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UTX/KDMGA deletion promotes the recovery
of spinal cord injury by epigenetically
triggering intrinsic neural regeneration
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Interrupted axons that fail to regenerate mainly cause poor re-
covery after spinal cord injury (SCI). How neurons epigeneti-
cally respond to injury determines the intrinsic growth ability
of axons. However, the mechanism underlying epigenetic regu-
lation of axonal regeneration post-SCI remains largely un-
known. In this study, we elucidated the role of the epigenetic
regulatory network involving ubiquitously transcribed tetratri-
copeptide repeat on chromosome X (UTX)/microRNA-24
(miR-24)/NeuroD1 in axonal regeneration and functional re-
covery in mice following SCI. Our results showed that UTX
was significantly increased post-SCI and repressed axonal
regeneration in vitro. However, downregulation of UTX
remarkably promoted axonal regeneration. Furthermore,
miR-24 was increased post-SCI and positively regulated by
UTX. miR-24 also inhibited axonal regeneration. Chromatin
immunoprecipitation (ChIP) indicated that UTX binds to the
miR-24 promoter and regulates miR-24 expression. Genome
sequencing and bioinformatics analysis suggested that Neu-
roD1 is a potential downstream target of UTX/miR-24. A
dual-luciferase reporter assay indicated that miR-24 binds to
NeuroD1; moreover, it represses axonal regeneration by nega-
tively regulating the expression of NeuroD1 via modulation of
microtubule stability. UTX deletion in vivo prominently pro-
moted axonal regeneration and improved functional recovery
post-SCI, and silencing NeuroD1 restored UTX function. Our
findings indicate that UTX could be a potential target in SCI.

INTRODUCTION

Spinal cord injury (SCI) is a devastating central nervous system
(CNS) disease that can cause permanent sensory and motor dysfunc-
tion.'
11.5-54 per 1 million people worldwide.” * SCI causes great physical
and psychological trauma to individuals, and recovery after SCI re-

mains extremely difficult and is a great global challenge.””

The annual incidence of traumatic SCI is approximately

Acute SCI usually leads to a loss of sensory and motor function below
the injury plane, which is attributed to immediate axonal interruption

caused by the injury.® The recovery of spinal function is unsatisfac-
tory in most cases because regeneration of interrupted axons is very
limited.”'" The inherent lack of intrinsic growth potential of the
mature CNS neurons is one of the main factors that limits axonal
regeneration.'’ Increasing evidence has indicated that epigenetic
regulation plays a significant role in modulating neurogenesis, neuro-
plasticity, and CNS regeneration.'*”"*

Compared to the peripheral nervous system (PNS), the CNS has a
limited ability to regenerate since the epigenetic responses to
axonal injury are quite different, which indicates that epigenetic
regulation may be a major factor affecting axonal regenera-
tion.'>'*~'” However, effective epigenetic targets that work in par-
allel with the neuron intrinsic regeneration program remain to be
identified. Epigenetic modifications can regulate gene expression
without altering gene sequences, thereby causing phenotypic
changes.'® Histone methylation is one form of histone modifica-
tion, and the histone methylation status affects the advanced chro-
matin structure, which is closely related to gene expression.'’
Ubiquitously transcribed tetratricopeptide repeat on chromosome
X (UTX), also known as KDM6A, removes the inhibitory trime-
thylation of histone 3 lysine 27 (H3K27me3) and transforms genes
to an active state.”’ Knocking out UTX in neural progenitor cells
can promote proliferation while inhibiting differentiation by
affecting the PTEN/Akt/mTOR signaling pathway.”' A loss of
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UTX can have a significant effect on the expression of 5-HT recep-
tors, thus leading to neuronal morphological abnormalities.”**
Although UTX plays an indispensable role in nervous system
development, the function of UTX in CNS injury has rarely been
reported. We previously reported that knocking out UTX in
vascular endothelial cells can epigenetically promote vascular
regeneration post-SCL.>* However, whether UTX functions as a
regulator of axonal regeneration after SCI has not been reported.

MicroRNAs (miRNAs) are highly conserved small noncoding RNAs
(less than 22 nucleotides in length) that regulate posttranscriptional
gene expression.”” miRNAs have been reported to play an important
role in repair after SCI.>°*® In our previous study, microarray anal-
ysis identified microRNA-24 (miR-24) as a significantly differentially
expressed miRNA after SCI.*” Therefore, miR-24 is likely to be asso-
ciated with axonal regeneration.

Neurogenic differentiation 1 (NeuroD1) is a member of the basic he-
lix-loop-helix (bHLH) transcription factor family and plays an essen-
tial role during neurogenesis and neuronal differentiation, survival,
and maturation in the CNS.*° Recent studies have proven that
NeuroD1 can facilitate axonal growth and promote functional recov-
ery after sciatic nerve injury.”' However, the function of NeuroD1 in
SCI remains elusive.

In this study, we report the mechanism of an epigenetic regulatory
network involving UTX/miR-24/NeuroD1, which regulates axonal
regeneration and recovery of spinal function post-SCI.

RESULTS

Expression of UTX increases in mouse spinal cord neurons
post-SCI

To verify the potential participation of UTX in epigenetic regulation
post-SCI, we detected the expression of UTX in the lesion in a mouse
hemisection SCI model. Quantitative real-time PCR (qRT-PCR) indi-
cated that UTX expression was significantly increased 3 days post-SCI
and remained at a high level at 7 and 14 days post-SCI (Figure 1B).
Immunofluorescence staining of the spinal cord lesion demonstrated
that UTX expression was primarily increased in the nuclei of NeuN™
neurons (Figures 1A and 1C). However, the increase in UTX expres-
sion in Neun™ cells was relatively low (Figure 1D). The marked
square in Figure 1G shows the area in the representative images.
The activation of UTX expression implies that it is potentially
involved in the epigenetic response post-SCI.

UTX is an intrinsic inhibitor of axonal regrowth in vitro

Since we know that UTX is significantly increased in response to
SCI, we determined whether it affects axonal regrowth. We regu-
lated the expression of UTX with a UTX-expressing lentivirus
(LV) and a UTX short hairpin RNA (shRNA)-expressing lentivirus
and verified the overexpression and knockdown efficiencies by qRT-
PCR (Figure S1). Immunofluorescence staining of TUJ1 was per-
formed to label neuronal axons. UTX significantly inhibited cortical
neuron axonal regrowth, while UTX downregulation significantly
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promoted axonal regrowth (Figures 2A and 2D), suggesting that
UTX is an intrinsic inhibitor of axonal regrowth.

miR-24 is upregulated post-SCI and inhibits axon regeneration
by impairing microtubule stability

In our previous study, we reported that miR-24 is one of the most
differentially expressed miRNAs post-SCL>’ In this study, we per-
formed in situ hybridization of miR-24 to verify the change in its
expression. The results indicated that miR-24 was significantly
increased in NeuN" neurons at the lesion site 14 days post-SCI (Fig-
ures 1E and 1F). In addition, we found that miR-24 upregulation
impaired microtubule stability and inhibited cortical neuron axon
regeneration while miR-24 downregulation improved microtubule
stability and significantly promoted axonal regeneration (Figures
2B, 2C, 2E, and 2F).

UTX and miR-24 form an epigenetic complex that inhibits axonal
regeneration

Since UTX is increased post-SCI and can epigenetically demethylate
H3K27me3 and activate target genes, we wondered whether UTX in-
duces miR-24 expression. Thus, we detected the ability of UTX to
regulate miR-24. We found that knocking down UTX increased the
methylation of H3K27me3 (Figures 3A and 3B) and repressed the
expression of miR-24 (Figure S2B), while UTX upregulation signifi-
cantly increased the expression of miR-24 (Figure S2A). In addition,
we carried out chromatin immunoprecipitation (ChIP)-qPCR to
detect the potential binding between UTX and the miR-24 promoter.
The results provided solid evidence that UTX directly binds to the
promoter of miR-24 (Figures 3C-3E). All the results indicate that
UTX positively regulates miR-24 through demethylation of the
miR-24 promoter.

In addition, we further explored whether UTX-induced inhibition
of axonal regeneration is dependent on microtubule destabiliza-
tion by miR-24. We carried out a miR-24 loss-of-function assay
and found that axonal deacetylation and axonal suppression of
UTX were abolished when miR-24 was silenced (Figures 3F-
3I). Taken together, the binding results and the loss-of-function
assay results suggest that UTX and miR-24 form an epigenetic
complex and inhibit axonal regeneration by destabilizing micro-
tubules and that the inhibition of axonal regeneration is miR-
24 dependent.

NeuroD1 is a downstream target of UTX/miR-24

To determine the mechanism by which UTX/miR-24 regulates axonal
regeneration, we downregulated UTX in cortical neurons and
screened differentially expressed mRNAs using whole-genome
sequencing (Figure S3). There were 1,421 upregulated genes and
715 downregulated genes (Figure 4A). We then picked out
52 UTX-regulated genes related to neuron development (Figure 4B).
We further predicted the downstream target of miR-24 by using
miRNA target prediction tools (http://www.targetscan.org; http://
www.mirdb.org/). A Venn diagram showed that NeuroD1 is a com-
mon target of UTX and miR-24 (Figure 4C). The 3' UTR of NeuroD1
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Figure 1. Expression of UTX in neurons was increased after spinal cord injury
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(A) Representative images of double staining with NeuN (green) and UTX (red) at different time points. Nuclei were stained with DAPI (blue). The scale bars in the upper panels
represent 20 um, while those in the lower panels represent 5 um (n = 4). (B) gRT-PCR analysis of UTX and GAPDH expression at different time points (n = 3). (C) Quantitative
ratio of UTX + NeuN™ cells to NeuN™ cells in (A). (D) Quantitative ratio of UTX + NeuN~ cells to NeuN™ cells in (A). (E) In situ hybridization of miR-24 (red) and fluorescence
staining of NeuN (green) at the lesion site 14 days post-SCI (n = 4). (F) Quantification of miR-24-positive staining in (E). (G) Marked square showing the area in the repre-
sentative images. Data are presented as the mean + SD. *p < 0.01; **p < 0.001; ns, not significant.

contains a complementary sequence for miR-24-3p (Figure 4E). We
then performed a dual-luciferase reporter assay to verify the direct
relationship between miR-24 and NeuroD1. The results showed
that agomir-24 (a miR-24 mimic) reduced luciferase activity in cells
carrying wild-type NeuroD1, while no change in luciferase activity
was observed in cells carrying mutant NeuroD1 and those transfected
with the miRNA control virus (Figure 4D), which indicates that miR-
24 can directly bind to the 3 UTR of NeuroD1. In addition, we further
confirmed the ability of UTX/miR-24 to epigenetically regulate
NeuroD1. The qRT-PCR and western blot results showed that
downregulating UTX or miR-24 significantly promoted NeuroD1

expression, while miR-24 upregulation reduced the expression of
NeuroD1 (Figures 4F-4K). These results suggest that NeuroD1 is a
downstream target of UTX/miR-24.

miR-24 can regulate microtubule stabilization and axonal
growth by targeting NeuroD1

To further investigate the axon-promoting function of UTX/miR-24
involving NeuroD1 regulation, we constructed a NeuroD1-overex-
pressing lentivirus. The western blot results showed that NeuroD1
upregulation by LV-NeuroD1 increased the expression of acetylated
microtubules (Figures 5A and 5B), and immunofluorescence also
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(A) Representative immunofluorescence images of TUJ1 (red) in the UTX-up group, UTX-down group, and control group (n = 5). (B) Representative images of immuno-
fluorescence staining of tyrosinated tubulin (green) and acetylated tubulin (red) in the agomir-24 group, antagomir-24 group, and control group (n = 5). (C) Representative
immunofluorescence images of TUJ1 (red) in the agomir-24 group, antagomir-24 group, and control group (n = 5). (D) Quantification of the average axon length in (A). (E)
Quantitative ratio of acetylated tubulin to tyrosinated tubulin in (B). (F) Quantification of the average axon length in (C). Data are presented as mean + SD. Scale bar, 10 um; *p <

0.05; *p < 0.01.

showed that NeuroD1 upregulation promoted axonal growth (Fig-
ures 5C and 5D).

To further investigate whether miR-24 regulates microtubule stabili-
zation and axonal growth by targeting NeuroD1, we simultaneously
downregulated miR-24 and NeuroD1 in neurons. The immunofluo-
rescence staining results indicated that NeuroD1 downregulation
abolished the ability of miR-24 silencing to promote microtubule
acetylation and axonal growth (Figures 5E-5H).

UTX deletion in neurons within the lesion improves recovery of
spinal function post-SCI in a NeuroD1-dependent manner

To explore whether UTX deletion improves spinal function recovery
after acute SCI, we knocked out UTX in the corticospinal tract (CST)

340

by injecting adeno-associated virus(AAV)-cre-EGFP into the hin-
dlimb sensorimotor area of the cerebral cortex 2 weeks before SCI.
The Basso mouse scale (BMS) was applied to assess motor function
recovery. Better recovery was observed in UTX knockout mice as
early as 3 weeks and until 8 weeks postinjury (Figure 6A). Sensory
function evaluation was performed at the same time. Two weeks after
injury, tactile sensory function began to recover gradually. Recovery
of the tactile sensory function in UTX knockout mice was signifi-
cantly better than that in the control group from the second week un-
til the eighth week (Figure 6B). Mice with UTX knockdown in the
CST showed better thermal sensory recovery from 2 weeks postinjury
to the terminal time point (Figure 6C). From 8 to 10 weeks, the recov-
ery of motor and sensory function reached a plateau. We performed
neuroelectrophysiology to evaluate axonal conductivity 8 weeks

Molecular Therapy: Methods & Clinical Development Vol. 20 March 2021
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Figure 3. UTX and miR-24 form an epigenetic complex that inhibits axon regrowth

(A) Western blot analysis of H3K27me3 and GAPDH in the UTX knockdown group and control group (n = 3). (B) Quantification of (A). (C) Western blot analysis of UTX and
GAPDH in the immunoprecipitation products of the UTX knockdown group and control group (n = 3). (D) Quantification of (C). (E) Expression levels of the miR-24 promoter
and GAPDH promoter in the immunoprecipitation products of the UTX pull-down group and IgG pull-down group as determined by gPCR (n = 3). (F) Representative images
of immunofluorescence staining of tyrosinated tubulin (green) and acetylated tubulin (red) in the UTX-up group, UTX-up+antagomir-24 group, and control group (n = 3). (G)
Representative images of TUJ1 (red) in the UTX-up group, UTX-up+antagomir-24 group, and control group (n = 5). (H) Quantitative ratio of acetylated tubulin to tyrosinated
tubulin in (F). () Quantification of the average axon length in (G). Data are presented as the mean + SD. Scale bar, 10 um; *p < 0.05; **p < 0.01; ***p < 0.0001.

postinjury. A neuroelectrophysiological analysis of motor-evoked po-
tentials (MEPs) indicated that UTX knockout mice exhibited a larger
maximum amplitude and shorter latent period than control mice,
indicating that UTX deletion promoted nerve conduction (Figures
6D-6F). To determine whether the improvements were dependent
on NeuroD1, we performed a NeuroD1 loss-of-function assay. Neu-
roD1 shRNA abolished the functional improvement induced by UTX
deletion, which indicated that UTX deletion-mediated axonal regen-
eration is dependent on NeuroD1. To determine whether the recovery
of function was caused by the growth of regenerative nerves in the
damaged area, at 10 weeks + 1 day after the first hemisection, we
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performed a second hemisection in the same location as the first.
We found that spinal function was lost, suggesting that the previous
improvement in sensorimotor activity was due to axon regeneration
(Figures 6A-6D).

UTX deletion facilitates axonal regeneration by stabilizing

axonal microtubules in vivo

Western blot analysis and immunofluorescence staining were per-
formed to verify the UTX knockdown efficiency in vivo. Compared
with that in the control mice (SCI only), the protein expression of
UTX in UTX knockdown mice was significantly decreased on the
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Figure 4. NeuroD1 is a downstream target of UTX/miR-24

(A) Volcano plot of the upregulated genes and downregulated genes (fold change > 1.5; p < 0.05; n = 3). (B) Cluster analysis of the neurological system-related genes. (C)
UTX-regulated genes related to neuron regrowth and the prediction of miR-24-targeted mRNAs by TargetScan and miRDB. (D) Relative luciferase activities in the human
renal epithelial cells (293T cells) of the NeuroD1-wild-type (WT) + negative control group, NeuroD1-WT + miR-24-3p group, NeuroD1-mutant (mut) + negative control group,
and NeuroD1-mut + miR-24-3p group (n = 3). (E) The complementary sequences between miR-24-3p and the 3’ UTR of NeuroD1. (F) Expression levels of NeuroD1 and
GAPDH in the UTX-down group and control group as determined by gRT-PCR (n = 3). (G and H) Western blot analysis (G) and quantification (H) of NeuroD1 and actin in
neurons of the UTX down group, negative control group, and blank group (n = 3). (I) Expression levels of NeuroD1 and GAPDH in the agomir-24 group, antagomir-24 group,
and control group as determined by gRT-PCR (n = 3). (J and K) Western blot analysis (J) and quantification (K) of NeuroD1 and actin in the neurons of the agomir-24 group,
antagomir-24 group, and control group (n = 3). Data are presented as the mean + SD; *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001.

third day after injury (Figure S4). Costaining for UTX and NeuN  mice compared with the control mice 8 weeks postinjury, which
further validated the UTX knockout efficiency (Figure S5). Immuno-  was further confirmed by western blot analysis (Figures 7B and
fluorescence staining for NeuN and acetylated tubulin was per-  7C). Western blot analysis (Figures 7B and 7C) and immunofluores-
formed. As shown in the fluorescence images (Figure 7A), acetylated  cence staining (Figure 7A) also indicated that UTX deletion-mediated
tubulin (Ace-tub) was obviously increased in the UTX knockdown  acetylated tubulin expression was dependent on NeuroDI1. Taken
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Figure 5. miR-24 regulates microtubule stabilization and axon growth by directly targeting NeuroD1

(A) Western blot analysis of acetylated tubulin and GAPDH in the NeuroD1-up group and control group (n = 3). (B) Quantification of (A). (C) Representative images of TUJ1 (red)
in the NeuroD1-up group and control group (n = 5). (D) Quantification of the average axon length in (C). (E) Representative images of tyrosinated tubulin (green) and acetylated
tubulin (red) in the antagomir-24 group, antagomir-24+NeuroD1-down group, and control group (n = 3). (F) Representative images of TUJ1 (red) in the antagomir-24 group,
antagomir-24+NeuroD1-down group, and control group (n = 5). (G) Quantitative ratio of acetylated tubulin to tyrosinated tubulin in (E). (H) Quantification of the average axon
length in (F). Data are presented as the mean + SD. Scale bar, 10 um; *p < 0.05; **p < 0.01.

together, these findings demonstrate that UTX has a negative effect
on the acetylation levels of microtubules by regulating NeuroDI.
To verify the axon-promoting effect of UTX deletion after SCI, longi-
tudinal sections of the spinal cord were stained with an anti-TUJ1
antibody. The intensity of TUJ1 staining in the injury area was statis-
tically higher (Figures 7D and 7E) in the UTX knockout mice than the
control mice. We obtained frozen sections from below the injury site
(Figure S6B) and labeled serotonergic neurons with a 5-HT antibody.
We found that the 5-HT-positive area was significantly larger in UTX
knockout than control mice (Figures S6A-S6C). To investigate the ef-
fect of UTX deletion on the regeneration of the CST, we performed
biotin dextran amine (BDA) antegrade tracing (Figure 7F). In the
UTX knockout mice, a large number of axons regenerated and

crossed the lesion site, whereas in the control group, almost no axons
regenerated and crossed the injury site. In addition, NeuroD1 shRNA
abolished the axon-promoting effects of UTX deletion, which indi-
cated that axonal regeneration mediated by UTX deletion is NeuroD1
dependent. Therefore, these results demonstrate that UTX deletion
in vivo can promote axonal regeneration by enhancing microtubule

stability.

DISCUSSION

Acute SCI often leads to permanent loss of sensory and motor func-
tion. Poor functional recovery following CNS injury is mainly attrib-
uted to the failure of interrupted axons to regenerate and form new
functional connections.™ The mature CNS has a more complex
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Figure 6. Knockdown of UTX in the cortical spinal tract facilitated neurological function recovery after SCI by targeting NeuroD1

(A) Functional analysis of the UTX-knockout (KO) group, UTX-KO + NeuroD1-down group, and control group postinjury using the BMS scoring system (n = 12). (B) Tactile
sensory function of the UTX-KO group, UTX-KO + NeuroD1-down group, and control group over time after spinal cord injury as determined by the Von Frey filament test (n =
12). (C) Thermal sensory function of the UTX-KO group, UTX-KO + NeuroD1-down group, and control group over time after spinal cord injury (n = 12). (D) Neuro-elec-
trophysiological analysis of the normal group, control group, UTX-KO group, and UTX-KO + NeuroD1-down group at 8 weeks and 8 weeks + 1 day postinjury (n = 3). (E)
Quantification of the amplitude of MEP in (D). (F) Quantification of the latent period of MEP in (D). Data are presented as the mean + SD; *p < 0.05; **p < 0.01.

structure and superior function than the developing CNS or PNS;
however, the evolutionary price of these differences is a reduced abil-
ity to regenerate after axonal injury."*

In the mammalian CNS, the axonal growth gene program is believed
to shut down once neurons mature, while inhibitory genes are upre-
gulated and intrinsic axonal growth potential is suppressed.”* The
axonal regeneration program remains inactive even when axons are
injured. Phenotypic transition is the result of progressive changes
in the chromatin profile that ensure the stable expression of underly-
ing genes.””> However, the developmental chromatin status becomes
an epigenetic barrier to mature CNS neuron axonal regeneration.
Thus, it is crucial to remove the epigenetic restriction of injured neu-
rons to reboot the regenerative transcriptional program and allow
regrowth.

344

Histone methylation is one of the classical epigenetic mechanisms
that regulates gene expression. UTX is an important histone deme-
thylase that is located on the X chromosome and mediates the deme-
thylation process of H3K27me3/me2 to activate gene expression.
UTX alters the state of H3K27, which contributes to embryonic
development, stem cell differentiation, and CNS oncogenesis.”**”
However, knowledge of how UTX modulates CNS repair is lacking.
We previously demonstrated that UTX is a key epigenetic factor
that inhibits vascular regeneration after SCI. In the present study,
we found that UTX deletion promotes axonal regeneration and facil-
itates functional recovery after SCL

Our results indicated that UTX expression increased in response to
SCI and that UTX directly bound to the miR-24 promoter and
removed the inhibitory methyl group from H3K27me3, which caused
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Figure 7. UTX deletion improves axon regeneration by stabilizing axonal microtubules in vivo

(A) Representative images of NeuN (green) and acetylated tubulin (red) in the UTX-KO group, control group, and UTX-KO + NeuroD1-down group (n = 5). Scale bars, 20 pm
and 5 um. (B) Western blot analysis of acetylated tubulin and GAPDH in the UTX-KO group, control group, and UTX-KO + NeuroD1-down group (n = 3). (C) Quantification of
(B). (D) Immunofluorescence images of TUJ1 for the determination of axon density in the UTX-KO group, control group, and UTX-KO + NeuroD1-down group (n = 4). Scale
bar, 50 um. (E) Quantification of TUJ1-positive staining in (D). (F) Spinal sections immunostained for BDA (n = 3). Scale bars, 200 um for the left panels and 100 pum for the right
panels. Nuclei were immunostained with DAPI. Data are presented as the mean + SD; *p < 0.05; **p < 0.01.

epigenetic activation of miR-24 expression. Interestingly, UTX acts
as an epigenetic regulator and regulates miRNAs, which are also
epigenetic factors. Our results proved that UTX positively regulates
and forms an epigenetic complex with miR-24. In addition, we
demonstrated that the inhibitory effect of UTX/miR-24 on axon
regeneration is dependent on the epigenetic repression of NeuroD1
by miR-24.

The expression of regeneration-associated genes (RAGs) is affected
by injury, and these genes are functionally required for neural regen-
eration.'”*® The absence of key responses by RAGs in CNS neurons is
the main cause of axonal regeneration failure even when extrinsic in-
hibitors are removed or replaced with a favorable environment.'"*”
NeuroD1 is a bHLH transcription factor that plays a crucial role in
neuronal genesis and differentiation, and it possesses the ability to
elicit the neuronal development program, suggesting that upregula-
tion of NeuroD1 in injured neurons may transform them into a
less-mature state.”® Our results suggest that NeuroD1 is a potential
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RAG that can promote axonal regeneration by enhancing microtu-
bule stability. In addition, we found that NeuroD1 is a direct target
of miR-24 and is epigenetically suppressed by UTX/miR-24. Our re-
sults suggest that SCI triggers the upregulation of UTX/miR-24,
which epigenetically represses NeuroD1 and consequently results in
inhibition of the intrinsic growth potential that makes neurons unable
to enter the regenerative program. Removing the repressive effects of
UTX/miR-24 can promote axonal regeneration and improve func-
tional recovery post-SCI. However, activation of NeuroD1 is indis-
pensable for this epigenetic regulation of the axonal regeneration
mechanism.

It has been documented that microtubule stabilization is closely
related to axonal growth.” ** After CNS injury, disrupted axons
form numerous retraction bulbs with disorganized microtubules.*’
Antitumor drugs, such as paclitaxel and epothilone B, which act as
microtubule-stabilizing agents, have been reported to promote axonal
regeneration and reduce scar formation after SCL***> Although we
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observed that overexpression of NeuroD1 enhanced microtubule sta-
bilization, we did not further investigate how NeuroD]1 regulates
microtubule stabilization in neurons. However, microtubule stabiliza-
tion depends largely on the level of acetylated tubulin, and the ratio of
acetylated tubulin/tyrosinated tubulin can be used to reflect the
microtubule stability of axons. In our study, we mainly focused on
the regulatory effect of the epigenetic network on innate regrowth po-
tential and resulting axonal regeneration and functional recovery. The
mechanism by which NeuroD1 affects microtubule stability remains
to be further studied.

In conclusion, our study demonstrated that UTX/miR-24 may form
an epigenetic complex and suppress the expression of NeuroDI,
which limits the intrinsic regrowth potential of neurons. UTX dele-
tion contributes to removing this barrier and activating NeuroD1,
which triggers intrinsic neural regeneration and causes neurons to
enter a premature state that favors regeneration. All the results sug-
gest that UTX may be a promising therapeutic target in SCIL.

MATERIALS AND METHODS

Animals

Adult female UTX"¥"°* mice (stock no. 021926) weighing 18-22 g
were purchased from the Jackson Laboratory. To knock out UTX
in the CST, AAV-cre-EGFP was injected into the hindlimb sensori-
motor area of the cerebral cortex 2 weeks before hemisection of the
spinal cord: four injection sites, from bregma, —0.5/—0.5/0.7 mm,
—0.5/—1.0/0.7 mm, —1.0/—0.5/0.7 mm, and —1.0/—1.0/0.7 mm ante-
roposterior/mediolateral/dorsoventral (AP/ML/DV). All procedures
were carried out with the approval of the Laboratory Animal Users
Committee at Xiangya Hospital, Central South University, Changsha,
China.

Cell culture and treatment

Primary cortical neurons were extracted from the cerebral cortices of
fetal C57BL/6 mice. In brief, the cerebral cortex was gently removed
and washed twice with PBS. Next, the dura mater was carefully
removed, and the cortex was separated and placed in Dulbecco’s
modified Eagle’s medium (DMEM; HyClone, USA). Then, the cere-
bral cortical tissue was gently pipetted with a Pasteur pipette for ho-
mogenization. After centrifugation at 1,000 rpm for 5 min, the super-
natant was carefully removed. The cells were resuspended and
cultured with neurobasal medium (Cyagen, USA) containing 2%
B27, 1% glutamine, and 1% penicillin-streptomycin and then trans-
fected with LV-Kdméa (Shanghai Genechem, Shanghai, China) (for
UTX overexpression) at an MOI of 1:20. LV-Kdmé6a-shRNA
(MOI = 1:20), agomir-24 (200 nmol/mL, Ribo, Guangzhou, China),
antagomir-24 (200 nmol/mL), and LV-NeuroD1 (MOI = 1:30,
Shanghai Genechem, Shanghai, China) were used following the man-
ufacturer’s protocols.

Lateral hemisection SCI model

Adult female UTX1¥°% mice were used to establish a hemisection
SCI model. After anesthetization and fur removal, a dorsal medial
incision was made, and a T10 laminectomy was performed to expose
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the spinal cord. The spinal cord was cut transversely from the poste-
rior spinal artery to the right edge with a sharp scalpel. Then, we used
a needle (3#/30G) to puncture the spinal cord dorsoventrally at the
midline and pulled the needle to cut the right half of the spinal
cord. sh-NeuroD1 or corresponding control virus (Shanghai Gene-
chem, Shanghai, China) was intrathecally injected into the injured
area immediately after SCI. Then, the muscle and skin were sutured
in sequence. After skin disinfection, the mice were placed on a ther-
mostat blanket until fully awake.

BDA tracing

Ten percent BDA (10,000 MV, Invitrogen) was used to anterogradely
label CST axons as previously described.*® In brief, 6 weeks after SCI,
the mice were anesthetized and fixed on a stereotactic instrument
(Stoelting, USA). Then, the skull was exposed, and a burr hole was
drilled over the sensorimotor area. BDA was injected into the senso-
rimotor cortex at 6 sites (0.4 pL/site) at a rate of 0.05 pL/min using a
microinjector (from bregma, —1.0/—0.1/0.6 mm, —1.0/—0.6/0.6 mm,
—1.0/—1.1/0.6 mm, —1.4/—0.1/0.6 mm, —1.4/—0.6/0.6 mm, and
—1.4/—1.1/0.6 mm AP/ML/DV). After each injection, the microinjec-
tion needle was kept in place for 2 min to allow for BDA infiltration.

Locomotor function

Locomotor function was evaluated at 3, 7, 14, 21, 28, 35, 42, 49, 56, 63,
70, and 71 days postinjury using the BMS,"” which ranges from 0 to 9
points (0 indicates complete paralysis, and 9 indicates no hindlimb
movement impairment). Two well-trained investigators simulta-
neously observed hindlimb movement without knowledge of the
animal grouping. Final scores were obtained by averaging the values
assigned by both observers.

Von Frey filament test

Tactile sensory function was evaluated by the Von Frey filament test
as previously described.*® In brief, the mice were placed on a test plat-
form in a quiet, undisturbed environment and acclimated for 30 min.
A monofilament (IITC, USA) was used to stimulate the plantar sur-
face of the hindpaw of each mouse. Starting with the lowest-intensity
filament, filaments of increasing intensity were applied to the paw un-
til they buckled. The minimum force that produced a positive reac-
tion, such as rapid paw withdrawal or sudden hindpaw licking, was
recorded as the withdrawal threshold. The experiment was repeated
3 times with an interval of 10 min. The test was performed at 3, 7,
14, 21, 28, 35, 42, 49, 56, 63, 70, and 71 days postinjury.

Unilateral Hargreaves thermal test

The Hargreaves method was used to assess thermal hyperalgesia us-
ing a plantar test apparatus as previously described.”” The platform
was preheated, and the temperature was set to 33°C. The standby light
intensity was set to 5%, and the working light intensity was 40%. The
maximum irradiation time was set to 10 s. The mice were placed on a
thermostatic test platform and acclimated for 30 min. The plantar
surface of the hindpaw was stimulated by a thermal radiolumines-
cence apparatus (IITC, USA). Irradiation was terminated when the
mouse produced a positive reaction, such as rapid paw withdrawal
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or sudden hindpaw licking, and the withdrawal time was recorded.
The test was repeated 3 times with an interval of 10 min. The test
was performed at 3, 7, 14, 21, 28, 35, 42, 49, 56, 63, 70, and 71 days
postinjury.

Neuroelectrophysiology

The MEPs of the hindlimb were evaluated by electromyography as
described in our previous research,”* In brief, after intraperitoneal
anesthesia, stimulating electrodes were placed on the surface of the
skull corresponding to the cortical motor area. Then, the recording
electrodes were inserted into the tibialis anterior muscle of the contra-
lateral hindlimb. The reference electrode was subcutaneously inserted
into tissue between the stimulating and recording electrodes. After the
electrodes were fixed, the mean MEP values, including the latency and
amplitude period, were recorded. The assay was performed before
injury and at 56 and 57 days postinjury.

Western blot analysis

For protein extraction, RIPA buffer was used to lyse cells and tissue
(10 mm of the spinal cord containing the injury epicenter). Protein
concentrations were detected by using a Bicinchoninic acid (BCA)
assay kit. The denatured proteins were electrophoretically transferred
to a 10% SDS-PAGE gel and subsequently transferred to polyvinyli-
dene fluoride (PVDF) membranes. The membranes were incubated
at 4°C overnight with a mouse anti-acetylated tubulin monoclonal
antibody (1:1,000; Proteintech, USA), rabbit anti-H3K27me3 anti-
body (1:1,000; CST, USA), rabbit anti-NeuroD1 antibody (1:1,000;
Abcam, USA), rabbit anti-UTX antibody (1:1,000; Abcam, USA),
actin  (1:5,000; Abcam, USA), rabbit anti-B-tubulin antibody
(1:1,000; CST, USA), and anti-GAPDH antibody (1:5,000; Abcam,
USA). After the membranes were washed with 1% Tris-HCl+Tween
(TBST) 3 times (15 min each), they were incubated with a horseradish
peroxidase (HRP)-conjugated secondary antibody (1:5,000; Protein-
tech, USA) for 90 min. Immunoreactive bands were visualized using
enhanced chemiluminescence.

gRT-PCR

Total RNA was isolated using TRIzol (Invitrogen, Waltham, MA,
USA) and reverse transcribed using a PrimeScript kit (TaKaRa Bio,
Otsu, Japan) according to the manufacturer’s instructions. qRT-
PCR was performed with SYBR qPCR master mix (TaKaRa Bio)
and a ViiIATM7 RT-PCR system (Applied Biosystems, Carlsbad,
CA, USA). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was used to normalize the results. The miR-24 primers were designed
and provided by Sangon Biotech (Shanghai, China), and miR-U6 was
used as an internal control. The 2-AACt method was applied to
analyze the expression of the target genes. The primer sequences
are shown in Tables S1.

Immunofluorescence

Cell immunofluorescence

After being washed with PBS three times (5 min each), cells were fixed
with 4% paraformaldehyde for 15 min. After fixation, the cells were
permeabilized with 0.5% PBST (Triton X-100 dissolved in PBS) at

room temperature for 20 min and blocked with 4% BSA (dissolved
in pure water) for 45 min. The cells were incubated with the following
primary antibodies: a mouse anti-acetylated tubulin monoclonal anti-
body (1:200; Proteintech, USA), rabbit anti-tyrosinated tubulin poly-
clonal antibody (1:400; Millipore, USA), and rabbit anti-beta-III
tubulin polyclonal antibody (1:400; Abcam, USA). The following
day, secondary antibodies (anti-mouse immunoglobulin [IgG] anti-
bodies or anti-rabbit IgG antibodies) were added for 1 h at 37°C.

Frozen section immunofluorescence

A 10-mm spinal cord segment containing the lesion epicenter was har-
vested and dehydrated for sectioning. Frozen sections were rewarmed
for 15 min at room temperature and washed for 15 min with PBS as
described above. Permeabilization and blocking were carried out as
described above. The sections were incubated overnight with a rabbit
anti-beta-III tubulin polyclonal antibody (1:400; Abcam, USA), rabbit
anti-alpha acetylated tubulin polyclonal antibody (1:500; Cell Signaling
Technology, USA), mouse anti-NeuN monoclonal antibody (1:500;
Abcam, USA), rabbit anti-UTX antibody (1:200; Millipore, USA),
and goat anti-5-HT antibody (1:400; ImmunoStar, USA). The next
day, the sections were incubated with secondary antibodies (anti-
mouse IgG antibodies, anti-rabbit IgG antibodies, or anti-goat IgG an-
tibodies) for 1 h at room temperature. To visualize BDA™ axons, the
sections were incubated with Cy3-conjugated streptavidin (1:800; Jack-
son ImmunoResearch, USA) for 1 h at room temperature.

In situ hybridization

In situ hybridization was performed using a biotin-labeled miR-24-
specific probe (Sangon Biotech, Shanghai, China) as previously
described. The samples were fixed with 4% paraformaldehyde (pre-
pared with diethyl pyrocarbonate [DEPC] water) for 12 h and then
embedded in paraffin. After the sections (8 um) were dewaxed with
xylene, they were digested with proteinase K (20 pg/mL) at 37°C
for 30 min. The sections were washed three times with PBS (prepared
with DEPC) for 5 min each and then treated with prehybridization
buffer for 1 h at room temperature. The prehybridization buffer
was decanted, and the miR-24-specific probe was added overnight
at 60°C. Then, the sections were washed with 2 x saline sodium citrate
(SSC) at 37°C for 10 min, washed twice with 1x SSC at 37°C for
5 min, and washed with 0.5x SSC at room temperature for 10 min,
after which they were incubated with blocking solution (5% BSA in
0.1% PBST) for 1 h at 37°C. The blocking solution was removed,
and Cy3-conjugated streptavidin (1:800, Jackson ImmunoResearch,
USA) was added at 37°C for 50 min. To determine the localization
of miR-24 in neurons, the sections were incubated with a primary
antibody (anti-NeuN, 1:400; Abcam) at 4°C overnight and then incu-
bated with the corresponding secondary antibodies (1:500; Abcam)
for 1 h at room temperature.

ChIP sequencing (ChlIP-seq)

The ChIP experiment and high throughput sequencing and data anal-
ysis were conducted by Seqhealth Technology (Wuhan, China). In
brief, the cells were fixed in 4% formaldehyde for 10 min at room tem-
perature and crosslinked with 0.125 M glycine for 5 min. Then, the
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cells were lysed, and the nuclei were collected by centrifugation at
2,000 x g for 5 min. After treating with nucleus lysis buffer, the
genome DNA was interrupted to 200-1,000 bp by sonication. Subse-
quently, 10% of the sonication-treated chromatin was termed “input,”
80% was used for immunoprecipitation with the anti-UTX antibody
(ChIP level, Abcam, USA) and termed “IP,” and the remaining 10%
was incubated with rabbit IgG as a negative control and termed
“IgG.” VAHTS universal DNA library prep kit for Illumina V3 (cat-
alog no. ND607, Vazyme) was used to prepare high-throughput DNA
sequencing libraries. The final sequencing process was performed by a
Novaseq 6000 sequencer (Illumina, USA) with the PE150 model.

ChIP-qPCR

We applied ChIP-qPCR to determine whether UTX can bind to the
promoter of miR-24. In brief, after cross-linking with formaldehyde
and termination with glycine, lysis buffer containing protease inhib-
itor was added to the cells. Adherent cells were scraped off, pipetted,
and transferred to 1.5-mL Eppendorf tubes. Western blotting was
performed to detect the protein expression of UTX. We obtained
the motif of miR-24, which combined UTX and constructed corre-
sponding primers (Table S2). The remaining DNA fragments of
“IP” above were collected for detecting expression of miR-24 by PCR.

Dual-luciferase reporter assay

A dual-luciferase reporter plasmid was constructed by RiboBio
(Guangzhou, China). In brief, the 3’ UTR sequence of NeuroD1
was designed and amplified by PCR and was inserted into the
pmiR-RB reporter vector to construct a plasmid. The mutated 3’
UTR of NeuroD1 was used as a control vector. These plasmids
were cotransfected into a human renal epithelial cell line (293T cells)
with agomir-24 or a control mimic. Subsequently, an equal volume of
Dual-Glo luciferase reagent was added to the cells, and the fluores-
cence intensity of each group was detected by a microplate reader.

Statistical analysis

The data were analyzed with GraphPad Prism 7. All results are pre-
sented as the means + standard deviations (SDs). Significant differ-
ences between two groups were analyzed by two-tailed unpaired Stu-
dent’s t test. We conducted ANOVA followed by Tukey’s post hoc
tests to analyze differences among multiple groups. Repeated-mea-
sures ANOVA was used to analyze the BMS scores at different time
points. Statistical significance was set at a p value <0.05.
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