embryonic development of the brain and spinal
cord.27,28 Gsx1 expression is typically low or nondetectable in the adult
spinal cord.29 We thus hypothesize that reactivating Gsx1 expression
in the adult injured spinal cord promotes neurogenesis and generation
of interneurons important for the re-establishment of local neural cir-
cuits and functional recovery after injury.

In this study, a lentiviral vector was used to transduce Gsx1 to cells at
the lesion site in a mouse model of SCI. Interestingly, we found that
forced Gsx1 expression promotes cell proliferation and increases the
number of NSPCs at the injury site during the acute stage of injury. In
the chronic stage, Gsx1 increases the number of glutamatergic and
cholinergic neurons and decreases the number of GABAergic inter-
neurons. Importantly, Gsx1 expression attenuates glial scar formation
and dramatically improves locomotor function in the injured mice.
Transcriptome analysis by RNA sequencing (RNA-seq) reveals that
Gsx1 induces signaling pathways associated with NSPCs (e.g., Notch
and Wnt signaling pathways) and inhibits gene expression associated
with reactive and scar-forming astrocytes. Taken together, our study
provides molecular insights for Gsx1-mediated functional recovery
after SCI and identifies the use of Gsx1 expression as a potential treat-
ment for injuries in the spinal cord and possibly other parts of the
central nervous system (CNS).

RESULTS
Lentivirus-mediated expression of Gsx1 in amousemodel of SCI

Given the important role of Gsx1 during embryonic development of
the spinal cord, we hypothesized that the upregulation of Gsx1
expression in the adult injured spinal cord promotes neural regener-
ation. We thus performed a lateral hemisection from the midline to
the left side of the spinal cord at the thoracic (T) 9–10 level. This
injury model was chosen for the following reasons: (1) it simulates
an injury more likely to be seen clinically than complete transection
and allows for comparison between injured and healthy tissue in
the same animal; (2) it is suitable for the examination of locomotor
function and recovery in different spinal tracts or to compare deficits
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in function of contralateral and ipsilateral lesions; (3) the model is
also suitable for the investigation of gene therapy and nerve grafting,
a potentially promising surgical treatment for SCI; and (4) hemisec-
tion results in a less severe injury than contusion or complete transec-
tion. The completeness and consistency of the lateral hemisection SCI
was confirmed by the observation of paralysis in the left hindlimb.
Immediately after the SCI, lentivirus (~1 mL/site of 1 � 108 trans-
ducing units [TU]/mL) encoding Gsx1 and a reporter red fluorescent
protein (RFP) (lenti-Gsx1-RFP) were injected into the injured spinal
cord, approximately 1 mm rostral and caudal to the injury site (Fig-
ure 1A). Lentivirus encoding only the RFP reporter (lenti-Ctrl-RFP)
was used as a control. The cytomegalovirus (CMV) immediate-early
enhancer and promoter were chosen to drive the expression of Gsx1
in the spinal cord. CMV is a strong promoter and is commonly used
to drive gene expression in a variety of cells in the spinal cord,
including stem cells.30,31 We assigned animals randomly into the
following three groups (6–12 mice/group): (1) sham (exposing the
spinal cord without injury); (2) injured mice with an injection of
lenti-Ctrl-RFP (SCI+Ctrl); and (3) injured mice with an injection of
lenti-Gsx1-RFP (SCI+Gsx1). We confirmed that the lentivirus-medi-
ated Gsx1 expression in the spinal cord tissue at 3 days post-injury
(DPI) and 7 DPI by immunohistochemistry and quantitative real-
time PCR. Lentivirus injection significantly increased Gsx1 expres-
sion in virus-transduced cells, i.e., RFP+ cells (Figures S1A–S1D). In
addition, we performed immunohistochemistry analysis on virally
transduced cells and determined their neuronal versus glial identity
using antibodies specific to neurons (NeuN, Figure S1F) and astro-
cytes (GFAP, Figure S1G) at 3 DPI. No significant differences in
the percentages of co-labeled cells (RFP+/NeuN+ or RFP+/GFAP+)
were detected between the SCI+Ctrl or SCI+Gsx1 groups (Fig-
ure S1H), indicating that the Gsx1 encoding virus does not preferen-
tially infect the mature neuronal or astrocyte cell population.

Gsx1 promotes cell proliferation in the injured spinal cord

SCI is known to induce cell proliferation at the lesion site.32 To deter-
mine whether Gsx1 enhances injury-induced cell proliferation, we
examined the expression of a cell proliferation marker Ki67 at 3 DPI
by immunohistochemistry followed by confocal imaging analysis
(Figure 1B). TheRFP+ andKi67+ cells were found to be located around
the injection sites. The number of Ki67+ cells and DAPI+ cells was
manually counted in the control and experimental groups, that is,
sham (n = 3), SCI+Ctrl (n = 6), and SCI+Gsx1 (n = 6). We observed
a significant increase in the percentage of Ki67+ cells in both of the
injury groups that received a viral injection as compared to the
sham mice, with the highest increase found in the SCI+Gsx1 group
(Figure 1C). When the percentage of Ki67+/RFP+ co-labeled cells
among RFP+ cells was calculated, this percentage was significantly
sham and n = 6 for SCI+Ctrl and SCI+Gsx1). Arrows indicate Ki67+/RFP+ co-labeled

ea denoted by a dashed white box. Scale bars, 20 mm. (C and D) Quantification of all

xpression at 3 DPI, normalized to the sham group; n = 4. Mean ± SEM. *p < 0.05 by

Box plot of genes known to promote cell proliferation (n = 3). Each dot represents the

of differentially expressed genes that are known to inhibit cell proliferation between
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higher in the SCI+Gsx1 group than in the SCI+Ctrl group at 3 DPI
(Figure 1D). Furthermore, the increase in Ki67 mRNA expression
was validated by quantitative real-time PCR. A significantly higher
level of Ki67mRNAwas detected in the SCI+Gsx1 group as compared
to the SCI+Ctrl and sham groups (~4-fold increase; Figure 1E).

The transcriptome analysis using RNA-seq was performed to identify
genes and pathways induced by Gsx1 expression. We found 475,
1,447, and 3,946 differentially expressed genes (DEGs) between the
SCI+Ctrl and SCI+Gsx1 groups at 3, 14, and 35 DPI, respectively
(Figure S2). Gene enrichment analysis of the top 40 DEGs at 3 DPI
using REVIGO33 revealed that Gsx1 upregulated developmental pro-
cesses, e.g., cell proliferation and differentiation (Table S1; Figures
S3A and S3D). REVIGO is a web application that summarizes lists
of Gene Ontology (GO) terms by finding a representative subset of
the terms using a simple clustering algorithm that relies on semantic
similarity measures. Gsx1 expression upregulated genes known to
promote cell proliferation (e.g., Gab2, Gpr56, Igfbp2, Rhog; Figure 1F)
and downregulated genes known to inhibit cell proliferation (e.g.,
Wif1, Dcn, Mmp9; Figure 1G). To determine the effect of Gsx1
expression on cell proliferation in the uninjured spinal cord, we
also perform viral injection in the sham groups. We noticed a signif-
icantly increased percentage of Ki67+/RFP+ co-labeled cells among
RFP+ cells in the sham+Gsx1 group as compared to the sham+Ctrl
group (Figure S4). These data suggest that Gsx1 expression enhances
cell proliferation in the adult spinal cord without or with injury.

Gsx1 increases the number of NSPCs in the injured spinal cord

Our previous studies have shown that the reporter GFP labels NSPCs
that preferentially differentiate into interneurons in Notch1CR2-GFP
transgenicmice during embryonic development.27,28 Furthermore, the
adult endogenous NSPCs exist in quiescent states under normal con-
ditions and they become activated after injury.11,34 Thus, we used the
Notch1CR2-GFP transgenic mouse model to examine the behavior
of NSPCs in the injured spinal cord. We found that the transection
injury significantly increased GFP+ cells at 7 and 14 DPI as compared
to the sham group (n = 3 for each time point, Figures 2A–2D). In the
sham group, only a few GFP+ cells were detected in the ependymal re-
gion around the central canal (Figure 2A), a region known to contain
NSPCs in the spinal cord. In contrast, SCI significantly increased the
number of GFP+ cells. These cells were found mainly in the dorsal
half of the spinal cord at 3 and 7DPI. By 14DPI, an increasing number
Figure 2. Gsx1 increases the number of NSPCs after SCI

Full transection spinal cord injury (Tx) was performed on Notch1CR2-GFP transgenic m

central canal (CC) at the T9–10 level of the spinal cord from the sham groups show GFP+

cell population lining thewall of the CC. (B) The location of GFP+ cells near the ependyma

of GFP+ cells. (D) Quantification of the number of GFP+ cells in the sham and SCI groups (

Nkx6.1. GFP, DAPI, and cell markers are also shown in separate channels. (F) Lent

Immunofluorescence analysis of the spinal cord sections shows that Gsx1 expression inc

and H) Representative images of sagittal sections of spinal cord tissues show the express

for the sham group and n = 6 for the SCI+Ctrl and SCI+Gsx1). Arrows indicate Nestin+/R

stack view of the area denoted by a dashed white box. (I–K) Quantification of all Nestin+

Quantitative real-time PCR analysis shows Nestin mRNA expression at 3 DPI, normalize

and one-way ANOVA followed by a Tukey post hoc test (D, I, and L). Scale bars, 50 mm
of GFP+ cells spread throughout the entire spinal cord (Figures 2B–
2D). Injury-induced GFP+ cells were co-labeled with Notch1, Sox9,
and Nkx6.1 at 3 DPI (Figure 2E), indicating that they were NSPCs.
We next examined the effect of Gsx1 expression on GFP+ cells in
Notch1CR2-GFP mice after SCI. Compared with the SCI+Ctrl group
(~35% of GFP+ cells; n = 3), Gsx1 expression significantly increased
the percentage of GFP+ cells among RFP+ cells at 7 DPI (~62%; n =
3, p = 0.0038; Figure 2F). These results suggest that Gsx1 expression
enhanced NSPC activation and further increased the number of
NSPCs in the injured spinal cord.

The effect of Gsx1 expression on NSPCs in the injured spinal cord was
further examined in C57BL/6J mice with additional markers, Nestin
and Sox2, at 3 DPI. Confocal imaging analysis identified Nestin+ (Fig-
ure 2G) and Sox2+ (Figure 2H) cells around the injury and injection
sites. Compared to the sham group, a significantly increased percentage
of Nestin+ and Sox2+ cells was found at the lesion site in the SCI groups
(SCI+Ctrl and SCI+Gsx1), with the highest increase in the SCI+Gsx1
group (Figure 2I). A significantly higher percentage of Nestin+/RFP+

co-labeled cells among RFP+ cells was found in the SCI+Gsx1 group
as compared to the SCI+Ctrl group (Figure 2J). Similarly, a significantly
higher percentage of Sox2+/RFP+ cells among RFP+ cells was found in
the SCI+Gsx1 group (Figure 2K). The quantitative real-time PCR anal-
ysis confirmed that Gsx1 expression significantly increased Nestin
mRNA expression as compared to the SCI+Ctrl and sham groups (Fig-
ure 2L). To determine the effect ofGsx1 expression onNSPCs in the un-
injured spinal cord, we also perform viral injection in the sham groups.
We noticed a significantly increased percentage of Nestin+/RFP+ co-
labeled cells among RFP+ cells in the sham+Gsx1 group as compared
to the sham+Ctrl group (Figure S5), indicating that Gsx1 expression
can also activate endogenous adult NSPCs without injury.

Gsx1 upregulates signaling pathways associated with NSPCs

Many signaling pathways play essential roles in the maintenance of
adult NSPCs.35–38 We next explored the effect of Gsx1 expression
on genes associated with NSPC signaling pathways. RNA-seq and In-
genuity Pathway Analysis (IPA) analysis revealed the upregulation of
Notch, Nanog, and Wnt signaling pathways (see Tables S1, S2, and
S3). We then performed immunohistochemistry analysis using the
anti-Notch1 antibody. A significant increase in the number of
Notch1+/RFP+ co-labeled cells among RFP+ cells was observed in
the SCI+Gsx1 group as compared to the SCI+Ctrl group at 3 DPI
ice at the T9–T10 level. (A) Fluorescence images of the cross-section through the

cells at 1, 3, 7 and 14 DPI. Only a few GFP+ cells can be detected in the ependymal

l region at 1, 3, 7, and 14DPI in the Tx animals. (C) A schematic shows the distribution

n = 3 for all time points). (E) GFP+ ependymal cells co-labeledwith Notch1, Sox9, and

ivirus injection was performed in transgenic animals with lateral hemisection SCI.

reased the percentage of GFP+ cells among virally transduced cells (RFP+) (n = 3). (G

ion of viral reporter RFP and the NSPCmarker Nestin (G) and Sox2 (H) at 3 DPI (n = 3

FP+ co-labeled cells. Images in the bottom left corner show a higher magnification z

cells (I), Nestin+/RFP+ co-labeled cells (J), and Sox2+/RFP+ co-labeled cells (K). (L)

d to the sham group; n = 4. Mean ± SEM. *p < 0.05 by a Students’ t test (F, J, and K)

(A–E) and 20 mm (F and G).
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Figure 3. Gsx1 upregulates Notch signaling in the

acute stage of SCI

(A) Representative confocal images of sagittal sections

through the T9–10 spinal cord at 3 DPI show the expression

of viral reporter RFP and NSPC marker Notch1 (n = 4 for

SCI+Ctrl and SCI+Gsx1). Arrows indicate Notch1+/RFP+

co-labeled cells. Images in the bottom left corner show a

higher magnification z stack view of the area denoted by a

dashed white box. Scale bars, 20 mm. The quantification of

Notch1+ cells among RFP+ cells is shown in a histogram on

the right. (B) A histogram shows the quantitative real-time

PCR analysis of the genes involved in the Notch signaling

pathway (Notch1, Jag1, Nrarp, Del1, and Hes1). Mean ±

SEM. *p < 0.05 by a Students’ t test (A) and one-way

ANOVA followed by a Tukey post hoc test (B). (C) Diagram

depicts the upregulated Notch signaling pathway by Gsx1

expression revealed by IPA.
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(Figure 3A). A further increase in mRNA expression of Notch1 and
Jag1 (a ligand for the Notch1 receptor) was found in the SCI+Gsx1
group as compared to the sham and SCI+Ctrl groups (Figure 3B).
In contrast, Nrarp was downregulated in the SCI+Gsx1 group (Fig-
ure 3B). Nrarp is a negative regulator of the Notch signaling pathway
that physically interacts with the Notch intracellular domain (NICD)
and blocks Notch transcription.39,40 Furthermore, compared to the
control treatment, Gsx1 expression decreased the mRNA levels of
Del1 and Hes1 (Figure 3B), key components in Notch signaling.
The RNA-seq and IPA revealed the upregulation of the Notch
signaling pathway (Figure 3C), including increased expression of
Hes7 and Rbpj (Figure S6A). The RNA-seq analysis also revealed
the genes known to positively and negative regulate NSPCs (Figures
S6B and S6C). In addition, there was an increased expression of genes
associated with activation of the Nanog signaling pathway, e.g., Akt2,
Map2k2, Pik3cd, and Pik3cg, and NSPC genes Rap2, Sox11, and Tyk2
at 3 DPI (Figure S6D). In contrast, Notch/Nanog signaling pathways
were not detected at 35 DPI by RNA-seq and IPA (Figures S2 and S3).
Furthermore, RNA-seq analysis and quantitative real-time PCR also
revealed the upregulation of Wnt signaling pathways at 3, 14, and 35
DPI (Figure S7). These results support the notion that Gsx1 expres-
sion transiently activates/enhances signaling pathways involved in
NSPCs, e.g., Notch, Nanog, and Wnt signaling pathways, after SCI.

Gsx1 induces specific types of interneurons in the injured spinal

cord

In the adult spinal cord, injury-activated NSPCs mostly generate as-
trocytes and oligodendrocytes.5,11 To investigate the role of Gsx1 in
6 Molecular Therapy Vol. 29 No 8 August 2021
NSPC differentiation after SCI, we examined spi-
nal cord tissues at 14 DPI with an early neuronal
marker doublecortin (DCX), an astrocyte marker
GFAP, and an oligodendrocyte progenitor
marker PDGFRa in the SCI+Ctrl (n = 6) and
SCI+Gsx1 (n = 6) groups. Compared to the con-
trol group (SCI+Ctrl), Gsx1 expression signifi-
cantly increased the percentage of DCX+/RFP+
co-labeled cells (Figure 4A) and decreased the percentage of
GFAP+/RFP+ (Figure 4B) and PDGFRa+/RFP+ (Figure 4C) co-labeled
cells among RFP+ cells. There was no significant difference in
the number of oligodendrocytes (Olig2+/RFP+ cells) between the
SCI+Ctrl and SCI+Gsx1 groups (Figure S8). These results suggest
that Gsx1 expression skewed NSPC differentiation toward the
neuronal over the glial lineage during the chronic stage of SCI. The
upregulation of DCX (Figure 4D) and the downregulation of GFAP
(Figure 4E) and PDGFRa (Figure 4F) in the SCI+Gsx1 group at 35
DPI was confirmed by RNA-seq analysis. GO analysis of DEGs at
14 and 35 DPI revealed that enrichment of Gsx1 induced DEGs
involved in CNS development, neurogenesis, cell differentiation,
neuronal projection, and synapse organization (Table S4; Figures S2
and S3). The identity of virally infected cells was further examined
at 56 DPI using a mature neuronal marker NeuN (Figure 4G), a glu-
tamatergic interneuron marker vGlut2 (Figure 4H), a cholinergic
neuronal marker ChAT (Figure 4I), and a GABAergic interneuron
marker GABA (Figure 4J). Gsx1 expression significantly increased
the percentage of NeuN+, ChAT+, and vGlut2+ cells and decreased
the percentage of GABA+ cells among RFP+ cells (n = 4) as compared
to the SCI+Ctrl group (n = 4). The quantitative real-time PCR anal-
ysis detected a significantly increased mRNA level of vGlut (or
Slc17a6) and ChAT in the SCI+Gsx1 group (n = 4) as compared to
the sham (n = 4) and SCI+Ctrl (n = 4) groups at 35 DPI (Figure 4K).
These results indicate that Gsx1 expression preferentially increased
the number of excitatory glutamatergic and cholinergic interneurons
and decreased the number of inhibitory GABAergic interneurons in
the injured spinal cord.



Figure 4. Gsx1 affects the generation of specific types of interneurons in the injured spinal cord

(A–C) Confocal images of sagittal sections of spinal cord tissues at 14 DPI show the expression of the viral reporter RFP and early neuronal marker doublecortin (DCX) (A),

astrocyte marker GFAP (B), and oligodendrocyte progenitor marker PDGFRa (C). Arrows indicate cell marker+/RFP+ co-labeled cells. Images in the bottom left corner show a

higher magnification z stack view of the area denoted by a dashed white box. Scale bars, 20 mm. (D–F) Quantification of virally transduced cells co-labeledwith DCX, GFAP, or

PDGFRa (n = 3). Gene expression box plots of DCX (D), GFAP (E), and PDGFRa (F) at 35 DPI between SCI+Ctrl and SCI+Gsx1 groups. Each dot represents the gene

expression as log2(count per million) for one biological replicate sample. Mean ± SEM. *p < 0.05 by Students’ t test. (G–J) Confocal images of sagittal sections of spinal cord

tissues at 56 DPI show the expression of viral reporter RFP and a mature neuron marker NeuN (G), glutamatergic neuron marker vGlut2 (H), cholinergic neuron marker ChAT

(I), and GABAergic neuron marker GABA (J) with quantification (n = 4). Images in the bottom left corner show a higher magnification z stack view of the area denoted by a

dashed white box. Scale bars, 20 mm. (K) Quantitative real-time PCR analysis shows vGlut and Chat mRNA expression at 35 DPI, normalized to the sham group; n = 3.

Mean ± SEM *p < 0.05 by one-way ANOVA followed by a Tukey post hoc test.
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Figure 5. Gsx1 attenuates astrogliosis and glial scar

formation

(A and B) Representative fluorescence images of sagittal

sections through the lesion site in the spinal cord at 56 DPI

show the expression of viral reporter RFP, GFAP (A), and

chondroitin sulfate proteoglycan (CSPG, stained with

CS56) (B), and the quantification of the immunostained

area with anti-GFAP and anti-CS56 around the injury site is

shown on the right. Scale bars, 50 mm. n = 4 for sham and

n = 6 for SCI+Ctrl and SCI+Gsx1 groups. Mean ± SEM.

*p < 0.05 by one-way ANOVA followed by a Tukey post

hoc test. (C) A partial list of genes associated with reactive

astrocytes (RAs) and scar-forming astrocytes (SAs) iden-

tified by RNA-seq analysis. Fold change in green font in-

dicates statistical significance.
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Gsx1 attenuates glial scar formation

As Gsx1 affected neural differentiation and reduced the number of
glial cells, we next examined whether Gsx1 affects glial scar formation.
Immunofluorescence analysis was performed on spinal cord tissues
using GFAP as a marker for reactive astrocytes and CSPG as a marker
for glial scar formation. Gsx1 expression significantly reduced the
GFAP and CS56 immunostained area around the lesion site in the
SCI+Gsx1 group as compared to the SCI+Ctrl group (Figures 5A
and 5B). The RNA-seq analysis showed a downregulation of genes
associated with reactive astrocytes (e.g., Mmp13, Mmp2, Nes,
Axin2, Slit2, Plaur, and Ctnnb1), scar-forming astrocytes (e.g., Slit2
and Sox9), and both reactive and scar-forming astrocytes (e.g.,
GFAP and Vim)41 at 35 DPI (Figure 5C). In addition, we examined
the effect of Gsx1 expression on glial scar formation in the uninjured
spinal cord (sham group). Although the viral injection itself increased
the GFAP immunostained area at the injection site (compared to the
sham alone group), no significant difference was noticed in the
immunostained area for GFAP or CS56 between the sham+Gsx1
and sham+Ctrl groups (Figure S9). These results suggest that Gsx1 re-
presses reactive and scar-forming astrocytes and attenuates glial scar
formation after SCI.

In addition, we have performed cell culture experiments using
the NE-4C cell line, a neural ectoderm-derived neural stem cell
line42–44 with lenti-Gsx1 transduction. We observed that there was
a significantly increased number of Map2+ neurons and reduced
number of GFAP+ astrocytes in the cultured NE-4C cells 14 days af-
ter lenti-Gsx1 transduction as compared to the lenti-Ctrl group
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(Figure S10). This result further supports
Gsx1 function in neural differentiation and is
consistent with the known function of Gsx1 in
regulating neural differentiation during embry-
onic spinal cord development.24

Gsx1 promotes 5-HT neuronal activity and

improves locomotor function after SCI

Neurotransmission of serotonin (5-HT) in the
spinal cord is required for modulating sensory,
motor, and autonomic functions, and positive
5-HT staining is associated with neuronal activity.45 After SCI, 5-
HT-positive axons caudal to the injury site degenerate, while rostral
to the injury site they sprout.46,47 Thus, we examined the 5-HT immu-
noactivity in spinal cord tissues isolated at 35 DPI. In the sham group
(n = 3), the 5-HT-labeled axons were detected continuously through
the T9–T10 region of the spinal cord (Figure 6A). However, in the
SCI+Ctrl group (n = 3), the 5-HT-labeled axons were detected
rostrally but not caudally to the injury site (Figures 6A and S11; white
dotted line indicates the hemisection site). In contrast, the 5-HT-
labeled axons in the SCI+Gsx1 group (n = 3) extended caudally to
the injury site (Figures 6A and S11). This result suggests that Gsx1
expression promotes axon sprouting and growth after SCI. To deter-
mine the molecular basis for Gsx1-induced axon sprouting/growth,
we examined the expression of a selected set of genes involved in
axon growth and synaptogenesis. Gsx1 expression (n = 4) signifi-
cantly increased mRNA level of Ctnna1 and Col6a2 as compared to
the SCI+Ctrl group (n = 4) at 35 DPI (Figures 6B and 6C) by quan-
titative real-time PCR analysis. The RNA-seq analysis and GO anal-
ysis revealed that Gsx1 expression led to an upregulation of genes
known to promote synaptogenesis (Figure 6D) and a downregulation
of genes known to inhibit synaptogenesis (Figure 6E). In addition,
Gsx1 expression upregulated genes associated with axonal guidance
pathways (Figure 6F). Finally, we assessed the effect of Gsx1 expres-
sion on locomotor behavior using an open-field locomotion test start-
ing from the day before the injury (�1 DPI) to 56 DPI (8 weeks). For
each mouse, a Basso Mouse Scale (BMS) score48 was assigned double-
blindly by three observers. BMS scores range from 0 (complete paral-
ysis and no ankle movement) to 9 (normal walking).48 All mice with a



Figure 6. Gsx1 promotes 5-HT neuronal activity and improves locomotor function after SCI

(A) Sagittal sections of the spinal cord through the T9–T10 level show 5-HT staining at 35 DPI. The boxed region is shown in a higher magnification. The white dotted line

indicates the hemisection site. “X” indicates sites of viral injection. (B andC) Quantitative real-time PCR analysis of differentially expressed genes (Ctnna1 andCol6a2) involved

in axon guidance at 35 DPI (n = 4; two-way ANOVA analysis followed by a post hoc test). (D and E) Partial list of Gsx1-induced differentially expressed genes involved in

synaptogenesis. (F) Heatmap shows genes involved in axonal guidance from RNA-seq analysis and IPA comparing among 3, 14, and 35 DPI groups (nR 3). Mean ± SEM.

*p < 0.05 by Student’s t test. Red color indicates gene upregulation and green indicates downregulation. (G and H) Representative images of walking posture at 56 DPI (G)

and a plot of the BMS scores (H) of left hindlimb over 56 DPI (n = 6 for all data points and groups, except the SCI+Gsx1 group, for which n = 12). *p < 0.05 by a two-way

repeated measures ANOVA followed by a Tukey post hoc test.
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lateral hemisection SCI at the T9–10 level exhibited paralysis in the
left hindlimb, while the sham, sham+Ctrl, and sham+Gsx1 animal
groups displayed a normal locomotor behavior with a BMS score of
~9 from �1 to 56 DPI (Figures 6G and 6H). Mice with SCI (both
SCI+Ctrl and SCI+Gsx1 groups) exhibited paralysis in the left hin-
dlimb with a BMS score of 0 on the day of hemisection injury
(0 DPI) (Figures 6G and 6H; Videos S1, S2, and S3), confirming lateral
hemisection-induced SCI. For mice in the SCI+Ctrl group (n = 6), the
BMS scores gradually improved to ~3 (dorsal stepping) by 56 DPI. In
contrast, mice in the SCI+Gsx1 group (n = 12) demonstrated pro-
foundly improved locomotor function with the BMS scores around
6–7 by 42 DPI and the scores maintained above 6 until the end of
Molecular Therapy Vol. 29 No 8 August 2021 9
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the tests (Figure 6H). The BMS scores for the SCI+Gsx1 group
increased significantly higher than did those of the SCI+Ctrl group
starting at 16 DPI (Figure 6H; *p < 0.05). These results demonstrated
that Gsx1 expression significantly improved locomotor functional re-
covery after SCI.

DISCUSSION
Limited neurogenesis, neurite growth, increased reactive astrogliosis,
and scar formation are the major hurdles for neural regeneration and
functional recovery after SCI.1,2 In this study, we show that exogenous
Gsx1 expression increases the number of NSPCs and the generation
of specific subtypes of interneurons, i.e., vGlut2+ and ChAT+ inter-
neurons, and 5-HT neuronal activity, and it reduces the number of
inhibitory GABAergic neurons. Moreover, Gsx1 attenuates reactive
astrogliosis and glial scar formation, and it promotes locomotor func-
tional recovery in mice with SCI.

It has been shown that transcription factors, including Sox2, Oct4,
Klf4, and NeuroD1, can reprogram the endogenous glial cells into
neurons or NSPCs. However, these approaches largely led to limited
or no functional recovery after SCI.14,49–51 The failure of reprog-
rammed neurons to elicit functional recovery may be attributed to
the following reasons: (1) low reprogramming efficiency, which re-
sulted in an insufficient number of functional neurons; (2) Oct4,
Sox2, and NeuroD1 are general neurogenic factors, which may not
be capable of inducing specific neuronal types required for recovering
from SCI, e.g., Sox2-induced neurons resemble GABAergic interneu-
rons50 (in fact, the induction of additional inhibitory interneurons
might have caused a further imbalance of the excitation/inhibition
homeostasis); and (3) functional recovery may require the generation
of various specific cell types. In the current study, we have shown that
Gsx1 promoted the generation of glutamatergic and cholinergic inter-
neurons, and reduced the generation of GABAergic interneurons.
These spinal interneurons have been demonstrated to be essential
for transmitting both motor and sensory impulses.52,53 Furthermore,
reducing the excitability of spinal cord inhibitory interneurons en-
hances functional recovery in mice with SCI.21 It is thus possible
that Gsx1-induced functional recovery was partially due to the
reduced inhibitory GABAergic interneurons and increased excitatory
glutamatergic and cholinergic interneurons. This is also consistent
with the established role of Gsx1 to control the generation of excit-
atory and inhibitory interneurons during embryonic development
of the spinal cord.24 Thus, by affecting interneuron subpopulations,
Gsx1 contributes to the restoration of the excitation/inhibition ho-
meostasis in the injured spinal cord.

Previous studies have demonstrated that resident astrocytes can be re-
programmed into neurons using astrocyte-specific GFAP promoter,
but a significant functional recovery has generally not been re-
ported.49,50,54 Thus, we used a strong ubiquitous CMV promoter to
drive Gsx1 expression and target all possible cell types in the injured
spinal cord. The observation that Gsx1 expression led to increased cell
proliferation (with an increased number of Ki67+/RFP+ cells) suggests
that Gsx1 mainly affects the NSPC population. This role of Gsx1 in
10 Molecular Therapy Vol. 29 No 8 August 2021
NSPCs was further demonstrated in the Notch1CR2-GFP transgenic
SCI model, in which the reporter GFP-labeled cells are NSPCs and
committed to become interneurons.27,28

Injury to the brain and spinal cord leads to NSPC activation.55 The
observation that Gsx1 expression leads to a further increase in the
number of GFP+ NSPCs during acute stage of injury implicates a
role of Gsx1 in NSPC activation and proliferation. The finding of
similar levels of Ki67+ cells and Nestin+ cells in the sham+Gsx1
and SCI+Ctrl groups (Figures S4 and S5) further confirms such a
role of Gsx1. This is also supported by RNA-seq analysis that
Gsx1-induced genes were involved in cell proliferation. Further
pathway analysis reveals that Gsx1 upregulates NSPC signaling
pathways, including Notch, Nanog, and Wnt signaling. Studies
have established a role for Gsx1 in the regulation of Notch signaling
for neuronal differentiation.27,28,56 Although our data strongly indi-
cate that Gsx1 induces NSPC differentiation into functional inter-
neurons, we cannot rule out the possibility that Gsx1 can reprogram
residential glial cells into neurons or promote survival of the neu-
rons at the lesion site. Future cell-lineage tracing experiments using
a cell-specific promoter for targeted expression of Gsx1 in glial cells
or NSPCs are needed to determine the origin of Gsx1-induced
neurons.

SCI causes activation of microglia and astrocytes, which leads to reac-
tive astrogliosis and glial scar formation.15,57,58 The glial scar is mostly
composed of reactive astrocytes, non-neuronal cells (e.g., pericytes
and meningeal cells), and proteoglycan-rich extracellular matrix
(ECM).41,59,60 Activated astrocytes secrete CSPG, which constitutes
the major component of the glial scar.61 Inhibition of CSPG repre-
sents an important therapeutic strategy for achieving functional
recovery after SCI. The observation that Gsx1 reduces reactive astro-
gliosis and thus glial scar formation is well correlated with functional
recovery after SCI; such a role for Gsx1 has not been reported. In fact,
the adult NSPCs give rise to mainly astrocytes after CNS injury.62,63

Gsx1 expression significantly decreases the expression of genes asso-
ciated with reactive astrocytes and scar-forming astrocytes. It is likely
that Gsx1 induces the generation of neurons at the expense of the
astrocyte lineage, and thus reduced astrogliosis leads to the attenua-
tion of scar formation during the chronic stage of SCI. A recent study
has shown that the overexpression of Oct4 and Klf4 led to reduced
glial scar formation and improved motor function after SCI.51

Thus, neurogenic factors may generally have the potential to suppress
astrogliosis and scar formation in the injured spinal cord. However,
an effective therapeutic strategy for SCI may also require specific sub-
types of spinal cord interneurons for maintaining excitatory/inhibi-
tory homeostasis.

In summary, we have demonstrated that lentivirus-mediated Gsx1
expression in the injured spinal cord is sufficient to reduce glial scar-
ring, increase neurogenesis of specific interneurons, and promote
neuronal activity and locomotion function after SCI. These findings
unveil Gsx1 gene therapy as a promising treatment for injuries to
the spinal cord and perhaps other parts of the CNS.
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MATERIALS AND METHODS
Animals

Young adult (8- to 12-week-old) mice (Notch1CR2-GFP trans-
genic27,28 and C57BL/6J, Jackson Laboratory, 000664) were used in
this study. All of the proposed animal work was conducted under
compliance with the Institutional Animal Care and Use Committee
(IACUC) at Rutgers University. All animals were housed in an animal
care facility with a 12-h light/12-h dark cycle. Mice under each exper-
imental condition were assigned randomly with an equal number of
male and female mice when possible.

Lentivirus production

Lentiviruses encoding Gsx1 and a reporter RFP (lenti-Gsx1-RFP)
and control lentiviruses (encoding only the reporter RFP, lenti-
Ctrl-RFP) (ABM, LV465366 and LV084) were generated by trans-
fecting human embryonic kidney (HEK)293T cells with a mixture
of target vector (lenti-Gsx1-RFP or lenti-Ctrl-RFP), envelope plas-
mids (pMD2.G/VSVG, Addgene, 12259), and third-generation
packaging plasmids (pMDLg/pRRE, Addgene, 12251 and pRSV-
Rev, Addgene, 12253). HEK293T cells were cultured in high-
glucose Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS), 1% nonessential amino
acids (MEM NEAAs 100�, Life Technology, 11140050), and 1%
GlutaMAX I 100� (Life Technology 35050061). Transfection of
the HEK293T cells was performed when the culture reached
~50%–60% confluency. Virus-containing supernatant was collected
at day 2 and day 4 after transfection. Viruses were concentrated by
precipitating the virus supernatant by the polyethylene glycol 6000
(PEG6000) method. Viral titer was determined by infecting
HEK293T cells.

Hemisection SCI and lentivirus injection

For hemisection SCI and lentiviral injections, mice were first anes-
thetized with 5% isoflurane inhalation for 3–4 min and then main-
tained at 2.5% isoflurane for the remainder of the surgery. Next, the
skin was disinfected with betadine scrub and 70% ethanol wipes.
Laminectomy was performed around T9–T10 to expose the spinal
cord. Next, local anesthesia (0.125% Marcaine [bupivacaine hydro-
chloride]) was applied and dorsal blood vessels were burned using
a cauterizer. Then, a lateral cut was made to the left side of the spinal
cord and the cut ends at the midline of the spinal cord for hemisec-
tion SCI. Immediately after the injury, ~1–2 mL of virus (1 � 108

TU/mL) was injected approximately 1 mm rostral and caudal to
the lesion epicenter (~0.5 mm in depth). Injection was performed
using a 10-mL Hamilton syringe with a 32G needle mounted on a
micromanipulator and moved as little as a micrometer at a time.
The virus was injected at approximately 1 mL/min and the needle
was left in place for 2–3 min to allow diffusion and prevent leakage
or backflow. Injection volume has an error of ±0.1 mL. For the sham
animals, the skin and muscle were cut to expose the spinal cord, but
no injury was introduced. Muscles were sutured, and the skin was
stapled back together. Immediately after surgery, 1 mg/kg meloxi-
cam, a pain killer, and 50 mg/kg cefazoline, an antibiotic, were
administered subcutaneously.
Animals were divided into the following three groups (6–12 mice/
group): (1) sham mice (exposed the spine without injury, sham);
(2) SCI mice with an injection of lenti-control-RFP (SCI+Ctrl); and
(3) SCI mice with an injection of lenti-Gsx1-RFP (SCI+Gsx1).

Behavioral/locomotor assessment

Locomotion of each animal was evaluated based on the BMS from
an open-field test.48 The BMS scale ranges from 0 (completely
paralyzed) to 9 (normal). The BMS score assessment was given after
2–3 min of observation per animal by three independent observers
who were blinded to the type of treatment. The BMS assessment
was performed once before the surgery and then twice a week for
up to 56 DPI.

Tissue processing

Spinal cord tissues at 3, 7, 14, 35, and 56 DPI were harvested after
intracardial perfusion with 1� phosphate-buffered saline (PBS)
followed by 4% (w/v) paraformaldehyde (PFA), and then micro-
surgically dissected and fixed overnight (18–24 h) in 4% PFA on
a rotor. Fixed spinal cord tissues were washed three times with
1� PBS for 30 min and then placed in 30% (w/v) sucrose over-
night until tissue sank to the bottom. Next, tissues were cryopre-
served by embedding in Tissue-Tek optimum cutting temperature
(OCT) and stored at �80�C until needed. Sagittal or cross-sections
(12-mm thickness) were generated using a cryostat (Thermo
Scientific).

Immunohistochemistry

Immunostaining was performed following a previously established
protocol with minor modifications.27 Briefly, sections were treated
with cold methanol for 10 min at room temperature for fixation
and antigen retrieval. All antibodies were diluted in blocking solution
containing 0.05% Triton X-100, 2% donkey serum, 3% bovine serum
albumin (BSA), and PBS (1�) (pH 7.4). Sections were incubated with
primary antibodies (Table S5) overnight at 4�C and washed three
times for 10 min with PBS, and then incubated with secondary anti-
bodies (Table S5) for 1 h at room temperature and washed three times
for 10 min with PBS. For nuclear staining, 40,6-diamidino-2-phenyl-
indole (DAPI; 200 ng/mL) was added and then samples were washed
three times with PBS and sealed with Cytoseal 60 (Thermo Fisher Sci-
entific, 8310-4).

Imaging and image analysis

At least five sections from each slide/animal were analyzed. Images
were captured at the same exposure and threshold, and at the same
intensity per condition using a Zeiss LSM 800 confocal microscope
or Zeiss AxioVision imager A1. The automatic cell counter in Im-
ageJ64 was used to count the total number of cells. Co-labeled cells
with cell type-specific markers and viral marker RFP were counted
manually using ImageJ in separate RGB channels and with the
following stereological considerations: (1) systematic and random
sampling; (2) calculation of total cell numbers instead of signal den-
sities; (3) counting of cells, not cell profiles; and (4) specific staining to
clearly identify the cells of interest.
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RNA extraction and quality control

Spinal cord tissues of 3, 14, and 35 DPI (n R 3 for each time point)
were isolated and segments containing injured/injected parenchymal
segments (spanning ~2–3 mm from each side of the lesion) were
rapidly snap-frozen in liquid nitrogen. Total RNA was isolated
from spinal cord tissues using the RNeasy Lipid Tissue mini kit
(QIAGEN, 74804) following the manufacturer’s protocol. The con-
centration of the total RNA was determined using a Qubit RNA
broad-range (BR) assay kit (Life Technologies), and quality of the to-
tal RNA was determined using the RNA 6000 Nano chip on the
2100 Bioanalyzer automated electrophoresis system (Agilent
Technologies).

Library preparation and RNA-seq

Library preparation and RNA-seq were performed by Admera Health
(South Plainfield, NJ, USA). Total RNA was used for library prepara-
tion of each sample, which was subsequently bar-coded and prepared
according to the manufacturer’s instructions (Illumina). The libraries
were prepared using an IlluminaMiSeq paired-end kit and sequenced
as paired-end, 2� 150-bp on the IlluminaMiSeq. The sequencing run
was performed according to the manufacturer’s instructions and
generated a total of 40 million reads per sample.

RNA-seq data analysis and pathway analysis

After a quality check of the raw fastq files using FastQC,65 all se-
quences were aligned to the mouse reference genome, mm10, with
STAR version 2.0.66 The raw read counts were generated using HTSeq
(version 0.6.0).67 DESeq268,69 (an R/Bioconductor package) was used
to normalize the counts and call differential gene expression on a
counts matrix generated by HTSeq. Differentially expressed tran-
scripts/genes between Gsx1 expression and control groups were
defined by statistical significance (p value) and biological relevance
(fold change). Downstream pathway analysis was carried out using
IPA (QIAGEN, Redwood City, CA, USA; https://digitalinsights.
qiagen.com/products/ingenuity-pathway-analysis). Pathway identifi-
cation was performed using IPA, which is built on the manually
curated content of the QIAGEN Knowledge Base to help scientists
understand the biological context of expression analysis experiments.
Differentially expressed genes and their expression changes (log2 fold
change) were used as input. Box plots of gene expression were gener-
ated from count matrix from the HTSeq using START70 and the
edgeR71 algorithm. Each dot on the box plot represents one biological
sample.

Quantitative real-time PCR analysis

Complementary DNA (cDNA) was synthesized from total RNA
using the SuperScript III first-strand synthesis system (Invitrogen,
18080051) following the manufacturer’s protocol. Quantitative
real-time PCR analysis was performed with Power SYBR Green
PCR master mix and gene-specific primers (Table S6) using a Ste-
pOnePlus real-time PCR system (Applied Biosystems). GAPDH
was used as a reference housekeeping gene. The Levak method
was used to calculate the fold change by normalizing it to the
sham.
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NE4C cell culture

NE4C cells (ATCC CRL-2925) were maintained in Eagle’s minimum
essential medium (EMEM) with L-glutamine (ATCC 30-2003) sup-
plemented with 10% FBS, 2 mM GlutaMAX (Gibco GlutaMAX
100�), and 1% penicillin-streptomycin (pen-strep) at 37�C with 5%
CO2. For cell passage, subconfluent cultures were detached using Try-
pLE Express (GIBCO) diluted 4-fold with 1X PBS and transferred
into poly-L-lysine (PLL)-coated dishes. For neural differentiation,
NE-4C cells were cultured in EMEM 5% FBS with 2 mM GlutaMAX
and 1% pen-strep. Retinoic acid (RA) was used to induce neuron for-
mation. RA treatment (10�7 M) was added in media every other day
starting 1 day after plating NE-4C cells and continuing until day 8. RA
was then removed and NE4C culture was continued until day 14. Cell
cultures were fixed with 4% PFA in PBS at room temperature for
15 min. Cells were then washed three times with PBS before adding
blocking buffer (0.05% Triton X-100, 2% donkey serum, and 3%
BSA in PBS) for 1 h at room temperature. All antibodies were diluted
in PBS. Cells were incubated with primary antibodies overnight at
4�C and washed three times for 5 min with PBS. Cells were incubated
with secondary antibodies for 1 h 30 min at room temperature fol-
lowed by washing three times for 5 min with PBS. Cell nuclei were
stained with DAPI (200 ng/mL) and mounted to coverslips with Vec-
tashield Plus antifade mounting medium (Vector Laboratories, H-
1900),

Statistical analysis

All data were analyzed using GraphPad Prism version 6.0. Statistical
significance between two conditions was calculated by a Student’s t
test, and multi-group comparison was performed using a one-way
ANOVA, followed by a Tukey post hoc test. For BMS behavior anal-
ysis, a two-way repeated measures ANOVA was performed. Data are
presented as mean ± standard error of the mean (SEM). A p value of
less than 0.05 was considered statistically significant.

Data availability

The raw RNA-seq gene expression data described in this publication
have been deposited in NCBI’s Gene Expression Omnibus (GEO) and
are accessible through GEO: GSE171441.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.ymthe.2021.04.027.
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