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The regeneration of the blood vessel system post spinal cord
injury (SCI) is essential for the repair of neurological function.
As a significant means to regulate gene expression, epigenetic
regulation of angiogenesis in SCI is still largely unknown.
Here, we found that Ubiquitously Transcribed tetratricopeptide
repeat on chromosome X (UTX), the histone H3K27 demethy-
lase, increased significantly in endothelial cells post SCI. Knock-
down of UTX can promote the migration and tube formation
of endothelial cells. The specific knockout of UTX in endothe-
lial cells enhanced angiogenesis post SCI accompanied with
improved neurological function. In addition, we found regula-
tion of UTX expression can change the level of microRNA 24
(miR-24) in vitro. The physical binding of UTX to the promotor
of miR-24 was indicated by chromatin immunoprecipitation
(ChIP) assay. Meanwhile, methylation sequencing of endothe-
lial cells demonstrated that UTX could significantly decrease
the level of methylation in the miR-24 promotor. Furthermore,
miR-24 significantly abolished the promoting effect of UTX
deletion on angiogenesis in vitro and in vivo. Finally, we pre-
dicted the potential target mRNAs of miR-24 related to
angiogenesis. We indicate that UTX deletion can epigenetically
promote the vascular regeneration and functional recovery post
SCI by forming a regulatory network with miR-24.

INTRODUCTION

Spinal cord injury (SCI) is a devastating event with high morbidity
and mortality throughout the world. As the epidemiological data
showed in 2018, the global incidence of traumatic SCI was 10.5 cases
per 100,000 persons. In other words, there are an estimated 768,473
new cases annually worldwide.'

Acute disruption of the microvasculature structure occurs immediately
and results in the breakdown of the blood-spinal cord barrier (BSCB),
death of endothelial cell (EC), and increase of vascular permeability
when primary SCI happens.” These comprehensive vascular damages
trigger a cascade of secondary pathological processes including inflam-
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mation and glial and fibrotic scar formation to prevent tissue regener-
ation and functional recovery furthermore.”® As an important struc-
ture to steadily supply nutrients and oxygen, microvessels occupy a
crucial role in neurogenesis and maintenance of physiological func-
tion.” After SCI, the lack of vascular networks aggravated ischemia
and apoptosis of neural tissue in the epicenter of the spinal cord.”
Angiogenesis, in which the newly formed microvessels arise via sprout-
ing from pre-existing vessels or proliferation in the injury core,’ is
considered a manifestation of tissue repair.” Hence, targeting angiogen-
esis at the early stage of SCI can reduce the amount of cell loss and
neurological deficits. Moreover, neural tissue repair and function
recovery, especially with the chronicity of SCI, would be improved.”

Epigenetic modifications are defined as reversible processes involving
the change of cells DNA or histones that affect gene expression
without altering the DNA sequence.” It includes DNA methylation,
histone modification, non-coding RNA, and chromosomal confor-
mation, which play an essential role in the development and physio-
logical and pathological events of organisms, and contribute to the
regulation of cell fate, the maintenance of cell specificity, and cell-
type-specific functions.”'® Methylation of histone H3 lysine (K) res-
idue 27 (H3K27) in the promoters of genes was identified as a sign of
repression, whereas demethylation of H3K27me3 did the opposite
function.'" Several studies demonstrated that the abilities of blood
vessel formation, angiogenic properties (capillary-like structure for-
mation), EC adhesion, and migration were closely related to the
methylation state of the H3K27 locus."”™'° The Ubiquitously
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Figure 1. Increase of UTX in Endothelial Cells of the Spinal Cord Post SCI
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(A) The changes of several key epigenetic regulators at 3, 7, and 14 days post SCl by qRT-PCR, including UTX, EZH2, JIMJD3, CBX8, CBX4, CBX6, CBX2, and CBX7.n=5
per group. (B) Representative images of spinal cord sections stained for UTX (red) and CD31 (green) in the sham group and at 7 h, 3 days, 7 days, and 14 days post SCI. Scale
bar, 50 um. (C) Percentage of UTX*CD31* cells in CD317 cells. (D) Percentage of UTX*CD31~ cells in CD31~ cells. Bars indicate mean + SEM; n = 6 per group. *p < 0.05,

**p < 0.01 compared with sham surgery group. ns, no significance.

Transcribed tetratricopeptide repeat on chromosome X (UTX)/
Lysine Demethylase 6A (KDM6A) is a histone demethylase enzyme
responsible for removing the methyl group of H3K27me3/
H3K27me2 to initiate the transcription of target genes. 1718 However,
the molecular mechanisms underlying UTX regulation in the process
of angiogenesis have not been fully elucidated.

MicroRNAs (miRNAs), known as non-protein-coding nucleotide
RNAs, can negatively regulate the expression of target mRNAs at
the posttranscriptional level.'"” To date, several miRNAs have been
detected in the nervous system to regulate various pathophysiological
processes.”’ The repair of impaired endothelial functions was also
regulated by a series of miRNAs.”'>> MicroRNA 24 (miR-24) was
a widely expressed molecule in a variety of organs, especially enriched
in ECs.>* It involved in the course of ECs apoptosis, necrosis,
proliferation, and pro-angiogenesis, whereas the role in SCI remains
basically uncertain.”> >’

In the present study, we report that the expression of UTX increases
post SCL. The knockout (KO) of UTX in ECs can promote the

vascular regeneration post SCI by regulating the promoter hyperme-
thylation of miR-24.

RESULTS

The Expression of UTX Increased in ECs of the Spinal Cord Post
SCl in Mice

To demonstrate the potential role of epigenetic regulators in SCI
(thoracic vertebra level 10 [T10] contusive in mice, moderate), we
examined by qQRT-PCR the changes of several key epigenetic regula-
tors in the spinal cord (1 cm around injury site) post SCI. We found
that the mRNA level of UTX, EZH2, JMJD3, CBX8, CBX4, CBX6, and
CBX7 changed significantly at different time points post SCI (Fig-
ure 1A). Among them, only UTX increased significantly at 3 days
and remained high at 7 and 14 days post SCI (Figure 1A). More
importantly, the immunofluorescent staining of spinal cord sections
further demonstrated that the increase of UTX mainly occurred in
CD31" ECs post SCI (Figures 1B and 1C), although the expression
of UTX also slightly increased in CD31" cells post SCI (Figure 1D).
Together, these results imply the potential function of UTX in
vascular regeneration post SCI.
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Figure 2. Effect of UTX on Migration and Tube Formation of Endothelial Cells In Vitro

(A) Representative images of horizontal migration by wound healing experiment (first and second columns) and vertical migration by Transwell experiment (third column) of
HUVECs in the Si-NC group, UTX knockdown group, LV-NC group, and UTX overexpression group. Scale bars, 100 um. (B and C) Quantification of (A): migration distance (B)
and migration rate (C). (D) Representative images of canaliculization of HUVECs in the Si-NC group, UTX knockdown group, LV-NC group, and UTX overexpression group.
Scale bar, 200 pm. (E) Quantification of (D). Bars indicate mean + SEM; n = 6 per group. *p < 0.05, **p < 0.01 compared with the control group. LV-NC, empty vector for
negative control; Si-NC, scramble for negative control; UTX overexpression, lentivirus for UTX overexpression; UTX knockdown, siRNA for UTX knockdown.

The Effect of UTX on Migration and Tube Formation of ECs

In Vitro

To further explore the potential effect of UTX on ECs, we conducted
the knockdown and upregulation of UTX in human umbilical vein
ECs (HUVECs:). The regulative efficiency of UTX expression was vali-
dated by western blot (Figures S1IA and S1B). Immunostaining
demonstrated that knockdown of UTX significantly promoted the
horizontal and vertical migration of HUVECs, as indicated by wound
healing and Transwell experiments (Figures 2A-2C), whereas the
upregulation of UTX significantly inhibited the horizontal and verti-
cal migration of HUVECs (Figures 2A-2C). Furthermore, the canal-
iculization of HUVEC:s in vitro was significantly promoted by UTX
knockdown and reduced by UTX upregulation, as indicated by the
number of tube formations (Figures 2D and 2E).

UTX KO in Tek* ECs Promoted Vascular Regeneration and
Functional Recovery Post SCI

To elucidate the role of UTX in vascular regeneration post SCI, we
knocked out UTX specifically in Tek" ECs by crossbreeding Tek-
Cre mice with UTX floxed mice (Tek®™; UTX™¥1X  named
“UTX '~ mice”). Immunostaining of spinal cord sections demon-
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strated that the CD31" area significantly increased at 7, 14, and
28 days post SCI in UTX '~ mice compared with their age-matched
wild-type (WT) littermates (herein called UTXf mice) (Figures 3A
and 3B), indicating the increased vascular regeneration in UTX '~
mice post SCL In parallel, the three-dimensional microvasculature
of the spinal cord was visualized by Synchrotron radiation micro-to-
mography (SRUCT) in UTX /™ mice and UTX"! mice at 28 days post
sham or SCI surgery (Figure 3C), the theoretical spatial resolution of
which is as high as 3.25 um/pixel. The quantitative analysis demon-
strated that the functional vascular regeneration of injured spinal
cord in UTX ™/~ mice was significantly higher than that in UTX"
mice, as indicated by the vessel volume fraction (Figure 3D). Then,
several behavior tests were conducted to evaluate the functional re-
covery in UTX ™'~ mice. First, the withdraw thresholds responding
to mechanical stimuli and heat stimuli decreased significantly in
UTX ™'~ mice over time post SCI compared with their age-matched
UTX" mice (Figures 3E and 3F), indicating the sensory improvement
in UTX™™ mice post SCI. Then, the locomotive evaluation demon-
strated that the Basso mouse scale (BMS) scores of UTX '~ mice
were significantly higher than those of UTX"" mice over time post
SCI (Figure 3G), indicating the improved locomotive function in
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Figure 3. UTX KO in Tek* Endothelial Cells Promoted Vascular Regeneration and Functional Recovery Post SCI

(A) Representative images of immunofluorescent analysis of CD31* (green) blood vessels in the mouse spinal cord at 7, 14, and 28 days post SCl in UTX ™~ and UTX"  mice.
Scale bars, 100 um. (B) Quantification of (A). (C) The three-dimensional microvasculature of the spinal cord at T10 level in UTX” and UTX ™/~ mice at 28 days post sham or SCI
surgery. Scale bar, 100 um. (D) Quantification of the vessel volume fraction of (C). (E) The hind paw withdrawal threshold responding to mechanical stimulation over time post
SClin UTX ™"~ and UTX"" mice. (F) The hind paw withdrawal time responding to heat stimulation over time post SClin UTX ™~ and UTX"" mice. (G) BMS scores over time post
SClin UTX™~ and UTX"" mice. (H) Representative images of motor-evoked potential (MEP) at 56 days post SCIin UTX ™~ and UTX"' mice. () Quantification of the amplitude of
MEP in (H). (J) Quantification of the latent period of MEP in (H). Bars indicate mean + SEM; n = 6 per group. *p < 0.05, **p < 0.01 compared with sham group or pre-surgery.

UTX ™'~ mice post SCI. Moreover, the electrophysiological analysis
demonstrated that the amplitude of motor-evoked potentials
(MEPs) increased significantly, and the latent period decreased signif-
icantly in UTX '~ mice compared with UTX *" mice at 56 days post
SCI (Figures 3H-3]), validating the functional recovery of UTX '~
mice. Taken together, these findings implied that UTX KO in ECs
can promote vascular regeneration and improve the sensory and
locomotive function post SCI.

UTX Directly Binds to and Demethylates the Promotor of miR-24
in ECs

Previously, we showed that miR-24 is one of the most differentially
expressed miRNAs in the spinal cord post SCI by microarray analysis.
Here, in situ hybridization of miR-24 further demonstrated the
increased expression of miR-24 in CD31" ECs at 14 days post SCI
(Figure S2). Then, we found that the overexpression of UTX signifi-

cantly increased the level of miR-24 in HUVECs, whereas the knock-
down of UTX significantly decreased the level of miR-24, as indicated
by qRT-PCR (Figures 4A and 4B). To further determine the mecha-
nism by which UTX regulates the expression of miR-24, we per-
formed the chromatin immunoprecipitation (ChIP) assay to detect
the potential binding site of UTX on the miR-24 promoter. ChIP
assay revealed that UTX can specifically bind to the promoter of
miR-24 in HUVECs (Figures 4C-4E; Figure S5), indicating that
UTX and miR-24 form an epigenetic regulative complex. Impor-
tantly, the effect of UTX on the methylation level of CpG position
(No. 1-17) in the miR-24 promoter was analyzed, showing that
UTX can significantly decrease the methylation level of several CpG
positions (No. 1, 7, and 9) in the miR-24 promoter (Figures 4F and
4G). Moreover, the total unmethylation level was significantly higher
in the UTX overexpression group compared with the negative control
group (Figure 4H). Taken together, UTX can directly bind to the

Molecular Therapy Vol. 27 No 12 December 2019 2137


http://www.moleculartherapy.org

Molecular Therapy

A g 5 B g 10 C D S 03 E _0.15
2 e uTx < -2
5° 510 NC Overexpress 2 ¢ E
7] ® o 0.2 o < 0.10
o o 180— ‘ 2 §e
52 a 135m— = Fﬂ UTX154KD - )
w ur’e:® 10— a 2 g4 a & 0.05
<1 3 ° S
= 2 " o ES £
'cé Eoo 42 e . S l Actin 42KD x -
O o 2: 00
A
(;&e" & \;\*
«°
o' <*
’\+ g
. Bl UTX-Overexpress
F  position CpG reglon G - H
60
8 6 7 8 10 11 12 13 14 15 16 17 . 8
s -QQCQOOCOQOOOO 9000 : £
] 5 401 2
: | -000006000600000000- =
g ko £
| - 9000000600000000000- :
=) = 204 =
& g
-00000000000000000
] 04
2| 90000000000000000 [
. 00 . 00
u I i 1 i i I n N X
00000600000000000

. 10% unmethylated . 20% unmethylated . 40% unmethylated

. 50% unmethylated . Fully methylated

Figure 4. UTX Directly Binds to and Demethylates the Promotor of miR-24

(A) gRT-PCR analysis of miR-24 in HUVECs of the UTX overexpression group and control group. (B) gqRT-PCR analysis of miR-24 in HUVECs of the UTX knockdown group
and control group. *p < 0.05, **p < 0.01 compared with the sham group. n = 6 per group. (C) Western blot analysis of UTX and actin in the product of chromatin immu-

noprecipitation, showing the band of UTX at 154 kDa. (D) Quantification of (C). *

*p < 0.01 compared with the control group. n = 3 per group. (E) The level of miR-24 promotor in

the product of chromatin immunoprecipitation in the UTX pulldown group and IgG pulldown group. **p < 0.01 compared with the IgG group. n = 3 per group. (F) The
methylation level of the CpG region in the miR-24 promotor in the UTX overexpression group and control group. (G) Quantification of the unmethylation level of positions
1,6, 7,and 9in the CpG region. *p < 0.05 compared with the control group at the corresponding position. n = 3 per group. (H) Quantification of the total unmethylation level in
the CpG region. Bars indicate mean + SEM; n = 3 per group. **p < 0.01 compared with the control group.

promotor of miR-24 to decrease the methylation level and then pro-
mote the expression of miR-24.

miR-24 Abolished the Effect of UTX Knockdown on Migration
and Canaliculization of ECs

To determine the effect of miR-24 on the function of ECs, we regu-
lated the expression of miR-24 in vitro. The regulative efficiency of
miR-24 expression was validated by qRT-PCR (Figure S3A). We
found that overexpression of miR-24 significantly repressed the hor-
izontal and vertical migration of HUVECs, whereas knockdown
of miR-24 significantly promoted the migration of HUVECs, as indi-
cated by wound healing and Transwell experiments (Figures 5A-5C).
In parallel, upregulation of miR-24 significantly repressed the canal-
iculization of HUVECs, whereas knockdown of miR-24 significantly
promoted the canaliculization of HUVECs, determined by the num-
ber of tube formations (Figures 5D and 5E). These findings indicate
that miR-24 inhibits the migration and canaliculization of ECs
in vitro, similar to that of UTX in vitro.

To validate whether UTX functionalized through regulation of

miR-24, we conducted the co-modification of UTX and miR-24 to
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simultaneously knock down UTX and upregulate miR-24 in
HUVECs. The regulative efficiency of miR-24 expression was vali-
dated by qRT-PCR (Figure S3B). Wound healing and Transwell ex-
periments demonstrated that upregulation of miR-24 significantly
abolished the positive effect of UTX knockdown on the horizontal
and vertical migration of HUVECs (Figures 6A-6C) and canaliculiza-
tion of HUVECs (Figures 6D and 6E). Together, knockdown of UTX
promotes the migration and canaliculization by potentially repressing
miR-24 expression.

miR-24 Inhibited Vascular Regeneration in UTX”~ Mice Post SCI

To further determine whether UTX KO promoted vascular regener-
ation post SCI by regulating miR-24, we upregulated the expression of
miR-24 in the spinal cord by injection of lentivirus-miR-24 immedi-
ately post SCI. The efficiency of miR-24 overexpression was validated
by in situ hybridization of miR-24 and qRT-PCR (Figures S4A-S4D).
Immunofluorescent staining of spinal cord sections demonstrated
that the CD31" area significantly increased in injury site at 28 days
post SCI in UTX ™'~ mice compared with their age-matched uTx
littermates (Figures 7A and 7B). Notably, the CD31" area decreased
significantly in injury site at 28 days post SCI in UTX '~ mice with
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Figure 5. Inhibition of miR-24 Benefited the Migration and Tube Formation of Endothelial Cells In Vitro

(A) Representative images of horizontal migration by wound healing experiment (first and second columns) and vertical migration by Transwell experiment (third column) of
HUVECs in the miR-24 knockdown group, miR-24 overexpression group, and control group. Scale bars, 100 um. (B and C) Quantification of (A): migration distance (B) and
migration rate (C). (D) Representative images of canaliculization of HUVECs in the miR-24 knockdown group, miR-24 overexpression group, and control group. Scale bar,
200 um. (E) Quantification of (D). Bars indicate mean + SEM; n = 6 per group. **p < 0.01 compared with the control group.

miR-24 overexpression compared with UTX ™/~ mice, indicating that
miR-24 obstructs the vascular regeneration in the injury site in
UTX ™'~ mice at 28 days post SCI (Figures 7A and 7B). The electro-
physiological analysis demonstrated that the amplitude of MEP
increased and the latent period decreased significantly in UTX /™
mice compared with UTX”' mice at 56 days post SCI (Figures
7C-7E). However, the overexpression of miR-24 in UTX™'™ mice
significantly reduced the amplitude and prolonged the latent period
of MEP compared with UTX ™'~ mice at 56 days post SCI (Figures
7C-7E).

Prediction of miR-24 Target Genes

In order to identify miR-24-targeted genes involved in vascular regen-
eration, we first searched the AmiGO 2 website of gene ontology
(http://amigo.geneontology.org/amigo) and found that 514 mouse
genes are potentially related to angiogenesis. Then, bioinformatics
miRNA targets prediction tools (http://www.targetscan.org; http://
mirdb.org) were used to identify potential miR-24 targets. As the
Venn diagram displayed (Figure 8A), there are 654 mouse genes
with putative 3’ UTR binding sites for miR-24 retrieved in TargetScan
and 966 mouse genes retrieved in miRDB. Finally, the Venn diagram
showed that in total 21 mouse genes encompassed potential functions
in endothelial angiogenesis (Figure 8A; Table S1). In parallel, we also
predicted that there were 24 potential miR-24 target genes associated
with angiogenesis in humans (Figure 8B; Table S1). In the predicted

genes, 15 genes are the same for mouse and human (Table SI).
Among them, FZD5, PAK4, MAPK?7, and S1PR1 have been validated
as the target genes of miR-24.***" We examined the changes of
these genes in the spinal cord (1 cm around injury site) post SCI in
UTX" and UTX ™/~ mice by qRT-PCR. We found that the mRNA
levels of FZD5, PAK4, and MAPK7 were significantly higher in
UTX '~ mice than that in UTX"" mice at 7 days post SCI (Figure 8C).

DISCUSSION

Acute SCI is a catastrophic trauma that initiates the changes of mul-
tiple intrinsic genes, which is a major obstacle for functional recovery
after SCL”' As a key mechanism mediating gene transcription, epige-
netics plays a critical role in the pathological changes of traumatic
diseases.”> However, far too few studies have focused on SCI. Addi-
tionally, previous studies are mainly neurocentrically focused, which
is considered insufficient as the emerging concept of the neurovascu-
lar unit.”>® Our previous studies demonstrated that targeting
vascular regeneration was a potential approach to promote functional
recovery post SCL’”*® In the present study, we demonstrate the
function of the UTX/miR-24 epigenetic network in the vascular
regeneration of SCI for the very first time (Figure 8D). UTX has
been functionally linked to many physical and pathological processes,
including embryonic development,”*** tumor progression,*'~**
inflammation,”” and stem cell differentiation***” by H3K27 demethy-
lation-dependent or -independent gene transcription. Although UTX
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Figure 6. miR-24 Abolished the Effect of UTX Knockdown on Migration and Canaliculization of Endothelial Cells In Vitro

(A) Representative images of horizontal migration by wound healing experiment (first and second columns) and vertical migration by Transwell experiment (third column) of
HUVECs in the UTX knockdown group, UTX knockdown with miR-24 overexpression group, and control group. Scale bars, 100 um. (B and C) Quantification of (A): migration
distance (B) and migration rate (C). (D) Representative images of canaliculization of HUVECs in the UTX knockdown group, UTX knockdown with miR-24 overexpression
group, and control group. Scale bar, 200 pm. (E) Quantification of (D). Bars indicate mean + SEM; n = 6 per group. *p < 0.01 compared with the control group.

was shown to be required for nuclear factor kB (NF-«kB)-dependent
inflammatory response of ECs,*® the regenerative regulation medi-
ated by UTX in SCI is still unclear. We first examined the changes
of several key epigenetic regulators post SCI, and we found that the
mRNA level of UTX increased significantly post SCI, whereas the
changes of other epigenetic factors are variable at different time points
post SCI. We further demonstrated the markedly elevated occupancy
of UTX in ECs post SCI. These results indicated that UTX may play a
critical role in the function of ECs in SCL

Then, we found that KO of UTX in Tek" ECs can significantly pro-
mote vascular regeneration post SCI. Importantly, the KO of UTX
in Tek" ECs also promotes the improvement of sensory and locomo-
tive function post SCI. These results indicate that UTX was activated
in response to the specific environmental cues post SCI. We previ-
ously examined the changes of multiple miRNAs in SCI, among
which miR-24 was one of the significantly differentiated expressed
miRNAs post SCL* Interestingly, we found that modification of
UTX can affect the expression level of miR-24 in ECs in vitro.
miR-24 inhibited the migration and tube formation of ECs as indi-
cated by us and other studies.”****° In addition, we showed that
agomir-24 significantly abolished the promotive effect of UTX knock-

2140 Molecular Therapy Vol. 27 No 12 December 2019

down on angiogenesis of ECs in vitro. Considering that UTX acts as
a chromatin regulator to mediate the open of chromatin to enable
binding of transcriptional factor and initiate gene transcription, we
conducted ChIP assay to reveal that UTX can directly bind to the
promotor of miR-24. Moreover, UTX induced the demethylation
and initiated the transcription of miR-24 as methylation sequencing
assay showed. These data indicate the potential epigenetic network
of UTX and miR-24 involved in the regulation of SCI. Further, bioin-
formatics analysis was performed to predict the potential target genes
that might be involved in vascular regeneration in mice and humans.
Twenty-one and 24 potential genes were screened out in mice and hu-
mans, respectively. Among them, 15 genes are the same for humans
and mice, which might be responsible for the downstream mecha-
nism of UTX/miR-24 network post SCI in mice and humans. The
treatment targeting UTX may be a potential approach for SCI treat-
ment in mice and humans.

In conclusion, we indicate that UTX deletion can epigenetically pro-
mote the vascular regeneration and functional recovery post SCI by
forming a regulatory network with miR-24. The present study
provides potential therapeutic clues of gene-specific interventions
targeting vascular regeneration for the treatment of SCI.
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Figure 7. miR-24 Inhibited the Vascular Regeneration in UTX”~ Mice Post SCI

(A) Representative images of immunofluorescent analysis of CD31™ (green) blood vessels in mouse spinal cord at 28 days post SCIin sham, UTX", UTX™~, and UTX ™~ mice
with miR-24 overexpression. Scale bars, 60 pm. (B) Quantification of (A). (C) Representative images of MEP at 56 days post SCI in UTX", UTX™/~, and UTX ™/~ mice with
miR-24 overexpression. (D) Quantification of the amplitude of MEP in (C). (E) Quantification of the latent period of MEP in (C). Bars indicate mean + SEM; n = 6 per group.

**p < 0.01 compared with the sham group.

MATERIALS AND METHODS

Mice

All animal experimental protocols were approved by the Ethics Com-
mittee of Central South University (CSU) for Scientific Research. The
animals were kept in specific pathogen-free (SPF) conditions in the
Department of Laboratory Animals, CSU. The animals were housed
in identical environments (temperature 22°C-24°C; humidity
60%-80%) on a 12-hour light-dark cycle and fed standard rodent
chow ad libitum with free unlimited food and water. We purchased
C57BL/6] (WT) male mice from Charles River. UTX1¥1°% (stock
no. 021926) mouse strain was purchased from Jackson Laboratory.
The Tek-Cre (S]-008863) mouse strain was purchased from Shanghai
Model Organisms. Heterozygous Tek-Cre mice were crossed with
UTX™ % mice. The offspring were intercrossed to generate the
following genotypes: WT, Tek-Cre (mice expressing Cre recombinase
driven by Tek promoter), UTX™°* (mice homozygous for UTX
flox allele, referred to as “UTX"™ in the text), and Tek-Cre;
UTxlox/flox (conditional deletion of UTX in Tek lineage cells, referred
to as “UTX '~ in the text).

Establishment of the Contusion SCI Model and Treatment

We anesthetized the mice at 2 months of age with ketamine and
xylazine by intraperitoneal (i.p.) injection. All of the mice were anes-
thetized before performing thoracic spinal cord contusion injuries.
After laminectomy at T10, moderate contusion injury of the spinal
cord was induced by a modified Allen’s weight drop apparatus

(10-g weight at a vertical height of 20 mm, 10 g x 20 mm). Mice in
the sham group were subjected to laminectomy without contusion.
Bladders were manually massaged twice daily until full voluntary or
autonomic voiding was obtained, and antibiotic (penicillin sodium;
North China Pharmaceutical, Shijiazhuang, China) was administered
once daily for 3 days postsurgery.

For the miR-24 treatment, the UTX ™'~ mice were treated with an in-
traspinal injection of 2 puL Lentivirus-miR-24 (Shanghai Genechem,
Shanghai, China) at rostral and caudal sites 3 mm from the lesion
epicenter immediately post SCI in the miR-24 overexpression group.
Mice in the UTX"" group and UTX /™ group received the injection of
an equal volume of empty vector for negative control (LV-NGC;
Shanghai Genechem, Shanghai, China).

Evaluation of the Locomotive Function

The locomotive function of hindlimb was evaluated at 1, 3, 7, 14, 21,
28, and 42 days post SCI using the BMS.”' Two independent exam-
iners who were familiar with the BMS scores and blinded to the
experimental design observed each mouse for 5 min. Then the
average scores of each mouse were recorded.

Von Frey Filament Test

Von Frey filament test was performed as previously described®* with
Semmes-Weinstein monofilaments (Stoetling Company, Dale, IL,
USA). In brief, the monofilament was used to stimulate the center
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(A and B) Gene ontology (GO) analysis (http://amigo.geneontology.org/amigo) of genes related to angiogenesis, and prediction of miR-24 target mMRNA by TargetScan and
miRDBin mouse (A) and human (B). (C) The changes of FZD5, PAK4, MAPK7, and $1PR1 at 7 days post SClin UTX" and UTX ™~ mice by gRT-PCR. Bars indicate mean + SEM;
n =5 per group. *p < 0.05, **p < 0.01. (D) Graphic illustration of this study. When SCI occurs, expression of UTX increases in endothelial cells to promote the transcription of
miR-24, leading to the obstruction of vascular regeneration. Knockout of UTX in endothelial cells benefits the vascular regeneration post SCI. ns, no significance.

of the plantar surface of the hind paw until the filament buckled. The
positive response was defined as follows: rapid hind paw withdrawal
or sudden hind paw licking. The filament should be smaller/larger in
the next trial if the response shows positive/negative. The minimum
force that produced a positive response in more than 50% of the trials
was determined as the withdrawal threshold. Tests were performed
three times with an interval of 10 min before surgery and at 7, 14,
21, 28, and 42 days postsurgery.

Unilateral Hargreaves Thermal Test

The Hargreaves test for thermal hyperalgesia was conducted as previ-
ously described.” In brief, mice were placed on a thin glass pane to
acclimate to the testing room for 1 h. The hind paw was stimulated
by the specific intensity infrared radiation (Ugo Basile, Comerio,
VA, USA). A fiber-optic sensor on the movable infrared heat source
was used to measure the withdrawal time. The positive response was
defined as follows: rapid hind paw withdrawal or sudden hind paw
licking. Tests were performed three times with an interval of
10 min before surgery and at 7, 14, 21, 28, and 42 days postsurgery.

Electrophysiology
The MEPs of hindlimb were recorded as previously described.” After
effective anesthesia, stimulating electrodes were placed on the surface
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of the skull corresponding to the motor area of the cerebral cortex,
and recording electrodes were inserted into the tibialis anterior mus-
cle of the contralateral hindlimb. Subcutaneous tissue between the
stimulating and recording electrodes is used to insert the reference
electrode. Mean MEP values (including amplitude and latent period)
were captured before surgery (baseline) and 56 days postsurgery.
Experimental MEP (mV) represented the relative degree of move-
ment recovery for each mouse.

Immunohistochemistry

After being anesthetized with overdose ketamine and xylazine by
i.p. injection, adult mice were perfused with normal saline (NS) via
the ascending aorta to allow rapid and sufficient draining of blood
flow, then with 10% formalin solution for fixation. Spinal cord tissue
was sectioned sagittally into 30-pum-thick serial sections after fixation
and dehydration, and stored at —20°C.

The 30™-35"™ spinal cord sections were chosen and washed in PBS
for 15 min, then with 1% PBST (1% Triton X-100 in PBS [pH 7.4])
for 30 min two times. The slices were incubated with blocking solu-
tion (5% BSA in 1% PBST) at room temperature for 1 h. Primary an-
tibodies (anti-UTX, 1:1,000 [Millipore]; anti-CD31, 1:100 [R&D])
were incubated at 4°C overnight. The corresponding secondary
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antibodies (Abcam, 1:500) were incubated for 1 h at room
temperature.

Sample Preparation and 3D Microvascular Imaging Using
SRuCT

The preparation of experimental samples, SRUCT scanning, and 3D
rendering were performed as described previously.”>> In brief,
28 days postsurgery, all UTX”" mice or UTX ™/~ mice in the sham
group and the SCI group were anesthetized with overdose ketamine
and xylazine by ip. injection. After perfusion with NS and
10% formalin solution, the component contrast agents (Microfil
MV-122; Flow Tech, CA, USA) were constantly injected into the
circulatory system (2 mL/min at 140 mm Hg for 5 min). Subse-
quently, the spinal cord segments (approximately 3 mm in length)
containing the injury site were harvested and post-fixed in 10%
formalin solution for 24 h at 4°C.

SRUCT scanning was performed at the BLI3W1 biomedical beamline
in the Shanghai Synchrotron Radiation Facility (SSRF) in China after
sample dehydration using a series of graded ethanol. To obtain high
X-ray attenuation contrast images, the monochromatic X-ray energy
was adjusted to 15 keV, the exposure time was set to 2.5 s, and the
sample-to-detector distance was adjusted to 2 cm. A total of 720
initial projection images were captured by the detector (Photonic Sci-
ence, UK), the effective pixel size of which is 3.25 um/pixel. In addi-
tion, 12 flat-field images were recorded without sample in the SR
beamline path. Five dark-field images were captured when the light
source was switched off; they were used to subtract background signal
and normalize the image intensity.

After SRUCT scanning, all of the projection images were recon-
structed into digital slice sections using PITRE software (pro-
grammed by the BLI3W1 experimental station) based on the filtered
back-projection (FBP) algorithm. Then, a series of 2D slices was
rendered into a 3D presentation using the VG Studio Max 3D recon-
struction software (Version 2.1; Volume Graphics, Germany) and
Dragonfly Visualization and Analysis Software (Version 4.1;
Germany).

To compare the 3D vascular regeneration of the spinal cord in
different groups, we selected the regions of interest (ROIs) at the
same level of the spinal cord (approximately 3 mm) in each tomogra-
phy dataset. The vasculature was extracted from the parenchyma
based on the iterative gray level-based threshold algorithm.>® Then,
the vascular morphological parameter can be calculated by the Image
Pro Analyzer 3D software (Version 7.0; Media Cybernetics, Rockville,
MD, USA).

RNA Isolation and gRT-PCR

The spinal cord tissue for RNA isolation is 1 ¢cm in length, around the
injury site. For in vitro experiments, 3-5 x 10° cells were harvested
for RNA isolation. According to the manufacturer’s protocol, total
RNA was extracted using TRIzol (Invitrogen). Total RNA was pre-
pared by reverse transcription to cDNA using the PrimeScript RT

reagent Kit (Takara), and qRT-PCR was performed using the SYBR
Premix Ex Taq (Takara) following the specifications. Primers were
designed by RiboBio for the quantitative detection of miRNA expres-
sion, and miR-U6 was used as an internal control. For the quantifica-
tion of mRNA expression, primers were provided by Sangon Biotech
(Shanghai, China). The expression of GAPDH was used as an internal
control. The analysis of gene expression was performed using the
2724 method.

Cell Culture and Transfection

The Cancer Research Institute of CSU provided HUVEC lines
purchased from the China Cell Culture Center (Shanghai, China).”’
HUVEC lines were thawed and seeded in a six-well plate at 1 X
10° cells/well, cultured in conditions of RPMI 1640 (GIBCO) with
10% fetal bovine serum (FBS) and 100 U/mL penicillin supplemented
at 37°C with 5% CO, in a humidified atmosphere and incubated over-
night. Cell lines were transfected with LV-UTX (lentivirus for overex-
pressing UTX) at an MOI of 1:10 (Shanghai Genechem, Shanghai,
China). UTX small interfering RNA (siRNA) or siRNA negative con-
trol (50 nM; Shanghai Genechem, Shanghai, China), the agomir-24
(50 nM), antagomir-24 (200 nM), and negative control (200 nM)
(Ribo, Guangzhou, China) were used according to the manufacturer’s
protocol.

Transwell Chamber Migration Assay

We use the Transwell chamber with 8-um filter inserts (Corning,
Beijing, China) without Matrigel to perform cell migration assay.
HUVECs were digested into 100-uL cell suspensions after trypsin
treatment; the upper chamber was filled with 2 x 10> cells/mL con-
taining RPMI 1640 medium and 1% BSA, and the lower chamber
was filled with 600 pL RPMI 1640 medium containing 10% FBS. After
24-h treatment, the non-migrated cells on the upper chamber were
removed, and the migrated cells on the lower surface were fixed in
100% methanol for 30 min, Subsequently, cells on the lower surface
of the membrane were stained with 0.1% crystal violet for 20 min
and quantified by counting five random fields. Experiments were
repeated six times (n = 6).

Scratch Wound Migration Assay

HUVECs were incubated on six-well plates overnight. The monolayer
cells at a confluence rate of 90% were scraped in a cross shape using a
200-uL pipette tip (at time 0) and photographed with Microscope
(CKX41; Olympus Corporation, Tokyo, Japan) to record the wound
width; then cells were washed with PBS three times to clean the
scratch area and were recovered for 10 h. Images were captured again
for migration measurement. The Image-Pro Plus software (Media
Cybernetics, Rockville, MD, USA) was used for measuring the dis-
tance between the sides of the scratch in five random fields. Experi-
ments were repeated six times (n = 6).

Capillary Network Formation Assay

The assay of capillary network formation was evaluated using
the In Vitro Angiogenesis Assay Tube Formation Kit (Cultrex,
USA) according to the manufacturer’s instructions. HUVECs were
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trypsinized to suspensions and seeded in 96-well plates pre-coated
with 50 pL Matrigel at 1 x 10* cells/well. After 12 h for network for-
mation, the cells were stained with calcein-AM (2 mM) for 15 min,
and images were taken with a fluorescence microscope (Olympus
BX51, Japan). Quantitative analysis was performed with the
Image-Pro Plus software (Media Cybernetics, Rockville, MD, USA)
by counting the network structure in five random fields. Experiments
were repeated six times (n = 6).

ChIP Assay

The Thermo Fisher ChIP Kit (catalog no. 26156) was used for the
assay. We used 1% formaldehyde to crosslink with the crude homog-
enate from the HUVECs at room temperature for 10 min and then
stoped the reaction by adding glycine (0.25 mol/L). Collect the pellet
after centrifugation, and lyse cells in SDS lysis buffer containing
protease inhibitor cocktail. The lysis was performed with sonicated
treatment (30% power, 30 s on and 30 s off for 10 cycles; Diagenode,
Denville, NJ, USA) to break DNA into fragments of 200-1,000 bp.
Samples were first pre-cleaned by protein G agarose and then
subjected to immunoprecipitation overnight with 2 mg of UTX anti-
bodies (1:50; Cell Signaling Technology, Danvers, MA, USA) over-
night at 4°C. Use 10%-20% of the sample as an input (a positive con-
trol) for immunoprecipitation. After purification, the DNA fragments
with the primers for miR-24 promoter were amplified using qRT-
PCR.

Western Blot

The expression level of UTX was analyzed by western blot. The pro-
tein extraction was centrifuged, and the concentration of superna-
tants was evaluated by DC protein assay (BioRad Laboratories,
Hercules, CA, USA); then the proteins were separated by SDS-
PAGE and blotted on a polyvinylidene fluoride membrane (Bio-Rad
Laboratories, Hercules, CA, USA). After incubation in specific anti-
bodies, proteins were detected using an enhanced chemiluminescence
kit (Amersham Biosciences, Pittsburgh, PA, USA). The target protein
concentrations were examined by antibodies recognizing mouse UTX
(1:1,000; Cell Signaling Technology, Danvers, MA, USA) and B-Actin
(1:1,000; Cell Signaling Technology, Danvers, MA, USA).

DNA Extraction, MSP, and BSP

HUVECs genomic DNA was isolated with the Easypure Genomic
DNA kit (TransGen Biotech, Beijing, China). After genomic DNA
was isolated, the EZ DNA Methylation-Gold Kit (Zymo Research
Corporation, CA, USA) was used for bisulfite conversion and purifi-
cation according to protocol. Then, methylation-specific PCR (MSP)
was performed for methylated and unmethylated forms by simulta-
neous use of primers. The positive controls in PCRs were performed
with HUVECs, and the negative controls were performed with water,
respectively. The bisulfite sequencing PCR (BSP) primer was designed
by Sangon Biotech (Shanghai). pMD19-T (Takara, Beijing, China)
was used for purifying and cloning of amplified PCR products. Five
to ten clones of each cell were sequenced. CpG viewer, QUMA, and
BIO-analyzer were used for comprehensively and comparatively
calculating the percentage of methylation.
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In Situ Hybridization

We performed in situ hybridization of miR-24 accompanied by CD31
(endothelial marker) immunostaining. Spinal cord cryosections
(8 um) were dried at room temperature and fixed with 4% parafor-
maldehyde (PFA; prepared with diethyl pyrocarbonate [DEPC]
water) for 10 min; then the sections were washed by PBS (pH 7.4)
three times on the shaking bed for 5 min. Samples were digested by
proteinase K (20 ng/mL) for 5 min at 37°C, and then sections were
washed three times for 5 min with PBS (prepared with DEPC water).
Samples were treated by pre-hybridization buffer for 1 h at 37°C; then
we poured out the pre-hybridization buffer and added the miR-24-
specific probe (Servicebio Technology, Wuhan, China) overnight at
60°C. The hybrid solution was washed by 2x saline sodium citrate
(SSC) at 37°C for 10 min, 1x SSC two times at 37°C for 5 min,
and 0.5x SSC for 10 min at room temperature. Next, sections were
incubated with blocking solution (5% BSA in 1% PBST) at room tem-
perature for 1 h. Primary antibodies (anti-CD31, 1:100; R&D) were
incubated at 4°C overnight. The corresponding secondary antibodies
(1:500; Abcam) were incubated for 1 h at room temperature.

Statistical Analysis

All data were presented in the form of means + SEM. Unpaired t test
was used to compare two groups; paired t test was used to compare
pre- and post-treatment values. For the analysis of the differences
among three or more groups or between the groups over time, one-
way or two-way ANOVA was performed with Tukey’s post hoc
test. All statistical analyses were carried out using SPSS 19.0 software.
p < 0.05 was considered statistically significant.
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