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Nkx6.1 plays an essential role during the embryonic development of the spinal cord. However, its role in the
adult and injured spinal cord is not well understood. Here we show that lentivirus-mediated Nkx6.1 expression in
the adult injured mouse spinal cord promotes cell proliferation and activation of endogenous neural stem/
progenitor cells (NSPCs) at the acute phase of injury. In the chronic phase, Nkx6.1 increases the number of
interneurons, reduces the number of reactive astrocytes, minimizes glial scar formation, and represses neuro-
inflammation. Transcriptomic analysis reveals that Nkx6.1 upregulates the sequential expression of genes
involved in cell proliferation, neural differentiation, and Notch signaling pathway, downregulates genes and
pathways involved in neuroinflammation, reactive astrocyte activation, and glial scar formation. Together, our

findings support the potential role of Nkx6.1 in neural regeneration in the adult injured spinal cord.

1. Introduction

In the adult mammalian spinal cord, there are several different cell
populations that possess properties of neural stem cell or progenitor cell,
e.g., ependymal cells, oligodendrocyte progenitors, and NG2+ cells
(Kirdajova and Anderova, 2020; Sabelstrom et al., 2014). These neural
stem progenitor cells (NSPCs) persist in the mammalian central nervous
system and represent a promising cell source for damage repair and
regeneration after spinal cord injury (SCI). However, the majority of
injury-activated NSPCs differentiate into astrocytes and oligodendro-
cytes (Meletis et al., 2008; Mothe and Tator, 2005; Sabelstrom et al.,
2014). In addition, injury-induced reactive astrocytes secrete chon-
droitin sulfate proteoglycans (CSPGs), which constitute most glial scars
post-SCI (Milich et al., 2019; Soderblom et al., 2013). Despite extensive
research, promoting neuronal regeneration and reducing the glial scar
after SCI have been extremely difficult. Studies have shown that resident
non-neuronal cells can be converted to mature neurons by forced
expression of certain transcription factors, e.g., NeuroD1 and Sox2

(Chen et al., 2017; Su et al., 2014). Due to low reprogramming effi-
ciency, the converted neurons show limited to no benefit in functional
recovery (Su et al., 2014).

NG2 cells are known to be oligodendrocyte progenitor cells and
located throughout the central nervous system, and they serve as a pool
of progenitors to differentiate into oligodendrocytes (Kirdajova and
Anderova, 2020; Nishiyama et al., 2009). In response to SCI, NG2 cells
increase their proliferation and differentiation into remyelinating oli-
godendrocytes (Hackett et al., 2016; Hackett and Lee, 2016). SCI in-
duces transient doublecortin (DCX) expression in NG2 glia but not
astrocytes or ependymal cells. In addition, SOX2 promotes NG2 glia to
generate propriospinal neurons and contributes to behavioral im-
provements (Tai et al., 2021).

Our previous studies have established that NK6 Homeobox 1
(Nkx6.1) regulates Notch signaling in NSPCs (Li et al., 2016; Tzatzalos
et al., 2012). Nkx6.1 is widely expressed by NSPCs within the neural
tube (Cai et al., 2000). Nkx6.1 plays a critical role in ventral neural
patterning and controls the lineage specification of both neurons and
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glia during spinal cord development (Sander et al., 2000; Zhao et al.,
2014). In the adult mouse spinal cord, Nkx6.1" cells retain the prolif-
erative property of NSPCs (Fu et al., 2003). In the injured spinal cord of
zebrafish, V2 interneurons can be generated from Pax6 and Nkx6.1
expressing progenitors (Kuscha et al., 2012). Nkx6.1 is also known to
promote differentiation of NSPCs into mature neurons during the
development of the spinal cord (Briscoe et al., 1999) and after injury in
turtles (Fabbiani et al., 2018).

In this study, we aim to determine the role of Nkx6.1 in regulating
cell proliferation, NSPC activation and neurogenesis in the adult injured
spinal cord. Lentivirus gene delivery system was used to express Nkx6.1
in the adult mouse with a lateral hemisection SCI. We show that Nkx6.1
expression increases NSPC activation and proliferation in the acute
phase of SCL In the chronic phase of SCI, Nkx6.1 expression increases
the number of cholinergic interneurons and reduces neuroinflammation
and glial scar formation. Transcriptomic analysis reveals that Nkx6.1
expression correlates with 1) upregulation of genes and signaling
pathways (i.e., Notch signaling and Wnt signaling) involved in NSPC
activation and axon guidance, and 2) downregulation of genes and
signaling pathways associated with neuroinflammation and reactive
astrocytes. These findings unveil the role of Nkx6.1 in promoting neu-
rogenesis and inhibiting reactive astrocytes and glial scar formation in
the adult spinal cord after injury. Thus, the expression of Nkx6.1 in the
adult injured spinal cord represents a potential approach to manipulate
NSPCs for damage repair and neuronal regeneration.

2. Results

Given the established role of Nkx6.1 in neurogenesis (Sander et al.,
2000), in astrocyte progenitor specification (Zhao et al., 2014), and in
Notch signaling regulation (Li et al., 2016) during the embryonic
development of the spinal cord, we postulate that forced Nkx6.1
expression in the adult spinal cord promotes neural regeneration after
SCI. To test this hypothesis, we performed lateral hemisection SCI at
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thoracic (T) 10 level in 8-12 weeks old mice. Immediately after SCI,
lentivirus encoding Nkx6.1 and a red fluorescent protein (RFP) reporter
(lenti-Nkx6.1-RFP) was delivered ~1 mm rostral and caudal to the
injury site (Fig. 1A and Fig. S1A). A lentivirus encoding only the reporter
RFP (lenti-Ctrl-RFP) was used as a control. The success and reproduc-
ibility of the lateral hemisection injury were determined by paralysis in
the left hind limb at 0 day-post injury (0 DPI) and 1 DPI. Next, we
performed cellular and molecular analysis on spinal cord samples using
immunohistochemistry (IHC), RNA-sequencing (RNA-seq), real-time
quantitative reverse transcription polymerase chain reaction analysis
(qRT-PCR or gqPCR), and locomotor functional assessment with open
field test (BMS score) at various days post-injury (DPI; Fig. 1B). For each
experimental and control group, e.g., sham (only exposing the spinal
cord without injury), injured spinal cord with lenti-Ctr]-RFP injection
(SCI + Ctrl), and injured spinal cord with lenti-Nkx6.1-RFP injection
(SCI + Nkx6.1; n > 3 for each group and time-point). Lentivirus-medi-
ated Nkx6.1 expression in the spinal cord tissues at 3 DPI was confirmed
by qPCR analysis (Fig. S1B). Next, we examined the composition of
virally transduced cells using cell-specific markers, e.g., NeuN for neu-
rons, GFAP for astrocytes, and NG2 for oligodendrocytes. Immunofluo-
rescence staining was performed on sagittal sections of the spinal cord
tissues. No significant difference was detected between the SCI + Ctrl
group and SCI + Nkx6.1 group, indicating the lentivirus does not pref-
erentially target a specific cell type (Fig. S2).

2.1. Nkx6.1 enhances cell proliferation during the acute phase of SCI

Studies have established the role of Nkx6.1 in regulating cell pro-
liferation in rat pancreatic islets (Tessem et al., 2014) and in the lesion-
induced generation of interneurons in the adult zebrafish spinal cord
(Kuscha et al., 2012). Thus, we examined the effect of Nkx6.1 on cell
proliferation via IHC using an antibody against Ki67 at 3 DPI (Fig. 2A).
We detected ~1% of Ki67 " cells among DAPI" cells in the sham group.
In contrast, SCI significantly increased the percentage of Ki67" cells

Fig. 1. Experimental scheme.
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T10 (A) Lateral hemisection SCI was performed on 8-12
weeks old mice at the thoracic vertebrae (T10) level
followed by injection of lenti-Nkx6.1-RFP virus.
Lentivirus encoding only the reporter RFP (lenti-Ctrl-
RFP) serves as a control for viral infection. Animals
received surgery only to expose the spine were sham
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group. Spinal cord segments (~5-6 mm) at the in-
jection site were harvested at 3, 14, 35, and 56 DPI to
determine effect of Nkx6.1 on cellular and molecular
changes using immunohistochemistry (IHC), RNA-
Seq, Ingenuity Pathway Analysis (IPA), and quanti-
tative Real-time PCR analysis (QPCR). (B) Schematic
depiction of cell fate analysis following SCI and len-
tiviral injection. n = 3/group/timepoint. DPI = days
post injury.
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Fig. 2. Nkx6.1 increases cell proliferation in the injured spinal cord.
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Spinal cord tissues were harvested 3 DPI and analyzed for the effect of Nkx6.1 expression on cell proliferation. (A) Representative confocal images of the sagittal
section around the injection site. Bottom left shows a higher magnification of an orthogonal view of the area denoted by a white box. Arrows indicate the co-labeling
of the virally transduced cells with Ki67. Nuclei were counterstained with DAPL Scale bars = 20 pm. Quantification of the percentage of Ki67* cells among DAPI"
cells (B) and among RFP" cells (C). (D) qPCR analysis of the mRNA level of Ki67, as normalized to the sham group. (E) Nkx6.1-induced upregulation (indicated by
pink) of genes in network of cellular development, growth and cell proliferation revealed by RNA-Seq and IPA analysis. n = 3/group for IHC, RNA-Seq, and qPCR,
respectively. Mean + SEM; One-way ANOVA followed by Tukey post-hoc test or Student's t-test. *p-value < 0.05 is consider as statistically significant. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

among the DAPI" cells around the injury and injection site in both the there was a significantly higher percentage of Ki67"/RFP" co-labeled
SCI + Ctrl group and SCI + Nkx6.1 group. However, Nkx6.1 expression cells among RFP' cells in the SCI + Nkx6.1 group (Fig. 2C and
further increased the percentage of Ki67' cells among DAPI' cells Fig. S3). The upregulation in cell proliferation was validated by
(Fig. 2B). When compared with the virally transduced cells (RFP™), measuring the mRNA level of Ki67 via qPCR analysis (Fig. 2D). To
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identify the molecular networks affected by Nkx6.1 expression in the
injured spinal cord, we performed RNA-seq analysis and identified 3425
and 1973 genes that were significantly differentially expressed (p <
0.05) between the SCI + Ctrl (n = 3) and SCI + Nkx6.1 (n = 3) groups at
3 and 35 DPI, respectively (Fig. S4). Ingenuity Pathway Analysis (IPA)
and gene ontology analysis of the differentially expressed genes (DEGs)
reveal that Nkx6.1-induced genes, signaling pathways and networks
were involved in the networks for cellular development, axonal guid-
ance, and cell proliferation (Fig. 2E and Fig. S5). These results support
the role of Nkx6.1 in promoting cell proliferation in the injured spinal
cord.

2.2. Nkx6.1 increases NSPC activation at the acute phase of SCI

To investigate the effect of Nkx6.1 expression on the level of NSPC
activation after SCI, we conducted IHC analysis using a NSPC marker
Nestin on sagittal sections of the spinal cord tissues at 3 DPI (Fig. 3A). An
increased number of Nestin™ cells was observed around the injury and
injection sites compared to the sham animals (Fig. S6). Nkx6.1 expres-
sion (n = 3) significantly increased the percentage of Nestin"/RFP™ cells

A DAPI/RFP/Nestin

Sham

uSCl + Ctrl
80 -

o

SCI + Ctrl

% Nestin*RFP*/ RFP* Cells
w s O O N
o © o ©

- N
o
1

o o

20
18

SCI + Nkx6.1
gPCR - Fold Change

B = Sham mSCI + Ctrl mSCI + Nkx6.1

— % Spinal cord tissues were harvested at 3 DPI and analyzed for
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among RFP cells as compared to the SCI + Ctrl group (n = 3; Fig. 3A-C).
The increase in the number of Nestin™ cells was validated by the mRNA
level of Nestin through the qPCR analysis (Fig. 3D).

2.3. Nkx6.1 expression transiently promotes Notch signaling during the
acute phase of SCI

The Notch signaling pathway plays an essential role in the mainte-
nance and differentiation of adult NSPCs (Yamamoto et al., 2001). Thus,
we examined the effect of Nkx6.1 on the expression of Notch1 and genes
involved in the Notch signaling pathway. We observed a significant
increase in the number of Notch1*/RFP" co-labeled cells among RFP™
cells in the SCI 4+ Nkx6.1 group as compared to the SCI + Ctrl group at 3
DPI by IHC analysis (Fig. 4A). The RNA-seq followed by IPA analysis
further revealed that Nkx6.1 expression (n = 3) upregulated genes
involved in the Notch signaling pathways at 3 DPI but not at 35 DPI
(Fig. 4B-C). The qPCR analysis confirmed that Nkx6.1 expression
increased the mRNA level of Notchl (Fig. 4D), Jagl and Jag2 at 3 DPI
(Fig. 4E). Thus, Nkx6.1-induced NSPC activation correlates with an
upregulation of Notch signaling pathway during the acute phase of SCI.

Fig. 3. Nkx6.1 increases NSPC activation in the injured
spinal cord.

el the effect of Nkx6.1 expression on NSPC activation. (A)
Representative confocal images of the sagittal section around
the injection site. The bottom left shows a higher magnifi-
cation of an orthogonal view of the area denoted by a white
box. Arrows indicate the co-labeling of the virally transduced
cells with Nestin. Scale bars = 20 pm. Quantification of the
percentage of Nestin® cells among DAPI" cells (B) and
Nestin™/RFP™ cells among RFP™ cells (C). (D) qPCR analysis
of the mRNA level of Nestin, normalized to the sham group.
n = 3/group for IHC, RNA-Seq, and qPCR. Mean + SEM;
One-way ANOVA followed by Tukey post-hoc test or Stu-

dent's t-test. * p-value <0.05.
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Fig. 4. Nkx6.1 transiently upregulates Notch signaling pathway at the acute phase of SCI.

Spinal cord tissues were harvested at 3 DPI and analyzed for Nkx6.1 expression induced Notch signaling. (A) Representative confocal images and quantification of the
percentage of Notch1™ cells among RFP™ cells at 3 DPI. Bottom left shows a higher magnification of an orthogonal view of the area denoted by a white box. Arrows
indicate the co-labeling of the virally transduced (RFP™) cells with Notch1™ cell. Nuclei were counterstained with DAPI. Scale bars = 20 pm; n = 3. Mean + SEM;
One-way ANOVA followed by Tukey post-hoc test and Student's t-test. * p-value < 0.05. (B) A list of differentially expressed genes (DEGs) associated with Notch
signaling pathway along with their log2(fold change) at 3 DPI and 35 DPI identified by RNA-seq analysis. (C) The ingenuity pathway analysis (IPA) of the DEGs
revealed that Nkx6.1 expression transiently activates Notch signaling pathway. (D-E) qPCR analysis of genes (Notch1, Nrarp, Jagl, Jag2, Dell, and Hes1) involved in
the Notch signaling pathway, normalized to the sham level at 3 DPIL
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2.4. Nkx6.1 increases the number of cholinergic interneurons in the adult
injured spinal cord

To determine the effect of Nkx6.1 on neural regeneration in the
injured spinal cord, we examined the identity of RFP™ cells at 14 DPI
with markers for neuronal progenitors/neuroblasts (doublecortin or
DCX), astrocytes (GFAP), and oligodendrocyte progenitors (PDGFRa;
Fig. 5A). Some of the DCX'/RFP™ cells show small multipolar processes,
a typical immature neuronal morphology. Compared to the SCI + Ctrl
group, Nkx6.1 expression significantly increased the number of DCX "/
RFP" cells and decreased the number of PDGFRa*/RFP™ cells among
RFP™ cells and no significant differences in GFAP*/RFP" cells (Fig. 5C).
We further determined the cellular composition and gene expression
changes at 56 DPI using a mature neuronal marker NeuN, a cholinergic
neuronal marker ChAT, a glutamatergic neuronal marker vGlut2, and a
GABAergic neuronal marker GABA (Fig. 5B). We found a significant
increase in the number of NeuN™ and Chat™ cells, with no significant
difference in GABA™ or vGlut2" cells in the SCI + Nkx6.1 group as
compared to the SCI + Ctrl group (Fig. 5D). In addition, no significant
differences were detected in the number of Olig2" cells among virally
transduced RFP' cells (Fig. S7). The gqPCR analysis confirmed that
Nkx6.1 expression increased the mRNA level of NeuN (Hrnbp3) and
ChAT and decreased Tphl (Tryptophan hydroxylase 1, a serotonergic
neuronal marker) mRNA level compared to the SCI + Ctrl group at 35
DPI (n = 3 for all three groups, Fig. 5E). Furthermore, RNA-seq and IPA
analysis on the spinal cord tissue samples at 35 DPI identified the
upregulation of the genes known to promote synaptogenesis (Fig. S8A)
and the downregulation of the genes known to inhibit synaptogenesis
(Fig. S8B). The upregulation of some key genes involved in synapse
formation and axon guidance (e.g., Synl, Ctnnal, Ntngl, and Col6a2)
was confirmed by qPCR analysis (Fig. S8C).

2.5. Nkx6.1 represses neuroinflammation in the adult injured spinal cord

Neuroinflammation is a response from the innate immune system
and plays an essential role in neural regeneration and functional re-
covery after SCI (Alexander and Popovich, 2009; Gensel and Zhang,
2015; Siddiqui et al., 2015). A widely accepted marker CD68 for neu-
roinflammation is present in activated microglia and macrophages after
injury (McKay et al., 2007). To explore the potential effect of Nkx6.1
expression on neuroinflammation, we stained the spinal cord sections
with an antibody against CD68. We found a significantly reduced
number of CD68™ cells at the injury/injection sites in the SCI + Nkx6.1
group compared to the SCI + Ctrl group (Fig. 6A-C). RNA-seq data
analysis revealed that the signaling pathways associated with neuro-
inflammation, e.g., NF-xB signaling and Interleukin signaling, were
significantly downregulated at both 3 DPI and 35 DPI by Nkx6.1
expression (Fig. 6D). IPA analysis identified the top affected signaling
pathway was the neuroinflammation pathway at 3 DPI (Fig. S9).

2.6. Nkx6.1 attenuates reactive astrocytes and glial scar formation in the
injured spinal cord

SCI activates native astrocytes to become reactive astrocytes (RA),
which secrete chondroitin sulfate proteoglycan (CSPG) into the extra-
cellular space (McKeon et al., 1999). RA and CSPG contribute to the
formation of glial scar (Jones et al., 2003; McKeon et al., 1995; Rhodes
and Fawcett, 2004; Windle and Chambers, 1950). The glial scar inhibits
transpassing axons; thus hinders the axon connections (Barnabe-Heider
and Frisen, 2008; Fawcett and Asher, 1999; O'Shea et al., 2017). Thus,
we examined the effect of Nkx6.1 expression on astrogliosis and glial
scar formation by immunostaining with a RA marker GFAP (Fig. 7A) and
a CSPG marker CS56 (Fig. 7B) at 56 DPI. The level of GFAP and CS56
expression in the sham group established the baseline level of these
proteins. Compared to the sham, injury increased the level of GFAP and
CS56 protein expression in both the SCI + Ctrl group and SCI + Nkx6.1
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group, while Nkx6.1 expression significantly decreased the percentage
of area immunostained with GFAP and CS56 at 56 DPI (Fig. 7C-D). This
result indicates that Nkx6.1 expression reduces astrogliosis and glial scar
formation. Furthermore, our RNA-seq analysis showed Nkx6.1 expres-
sion downregulated the known genes for RA (e.g., Ctnnbl and Mmp13;
Hara et al., 2017) and glial scar formation (e.g., I11b, Bmp4, Bmp6,
Tgfbl; Wang et al., 2018) as compared to the SCI + Ctrl group (n = 3 for
all groups; Fig. 7E). These results indicate that Nkx6.1 inhibits RA and
glial scar formation in the injured spinal cord.

Lastly, we evaluated the effect of Nkx6.1 expression on locomotor
behavior from the day before the injury to 56 DPI using an open-field
locomotion test. For each animal, a BMS score (Basso et al., 2006) was
assigned double-blindly by three observers. The hemisection injury was
performed on the left side of the spinal cord at T9-10 level and the right
side of the spinal cord was intact (Fig. 8A), this affected the locomotor
function only in the left hindlimb, and the locomotor function of the
right hindlimb remains normal. We thus focused on the analysis of BMS
scores from the left hindlimb. Although Nkx6.1 expression promoted
NSPC activation, increased the number of cholinergic neurons, and
reduced inflammation and glial scar formation, a significant improve-
ment in locomotor function was not observed (Fig. 8B).

3. Discussion

The lack of neurogenesis and formation of the glial scar are two
major barriers that hinder tissue regeneration after SCI (O'Shea et al.,
2017; Tran et al., 2018). In this study, we demonstrate that lentivirus-
mediated Nkx6.1 expression promotes cell proliferation and activation
of endogenous NSPCs, which correlates with a transient upregulation of
the Notch signaling in the acute phase of injury. Nkx6.1 expression at-
tenuates neuroinflammation and glial scar formation, which correlates
with changes of gene expression involved in microglia and reactive
astrocytes.

The hemisection injury is an ideal model for our study. It provides a
direct comparison between injured and healthy tissue in the same ani-
mal; it is also suitable for examining locomotor function in different
spinal tracts or comparing deficits in the function of contra- and ipsi-
lateral lesions. In addition, hemisection results in a less severe injury
than contusion or complete transection injury, and thus providing an
easier/simpler postoperative animal care. However, it is more chal-
lenging to create a consistent injury with a partial transection model,
and it can be difficult to determine whether the targeted tract is
completely severed.

The Notch signaling pathway plays an essential role in stem cell self-
renewal (Ables et al., 2011; Pierfelice et al., 2011). It is also actively
involved in post-injury neural regeneration by regulating spontaneous
cell proliferation, neurogenesis, synapse formation, and axon remyeli-
nation (Benner et al., 2013; Givogri et al., 2006; LeComte et al., 2015).

Studies have established a multifaceted role of Nkx6.1 in the dif-
ferentiation of neurons and glia during embryonic spinal cord devel-
opment (Sander et al., 2000; Vallstedt et al., 2001; Zhao et al., 2014).
Thus, the finding that Nkx6.1 expression increases the number of
cholinergic interneurons implies a similar neural differentiation func-
tion of Nkx6.1 in the adult injured spinal cord. However, it is not clear
whether the increased number of cholinergic interneurons were gener-
ated from NSPCs. Our future research will include lineage tracing ex-
periments to confirm that Nkx6.1 expression promotes the generation of
new neurons. Although the molecular mechanisms underlying Nkx6.1
function in the adult remain elusive, our results support a potential role
for Nkx6.1 in regulating NSPC activation and subsequent differentiation.
Studies have shown that Notchl expression in vivo was transiently
enhanced in response to injury (Yamamoto et al., 2001). In addition, our
previous studies have shown that Nkx6.1 regulates Notch1 expression in
the NSPCs of the developing spinal cord (Li et al., 2016). Consistent with
the notion that Notch signaling involves in injury response, Nkx6.1
expression further transiently upregulates Notch signaling and increases
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Fig. 5. Nkx6.1 increases the number of cholinergic interneurons in the injured spinal cord.

Spinal cord tissues were harvested and analyzed for the effect of Nkx6.1 expression on cellular composition and gene expression. Representative confocal images of
the sagittal section of spinal cord tissue samples stained for the expression of early neural markers: doublecortin (DCX), GFAP, and PDGFRa at 14 DPI (A) and mature
neural markers: NeuN, ChAT, vGlut2, and GABA at 56 DPI (B). The bottom left shows a higher magnification of an orthogonal view of the area denoted by a white
box. Arrows indicate the co-labeling of the virally transduced (RFP™) cells with cell specific markers. Nuclei were counterstained with DAPI. Scale bars = 20 pm. (C
and D) Quantification of virally transduced cells co-labeled with cell specific marker. n = 3. *p-value < 0.05, Mean + SEM; Student's t-test. (E) The qPCR analysis of
the mRNA level of genes associated with mature neurons and specific neuronal cell types at 35 DPL. n > 3/group. Mean + SEM; *p-value < 0.05; One-way ANOVA
followed by Tukey post-hoc test.
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Fig. 6. Nkx6.1 expression attenuates

inflammation after SCI.
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Spinal cord tissues were harvested and analyzed for the effect of Nkx6.1 expression on glial scar formation. Representative confocal images of the sagittal section of
spinal cord tissue samples at 56 DPI and analyzed for reactive astrocyte marker GFAP (A) and chondroitin sulfate proteoglycan (CSPG) marker CS56 (B). Nuclei were
counterstained with DAPI. Quantification of the area immunostained with anti-GFAP (C) and anti-CS56 antibodies (D). (E) A list of differentially expressed genes and
their log2(fold change) by RNA-Seq analysis between the SCI + Ctrl group and SCI + Nkx6.1 group that are associated with reactive astrocyte (RA) and glial scar
formation at 35 DPL. n > 3. Mean + SEM; *p-value < 0.05; One-way ANOVA followed by Tukey post-hoc test.

the number of Nestin™ NSPCs in the acute phase of injury, suggesting a
possible mechanism of Nkx6.1 in neural differentiation via Notch
signaling.

Glial scar formation is a reactive cellular process involving astro-
gliosis that occurs after SCI (Faulkner et al., 2004). Reactive astrocytes
are the main cellular components of the glial scar (Stichel and Muller,
1998). Previous studies have shown that ectopic expression of Nkx6.1 in
native astrocytes (GFAP™) failed to induce their conversion into neurons
(Matsui et al., 2014; Su et al., 2014), suggesting Nkx6.1 may not be a

potent factor for cell lineage reprogramming. Intriguingly, Nkx6.1
expression reduced glial scar formation, suggesting a possibility that
Nkx6.1 promotes NSPC differentiation preferentially into neuron line-
age at the expense of astroglial lineage. Thus, it is possible that the
increased number of neurons is from Nkx6.1 induced NSPC differenti-
ation. However, this needs to be confirmed by cell lineage tracing study
or exclusive expression of Nkx6.1 in the NSPC population using NSPC-
specific promotor. This is an important direction for our future research.

The activated microglia are an essential component of the
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Fig. 8. Nkx6.1 expression did not improve locomotor function.

Days Post Injury (DPI)

Lateral hemisection SCI was performed on 8-12 weeks old mice at the thoracic vertebrae (T10) level followed by lentivirus injection. (A) a representative image of
the sagittal section around the injection site. Dashed line indicates the central canal and dotted line indicates the hemisection site. Red dots represent RFP+ cells. Cell
nuclei were counter-stained with DAPI in blue. Scale bar = 100 pm. Open field test was performed to assess locomotor functional recovery after Nkx6.1 expression.
(B) A plot of the BMS scores of the left hindlimb from the day before injury to 56 DPI (n > 3 for each timepoint and group). Two-way repeated measures ANOVA. No
significant differences were observed at all time-points. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

neuroprotective scar and represent an inflammatory process in response
to SCI (Bellver-Landete et al., 2019). We found that Nkx6.1 significantly
reduced the number of CD68" microglia as well as the expression of
genes and pathways involved in neuroinflammation. The effect of
Nkx6.1 on neuroinflammation has not been reported. Our results sug-
gest a potential application of Nkx6.1 expression for anti-inflammation
management in the treatment of SCIL

It is puzzling that even with an increased number of interneurons,
reduced neuroinflammation, and minimized glial scar, there was no
significant improvement in locomotor function. We speculate that in
addition to the reduced glial scar and neuroinflammation, functional
recovery may require the restoration of a damaged local neural circuit
with proper types of functional neurons. It further indicates that the
increase of cholinergic interneurons alone may not be sufficient to
reconstruct the local neural circuit. A combination of different types of
neurons may be required for this process. In support of this notion, we
found that the forced expression of Gsx1 modulates the number of glu-
tamatergic, cholinergic neurons, and GABAergic neurons as well as a
reduced glial scar, which leads to a significant functional recovery (Patel
et al., 2021).

In summary, we demonstrate that Nkx6.1 was able to reduce reactive
astrocytes and glial scar and increase the number of cholinergic in-
terneurons in the adult injured spinal cord. This study provides evidence
that Nkx6.1 might be a potential gene for the manipulation of the glial
scar, neuroinflammation, and the generation of interneurons in the adult
injured spinal cord.

4. Materials and Methods
4.1. Lentivirus

pLenti-GIII-CMV-RFP-2A-Puro lentiviral vector with Nkx6.1-RFP
(9947 bps) gene insert was purchased from Applied Biological Mate-
rials Inc. (Cat. # LV476460). The expression of Nkx6.1 and RFP is under
the control of the promoter of CMV and SV40, respectively. The presence
of a gene in the lentiviral vector was verified using PCR followed by gel
electrophoresis. A lentiviral vector expressing only RFP was used as a
negative control (lenti-Ctrl-RFP). Human Embryonic Kidney (HEK293T)
cells were cultured in high glucose Dulbecco's Modified Eagle Media
(DMEM) supplemented with 10% fetal bovine serum (FBS), 1% nones-
sential amino acid (NEAA), and 1% Glutamax. Once the HEK293T cells
were about 50%-60% confluent, they were transfected with target
vector (lenti-Nkx6.1-RFP or lenti-Ctrl-RFP), envelope plasmid (pMD2.
G/VSVG, Addgene 12259), and 3rd generation packaging plasmids
(pMDLg/pRRE, Addgene 12251 and pRSV-Rev, Addgene 12253). The
virus-containing supernatant was collected at two- and four-days post-
transfection. Once all supernatant was collected on day two, fresh media
was added to the cells. Viral particles were concentrated by polyethylene
glycol 6000 (PEG6000) method(Kutner et al., 2009) and titer was
determined by infecting HEK293T cells (Kutner et al., 2009).

4.2. Lateral hemisection spinal cord injury (SCI) and lentivirus injection

All experimental protocols were approved by the Institutional
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Animal Care and Use Committee (IACUC) and the Institutional Biosafety
Committee at Rutgers University. All animal work was conducted in
accordance with relevant guidelines and regulations of the IACUC.
Young adult C57BL/6 mice (8-12 weeks-old) were used for this study.
Mice (both males and females) were kept at a 12-h light/dark cycle and
were blindly and randomly chosen for each treatment condition. Ani-
mals were divided into the following groups (3 animals/group): (1) the
sham group (the skin and muscle were cut to expose the spine, but SCI
was not performed), (2) mice received SCI and lenti-Ctrl-RFP treatment
(SCI + Ctrl), and (3) mice received SCI and lenti-Nkx6.1-RFP treatment
(SCI + Nkx6.1). For SCI groups, a lateral hemisection was performed by
first exposing the spinal cord around T9-T10 by laminectomy and then
laterally cut on the left side of the spinal cord from the midline to the
end. Immediately after the SCI, two injections of 1.0 pl of lentiviral
particles (1 x 107 TU/ml) each at ~1 mm rostral and caudal to the lesion
site, respectively. The needle was kept in place for 2-3 min after the
injection to avoid backflow and allow virus diffusion into the tissue. The
wound was then sealed by stitching the muscle and 2-3 clips on the skin.
After surgery, animals from all three groups subcutaneously received
painkiller (1 mg/kg Meloxicam) and antibiotics (50 mg/kg Cefazoline).
Completeness of the hemisection was determined by the observation of
paralysis in the left hind limb at the day-post injury (0 DPI) and 1 DPI.

4.3. Behavioral/locomotor assessment

Locomotion behavior of each animal was evaluated based on the
Basso Mouse Scale (BMS) from an open field test (Basso et al., 2006).
BMS scale ranges from 0 (completely paralyzed) to 9 (normal). The BMS
score assessment was given 4 min of observation per animal by three
independent observers who are blinded to the type of treatment. The
BMS assessment was performed once before the surgery and then twice a
week until 56 DPI.

4.4. Tissue processing

Spinal cord tissues were harvested at 3, 14, 35, and 56 DPI (n = 3/
group/time point). At each time point, mice were intracardially perfused
with 1x (v/v) sterile phosphate buffer saline followed by 4% (w/v)
paraformaldehyde (PFA). About 5-6 mm of the spinal cord tissue con-
taining the injury and injection sites was removed and fixed overnight
with 4% PFA. The next day, fixed tissue was washed with 1x PBS and
transferred to 30% (w/v) sucrose for dehydration for about 24 h.
Dehydrated tissue was embedded using Tissue-Tek® optimum cutting
temperature (O.C.T.) and stored at —80 °C. At each time point, tissues
were sectioned on the sagittal plane at 12 pm thickness using a cryostat
(ThermoScientific).

4.5. Immunohistochemistry (IHC)

IHC was performed based on a previously established protocol with
minor modifications (Li et al., 2016). The sections were treated with
cold methanol for 10 mins at room temperature, followed by incubating
samples with blocking solution (0.05% Triton X-100, 2% donkey serum,
and 3% bovine serum albumin (BSA)) to reduce background signal.
Then, samples were incubated with primary antibodies (Table S1) in 1x
(v/v) phosphate buffer saline (PBS) overnight at 4 °C. The next day,
samples were washed with 1x PBS and incubated with secondary an-
tibodies (Table S1) for 1 h at room temperature. Lastly, samples were
washed with 1x PBS and incubated with DAPI (200 ng/ml) for 5 mins
followed by the final wash and the slides were sealed with Cytoseal 60
(ThermoFisher Scientific 8310-4).

4.6. Image analysis

For image analysis, at least five sections from each slide (each with
different antibodies)/animal were analyzed. Images were captured at
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the same exposure and threshold, and at the same intensity per condi-
tion using Zeiss LSM 800 confocal microscope or Zeiss AxioVision
Imager A.1. The automatic cell counter in ImageJ (Rueden et al., 2017;
Schneider et al., 2012) was used to count the total number of cells. Co-
labeled cells with cell type-specific markers and viral marker RFP were
counted manually in separate RGB channels and with the following
stereological considerations: 1) systematic and random sampling; 2)
calculation of total cell numbers instead of signal densities, 3) counting
of cells with aid from DAPI staining, not cell profiles, and 4) specific
staining to identify the cells of interest. Data were presented as the mean
+ standard error of the mean (SEM). Statistical significance between two
conditions was calculated by Student's t-test and multi-group compari-
sons were performed using one-way ANOVA, followed by Tukey post-
hoc test. A p-value of less than 0.05 was considered statistically
significant.

4.7. RNA isolation

For RNA isolation, about 5 mm small region of the spinal cord tissue
(containing the injury and the injection site) were extracted at 3 and 35
DPI, to reduce the heterogeneity due to the treatment and no treatment.
At least 3 samples for each condition per timepoint were harvested.
Total RNA from spinal cord tissue was preserved by fast freezing the
tissue samples in liquid nitrogen. Total RNA was isolated from spinal
cord tissue using RNeasy Lipid Tissue Mini kit (Qiagen, #74804) using
the manufacturer's protocol. Total RNA was treated with DNase I (Qia-
gen) to eliminate genomic DNA contamination. The concentration and
the quality of the total RNA were determined by NanoDrop Lite Spec-
trophotometer (ThermoScientific).

4.8. Real-time quantitative PCR (qPCR) analysis

From the total RNA, complementary DNA (cDNA) was synthesized
using SuperScript III First-Strand Synthesis System (Invitrogen,
#18080051) using the manufacturer's protocol. qPCR was performed
with Power SYBR™ Green PCR Master Mix and gene-specific primers
(Table S2) using StepOnePlus Real-Time PCR system (Applied Bio-
system). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was
used as a housekeeping gene. The Livak method was used to calculate
the fold change of SCI + Ctrl and SCI + Nkx6.1 groups normalized to the
sham group.

4.9. Library preparation and RNA-seq analysis

Quality control of the total RNA (using RNA 6000 Nano chip on the
2100 Bioanalyzer), library preparation (Illumina MiSeq) and RNA-Seq
were performed by Admera Health (South Plainfield, NJ). The RNA-
Seq was performed at 3 DPI and 35 DPI (n = 3/group/time point)
using Illumina MiSeq using the manufacturer's protocol. Each sample
was sequenced as paired-end (2 x 150 bp) on the Illumina MiSeq plat-
form and generated a total of 40 million reads per sample.

Quality of the raw fastq file was assessed using the FastQC (htt
p://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Once the
sample passed quality control (QC) all sequences were aligned to the
mouse reference genome, mm10, using STAR (version 2.0; Dobin et al.,
2013). The raw read counts were assembled as a matrix using HTSeq
(version 0.6.0; Anders et al., 2015) and normalized using the DESeq2
(Anders and Huber, 2010; Love et al., 2014), a R/Bioconductor package.
Next, DESeq2 was used to call for differential expressed gene (DEGs; p <
0.05) from the count matrix. The downstream pathway analysis was
carried out using the Ingenuity Pathway Analysis (IPA, QIAGEN, Inc., htt
ps://www.qiagenbioinformatics.com/products/ingenuity-pathway-an
alysis; Kramer et al., 2014).
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