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Objective: This study aimed to identify differentially expressed genes (DEGs) by transcrip-
tome analysis to elucidate a potential mechanism by which governor vessel electroacupunc-
ture (GV-EA) promotes neuronal survival, axonal regeneration, and functional recovery
after complete transection spinal cord injury (SCI).

Methods: Sham, control, or GV-EA group adult female Sprague Dawley rats underwent a
complete transection SCI protocol. SCI area RNA-seq investigated the DEGs of coding and
noncoding RNAs 7 days post-SCI. Gene ontology (GO) and kyoto encyclopedia of genes
and genomes (KEGG) enrichment analyses were used to classify DEGs functions, to ex-
plain a possible molecular mechanism. Immunofluorescence and BBB (Basso, Beattie, and
Bresnahan) score were used to verify a GV-EA treatment effect following SCI.

Results: GV-EA treatment could regulate the expression of 173 mRNA, 260 IncRNA, and
153 circRNA genes among these DEGs resulted by SCI. GO enrichment analysis showed
that the DEGs were most enriched in membrane, actin binding, and regulation of Toll-like
receptor signaling pathway. KEGG pathway analysis showed enriched pathways (e.g., Toll-
like receptors, MAPK, Hippo signaling). According to the ceRNA network, miR-144-3p
played a regulatory role by interacting with IncRNA and circRNA. GV-EA also promoted
the injured spinal cord neuron survival, axonal regeneration, and functional improvement
of hind limb locomotion.

Conclusion: Results of our RNA-seq suggest that post-SCI GV-EA may regulate character-
istic changes in transcriptome gene expression, potential critical genes, and signaling path-
ways, providing clear directions for further investigation into the mechanism of GV-EA in
subacute SCI treatment. Moreover, we found that GV-EA promotes neuronal survival,
nerve fiber extension, and motor function recovery in subacute SCI.

Keywords: Spinal cord injury, Governor vessel electroacupuncture, RNA sequencing, Bio-
informatic analysis, CeRNA
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INTRODUCTION

Spinal cord injury (SCI) is a destructive trauma that causes a
high rate of disability and serious adverse outcomes. Post-SCI
pathological changes occur in 2 phases: primary injury and sec-
ondary injury, with the latter well established to cause more
deleterious impacts.' Secondary injury occurs in acute, sub-
acute, and chronic stages, referring to a dynamic, complex cas-
cade of reactions.” The acute phase occurs from 2-48 hours
post-SCI and leads to axonal injury and cell necrosis. The sub-
acute phase begins on the second day post-SCI and lasts 2
weeks; during this period there is a phagocytic response to clear
cellular debris, and early axonal growth occurs. The chronic
phase is primarily characterized by glial scar formation and de-
myelination, beginning 2 weeks post-SCI and persisting long-
term.” SCI treatment is often impossible during the acute phase,
so treatment during the subacute stage is common. Advancing
functional recovery requires that we find effective therapies that
improve neuronal survival and promote axon regeneration.**

Electroacupuncture (EA) at governor vessel (GV) acupoints
(GV-EA), a traditional Chinese treatment in wide use for vari-
ous SCI problems, has been reported to reduce secondary inju-
ry and promote axonal regeneration and functional recovery.””
The GV route is similar to that of the spinal cord in anatomy
and function, so that GV-EA produces a marked effect. In our
previous research, we demonstrated that GV-EA may play an
important role in neuroprotection by regulating annexin A5,
collapsin response-mediated protein 2, and calcitonin gene-re-
lated peptide (CGRP) expression in SCL.'*!! In particular,
CGRP has been shown to promote regeneration of nerve fi-
bers.'*”® GV-EA also increases neurotophin-3 (NT-3) level in
the injured spinal cord, ameliorating the microenvironment
and protecting nerve cells by binding with corresponding re-
ceptor TrkC. NT-3 also has anti-inflammatory effects and re-
duces muscle atrophy.”*'* However, the concrete mechanisms
of GV-EA effects in SCI have yet to be clarified.

RNA sequencing (RNA-seq) is a powerful tool used in many
fields to describe comprehensive genomic functions. Investigat-
ing differential gene expression is among its most commonly
used functions.” Thus, this study aimed to identify differential-
ly expressed genes (DEGs) by transcriptome analysis of RNA-
seq to elucidate a potential mechanism of GV-EA neuroprotec-
tion for SCI, and evaluated the interaction networks among
long noncoding RNAs (IncRNAs), circular RNAs (circRNAs)
and mRNA with microRNAs (miRNAs) by using competitive
endogenous RNA (ceRNA) fundamentals.'®"” The results of
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bioinformatic analysis showed that GV-EA treatment could
regulated 173 mRNAs, 260 IncRNAs, and 153 circRNAs among
these differential expression genes after SCI. These DEGs are
highly related to inflammation, oxidative stress, apoptosis sig-
naling pathways. In addition, GV-EA also promoted the injured
spinal cord neuron survival, axonal regeneration, and function-
al improvement of hind limb locomotion. To our knowledge,
our study is the first to provide a comprehensive description of
the mechanism underlying the reparative effects of GV-EA in
rats with subacute SCI.

MATERIALS AND METHODS

1. Spinal Cord Injury

The complete transection SCI model used adult female
Sprague Dawley rats (aged 2 months, 220-250 g), supplied by
the Experimental Animal Center of Sun Yat-sen University,
China. All animal experiments were approved by the Institu-
tional Animal Care and Use Committee (JACUC), Sun Yat-Sen
University (SYSU) (approved No. SYSU-TACUC-2019-B086).
All procedures were compliant with the National Institutes of
Health guidelines for the Care and Use of Laboratory Animals.
Rats were divided into 3 groups: control (gelatin sponge [GS]
graft only); GV-EA (GS graft plus GV-EA); and sham (lami-
nectomy only, without SCI).

The animals were anesthetized with 1% pentobarbital sodi-
um (40 mg/kg, intraperitoneal). For SCI, we exposed the T10
spinal cord segments via laminectomy by cutting the dura ma-
ter with sterile microforceps and microscissors. A pair of angled
microscissors was used to completely transect the T10 spinal
cord. Next, a thin slice of gelatin sponge (GS, 2 mmx2 mm x 1
mm) was immediately transplanted into the injury gap. Post-
surgical care included penicillin (50,000 U/kg/day, intramuscu-
lar) for 3 consecutive days, and manual emiction 3 times daily
until the end of the experiment.

2. EA treatment

The EA stimulation method has been previously de-
scribed.*>'* Briefly, we used 2 pairs of GV acupoints: GV9 (Zhi-
yang)-GV6 (Jizhong) and GV2 (Yaoshu)-GV1 (Changqiang)
(Supplementary Fig. 1). The acupuncture needles were manip-
ulated for insertion into the specific acupoints at a depth of 5
mm, and the needles connected with a purpose-made device
(model number G6805-2A, Shanghai Medical Electronic Ap-
paratus Company, Shanghai, China), which provided an alter-
nating pattern of sparse and dense wave pulsed stimulation.
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The stimulation frequencies and durations were applied in a
repetition period of 2 Hz for 2.85 seconds and 60 Hz for 1.05
seconds. During EA treatments, the current intensity between
acupoint pairs across the lesion site was ~5 pA. EA treatments
lasted for 20 minutes every other day, beginning on the third
postsurgical day.

3. Tissue Extraction and RNA Sequencing

Seven days postsurgery, rats in all groups were anesthetized
with 1% pentobarbital sodium (40 mg/kg, intraperitoneal),
then perfused with phosphate buffer saline (PBS). Spinal cords
(1-cm segment containing the injury epicenter) were then re-
moved from rats in the sham (n=3), control (n=5), and GV-
EA (n=5) groups.

Total RNA of each sample was extracted using TRIzol Re-
agent/RNeasy Mini Kit (Qiagen, Venlo, The Netherlands). Total
RNA of each sample was quantified and qualified by Agilent
2100/2200 Bioanalyzer (Agilent Technologies, Palo Alto, CA,
USA), NanoDrop (Thermo Fisher Scientific Inc., Waltham,
MA, USA), and 1% agarose gel. One microgram total RNA was
used for following library preparation. Next-generation sequenc-
ing library preparations were constructed according to the man-
ufacturer’s protocol. The ribosomal RNA (rRNA) was depleted
from total RNA using Ribo-Zero Gold Kit. Then the remaining
RNA was fragmented and reverse-transcribed. First strand
cDNA was synthesized using ProtoScript II Reverse Transcrip-
tase with random primers and Actinomycin D. The second-
strand cDNA was synthesized using Second Strand Synthesis
Enzyme Mix (include dACG-TP/dUTP). The purified double-
stranded cDNA by beads was then treated with End Prep En-
zyme Mix to repair both ends and add a dA-tailing in one reac-
tion, followed by a T-A ligation to add adaptors to both ends.
Size selection of Adaptor-ligated DNA was then performed us-
ing beads, and fragments of ~400 bp (with the approximate in-
sert size of 300 bp) were recovered. The dUTP-marked second
strand was digested with Uracil-Specific Excision Reagent en-
zyme. Each sample was then amplified by polymerase chain re-
action (PCR) using P5 and P7 primers and the PCR products
were validated. Then libraries with different indexes were mul-
tiplexed and loaded on an Illumina NovaSeq 6,000 instrument
for sequencing using a 2 x 150 paired-end configuration accord-
ing to manufacturer’s instructions. The sequences were processed
and analyzed by GENEWIZ, Inc. (Suzhou, China).

4. Tissue Processing Immunofluorescence Staining
All rats were then deeply anesthetized with 1% pentobarbital
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sodium (50 mg/kg, intraperitoneal) and transcardially perfused
with normal saline containing 0.002% NaNO, and 0.002% hep-
arin, followed by a fixative of 4% paraformaldehyde in 0.1 M
PBS (pH, 7.4). The spinal cord was dissected and post-fixed for
24 hours in the same fixative and kept in 30% phosphate-buff-
ered sucrose at 4°C for 48 hours, then frozen and embedded in
optimal cutting temperature compound. Successive T8-12 spi-
nal cord segments were cut into longitudinal 25-um sections.
These were then washed with 0.01 M PBS for 5 minutes and
blocked with 10% goat serum for 30 minutes at 37°C. The tis-
sue sections were then incubated with primary antibodies di-
luted with 0.01 M PBS containing 0.3% Triton X-100 at 4°C
overnight. After this, they were washed with PBS 3 times for 5
minutes, then incubated with secondary antibodies for 1 hour
at 37°C. Cell nuclei were marked with the Hoechst3342 (Hoe).
After 3 rinses, the slides were observed with a confocal micro-
scope (Carl Zeiss, Oberkochen, Germany). Primary antibodies
included rabbit anti-neurofilament protein 200 (1:200; Sigma-
Aldrich, St. Louis, MO, USA) and rabbit polyclonal anti-NeuN
(1:500; Abcam, Cambridge, UK). Secondary antibodies includ-
ed goat anti-rabbit IgG488 (1:1,000; Abcam) and goat anti-rab-
bit IgG555 (1:1,000; Abcam).

5. Behavioral Assessment

After surgery, hindlimb locomotor function was assessed
weekly with the Basso, Beattie, and Bresnahan (BBB) open field
locomotor test, on which a score of 0 points indicates severe
neurological deficits and 21 points indicates normal perfor-
mance. Behavioral assessments were performed by 2 experi-

menters who were blinded to the group information.

6. Computational Analysis for RNA-Seq Data
1) Quality control

To remove technical sequences, including adapters, PCR
primers, or fragments thereof, and base quality <20, pass filter
data of fastq format were processed by Cutadapt (v1.9.1) to be
high-quality clean data. Then Q20, Q30, and GC contents of
cleaning data were calculated. For miRNA, we used the next-
generation sequencing data quality statistical software Trim-
matic (V0.32) to delete connectors and low-quality sequences
in the raw (i.e., pass filter) data for subsequent information
analysis. Next, expression data for IncRNA, circRNA, miRNA,
and mRNA were analyzed by principal components analysis
(PCA) and Pearson correlation coefficient clustering to judge
sample repeatability and whether there were remaining abnor-
mal candidates for elimination.
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2) Expression analysis and differential expression analysis

We used FPKM method for standardization, which not only
normalizes the sequencing depth, but also normalizes the gene
length, so that the estimated values of gene expression levels of
genes are comparable. The formula is:

total exon Fragments

FPKM =

mapped reads(Millions)xexon lenth(Kb)

Among them, total exon reads/mapped reads (Millions) can be
regarded as the percentage of all reads is mapped to this gene,
and then divided by the gene length, we can get the percentage
of total mapped reads per unit length that is expressed. Then
reference genome sequences (version: Rattus_norvegicus.
Rnor_6.0.9) and gene model annotation files of relative species
were downloaded from genome website, such as UCSC, NCBI,
ENSEMBL. Hisat2 (v2.0.1) was used to index reference genome
sequence and align clean data to reference genome. In the be-
ginning transcripts in FASTA format are converted from
known gff annotation file and indexed properly. Then, with the
file as a reference gene file, RSEM (v1.2.15) estimated gene and
isoform expression levels from the pair-end clean data. At last,
differential expression analysis used the DESeq2 Bioconductor
package, a model based on the negative binomial distribution.
The estimates of dispersion and logarithmic fold changes incor-
porate data-driven prior distributions, Padj of genes were set
<0.05 and fold change were set >1.2 to detect differential ex-

pressed ones.

3) GO and KEGG enrichment analysis

Gene ontology (GO) enrichment analysis of DEGs was im-
plemented by the GOseq (v1.34.1), in which gene length bias
was corrected. GOSeq was used to identify GO terms on an an-
notated list of enriched genes with a significant Padj <0.05. GO
enrichment analysis identifies the biological process (BP), cel-
lular component (CC), and molecular function (MF) of DEGs.

Kyoto encyclopedia of genes and genomes (KEGG) is a col-
lection of databases dealing with genomes, biological pathways,
diseases, drugs, and chemical substances (http://en.wikipedia.
org/wiki/KEGG). We used in-house scripts to enrich signifi-
cant DEGs in KEGG pathways.

4) IncRNA/circRNA-miRNA-mRNA interaction analysis

Based on the sample expression data of IncRNA (or cir-
cRNA) and mRNA, the Pearson correlation analysis of IncRNA
(or circRNA) and mRNA was carried out by using the stats

package cor () method of R language, and the results with
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correlation coefficient greater than 0.95 and p-value of <0.05
were screened to prepare for the study of regulatory relation-
ship. First, the miRanda software (v3.3a) is used to predict the
targeting relationship between miRNA and IncRNA (or cir-
cRNA), and then miRanda software (v3.3a) is used to predict
the targeting relationship between miRNA and mRNA. Finally,
miRNA is used as a connecting bridge to build an indirect reg-
ulatory relationship between mRNA and IncRNA (or circRNA)
with a correlation coefficient greater than 0.95. Using Cyto-
scape software (V3.5.1) to draw the regulation network dia-

gram.

7. Statistical Analyses

All data are presented as mean + standard deviation and were
analyzed using 1-way analysis of variance (ANOVA) or repeat-
ed measures ANOVA with IBM SPSS Statistics ver. 20.0 (IBM
Co., Armonk, NY, USA). When variance analysis was satisfied,
the least significant difference method was applied for multiple
comparisons of the average number of each group. When vari-
ance was not uniform, the Kruskal-Wallis test or Dunnett T3
was applied. BBB score data were analyzed by repeated mea-
sures ANOVA for homogeneity of variance, then ANOVA was
used for between-groups comparisons. A p-value <0.05 was

considered statistically significant.

RESULTS

1. RNA-seq of Spinal Cord Transcriptome

To determine the possible mechanism of GV-EA in the treat-
ment of subacute SCI, we performed whole-genome sequenc-
ing analysis to identify possible key regulatory genes following
7-day EA treatment of the injured spinal cord. First, we ana-
lyzed fragments per kilo base of exon model per million
mapped fragments with DEG-seq software, and filtered out the
low-quality spliced reads in the original sequence to eliminate
the influence of gene length and sequencing quantity on gene
expression, and obtain high-quality data. Q20 and Q30 values
of clean data were obtained after processing. There were ~12 G/
sample IncRNA for analysis, with Q20>97% and Q30>93%
(Supplementary Table 1). There were ~350 M/sample miRNA
data for analysis, with Q20> 99% and Q30> 98% (Supplemen-
tary Table 2). There were ~12 G/sample circRNA data for anal-
ysis, with Q20>97% and Q30> 93% (Supplementary Table 3).
Thus, the data quality and quantity were reliable.

Through the overall correlation analysis of sample expression
data, we found no need to remove any sample. For mRNA, PC
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Fig. 1. Differential mRNA expression, gene ontology (GO) and kyoto encyclopedia of genes and genomes (KEGG) pathway
analysis. (A) Heatmap of differentially expressed genes (DEGs) between sham (n=3), control (n=5), and governor vessel elec-
troacupuncture (GV-EA) (n=5) groups (p <0.05) with green and red indicating downregulated and upregulated expression, re-
spectively. (B, C) Venn diagrams show DEGs overlap among experimental groups. Green and red represent downregulated and
upregulated expression, respectively. (D) Top 30 GO terms in the enrichment analysis. The abscissa represents numbers of dif-
ferentially expressed mRNAs and the ordinate represents the function in each GO term. Pink: BP; Green: cellular component;
Blue: molecular function. (E) Bubble diagram of top 20 significantly enriched KEGG pathways. The abscissa shows the rich fac-
tor and ordinate shows the enrichment to KEGG pathways. The circle size marks the number of genes and the color change
from red to blue indicates p-value change from low to high.
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score plots showed that the contribution of PC1, PC2, and PC3
were 39.1%, 8.3%, and 6.9%, respectively (Supplementary Fig.
2). The EA5 sample was far from the treatment groups, but the
correlation coefficient between the EA5 sample and the other 4
samples in this GV-EA group is higher than 0.95, so this EA5
sample were not excluded. For IncRNA, PC1, PC2, and PC3
were 48.1%, 28.1%, and 10.2%, respectively (Supplementary
Fig. 3), and correlation analysis indicated that there were no ab-
normal samples. For miRNA, PC1, PC2, and PC3 were 15.9%,
10.7%, and 9.5%, respectively (Supplementary Fig. 4); Although
the C4 sample in the control group was far from the others, the
correlation between them was strong so that this C4 sample
was not removed. The PC1, PC2, and PC3 of circRNA were
14.2%, 11.7%, and 10.7%, respectively (Supplementary Fig. 5),
and no samples needed to be removed.

2. Identification of DEGs in Injured Spinal Cord following
GV-EA Treatment

We analyzed DEGs of mRNA, IncRNA, miRNA, and
cicrRNA between the control and GV-EA group according to

DU
W o= O = N W

foldchange >2 and Padj <0.05 and found that there was al-
most no DEGs difference of mRNA, miRNA, and IncRNA.
Therefore, we reanalyzed after adjusting the mRNA, miRNA,
and IncRNA parameters for foldchange > 1.2 and Padj <0.05.

To determine the impact of GV-EA on regulation of mRNA
expression in the SCI groups, we performed a cluster analysis of
the genes that differed significantly. We used EB-seq algorithm
to analyze and screen DEGs to identify those that are upregulat-
ed and downregulated. We found that 5266 genes were signifi-
cantly altered among the experimental groups (Fig. 1A). Venn
diagrams showed 4636 dramatically DEGs in the control group
relative to sham, with 2431 upregulated and 2205 downregulat-
ed. As compared with the control group, 704 genes in the GV-
EA group displayed differential expression, with 347 upregulat-
ed and 357 downregulated genes (Fig. 1B, C). Among the down-
regulated DEGs after SCI, 59 genes were upregulated after GV-
EA treatment (Fig. 1B); 114 of the upregulated DEGs following
SCI were downregulated by GV-EA treatment (Fig. 1C).

To provide more precise insight into the DEG functions and
relative pathways, we carried out GO analysis and KEGG en-

(C]

Fig. 2. Differential IncRNA expression in the injured spinal cord of sham (n=3), control (n=5), and governor vessel electroacu-
puncture (GV-EA) (n=5) groups. (A) Heatmap of differentially expressed genes (DEGs) between sham, control, and GV-EA
samples (p <0.05) with green and red indicating downregulated and upregulated expression, respectively. (B, C) Venn diagrams
show overlaps of DEGs between experimental groups. Green and red represent downregulated and upregulated expression, re-

spectively.
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richment analysis of the 3 groups. We selected 30 GO terms
with the most significant enrichments (Padj <0.05) for display
in a GO enrichment histogram: membrane (GO:0016020), cy-
toplasm (GO:0005737), and integral component of plasma
membrane (GO:0005887) were the most enriched in CC. Actin
binding (GO:0003779), protein heterodimerization activity
(GO:0046982), and protein kinase binding (GO:0019901) were
the highest in ME Toll-like receptor (TLR) signaling pathway
(GO:0034123), cytokine secretion (GO:0050707), and cellular
response to lipopolysaccharide (GO:0071222) were significantly
enriched in BP (Fig. 1D). To further refine the signaling path-
ways involved in DEG systems, a KEGG bubble chart was used
to show the top 20 pathways with the most significantly differ-
entiated enrichment. Mitogen-activated protein kinase (MAPK)
signaling pathway, TLR signaling pathway, and cytokine-cyto-
kine receptor interaction were most strongly related to GV-EA
therapy for SCI. Twelve DEGs were involved in MAPK signal-
ing pathway, primarily enriching MAP3K13, NCAM]1, Ras-
GRP4, MEF2C, STMNI1, CACNA2D2, IL1r, EGF, and others.

P N T )

TLR signaling pathway and others contained 68 DEGs, enrich-
ing TLR5, TLR2, TLR8, TLRY, and others (Fig. 1E).

LncRNAs, circRNAs, and miRNAs are all noncoding RNAs
(ncRNAs), which lack the protein coding ability and participate
in mediating various disease responses. LncRNAs are ncRNAs
with >200 nucleotides which participate in a variety of BPs."®
In addition to analyzing the DEG transcriptome, we evaluated
the differential expression of IncRNA. Using the same method
described above, we found that compared with the sham group,
1,597 genes were upregulated, and 1,469 genes were downregu-
lated in the control group. Further, 1,287 genes in the GV-EA
group relative to the control group show differential expression,
with 587 upregulated and 700 downregulated. Moreover, 260
genes coexisted between the 2 comparison groups, allowing
further detailed assessment (Fig. 2A-C).

CircRNA is a newly identified ncRNA, with a stable circular
structure. Change in circRNA expression may affect the level of
its origin mRNA."” DEG enrichment showed that 1,284 genes
changed significantly. Compared with the sham group, 380

(C)

Fig. 3. Differential circRNA expression in the injured spinal cord of sham (n=3), control (n=>5), and governor vessel electroacu-
puncture (GV-EA) (n=5) groups. (A) Heatmap of differentially expressed genes (DEGs) between sham, control, and GV-EA
samples (p <0.05) with green and red indicating downregulated and upregulated expression, respectively. (B, C) Venn diagram
show overlaps of DEGs among experimental groups. Green and red represent downregulated and upregulated expression, re-

spectively.
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genes were upregulated and 536 genes were downregulated in ~ ing miRNA levels to change target mRNA expressions.*"** To
the control group. Compared with the control group, 298 genes  explore the relations between mRNA expression and ncRNA
were upregulated and 323 genes were downregulated in the  regulation, miRanda, and RNA hybrid algorithms were used to
GV-EA group. Venn analysis showed 153 genes involved in  predict the target miRNAs of circRNA, IncRNA, and mRNA,
GV-EA repair SCI, including 55 upregulated and 98 downregu-  respectively. Then, the IncRNA, circRNA, and mRNA genes
lated (Fig. 3A-C). with the same expression trends were extracted by sequence

An miRNAs is a short stranded RNA of ~22nt length that  clustering analysis, and combined to form an interactive net-
can regulate target gene expression.”” According to the ceRNA  work. The predicted results revealed 4 target genes related to
theory, competitive binding between sponge RNA and miRNA ~ miRNA-mRNA regulation: TLR2, TPM1, LIMKI, and
target genes can regulate miRNA target gene activity.' Thus, =~ SCARBI. In the IncRNA-miRNA-mRNA interaction network,
IncRNAs, or circRNAs can play a considerable role in regulat- 43 IncRNAs and 4 mRNAs had the same expression trend (be-
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[ miRNA
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Fig. 4. CeRNA network construction. (A) LncRNA-miRNA-mRNA ceRNA network. Red ball, green circle and orange triangle
indicate mRNA, miRNA and IncRNA, respectively. (B) CircRNA-miRNA-mRNA ceRNA network. Red ball, green circle, and
blue diamond indicate mRNA, miRNA, and circRNA, respectively.
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Fig. 5. Governor vessel electroacupuncture (GV-EA) can protect neurons survival, promote axon regeneration and improve
function recovery. (A, B) The immunofluorescence staining of NeuN and NF in sham, control, and GV-EA group after spinal
cord injury (SCI) 4 weeks, scale bars=1,000 um; 40 pm in (al-a3; b1-b3). (C) Bar chart shows the number of NeuN+ and Hoe*
in the area of spinal cord injury. (D) Bar chart shows the mean fluorescence intensity of NF positive expression in the area of spi-
nal cord injury. (E) Basso, Beattie, and Bresnahan (BBB) behavioral scores in the different stages of sham, control, and GV-EA
group after SCI 4 weeks. n=5/group; *p <0.05 indicates significant difference when compared with the sham group. #p <0.05
indicates significant difference when compared with the control group.

longing to the increase-decrease type/decrease-increase type).
In the circRNA-miRNA-mRNA predicted interaction network,
89 circRNAs and 4 mRNAs had the same expression trend.
Further, 9 miRNAs were predicted to act as junctions to inter-
act with IncRNAs and circRNAs to regulate mRNA expressions:
rno-miR-338-3p, rno-miR-125a-3p, rno-miR-293-5p, rno-
miR-125a-5p, rno-miR-29¢-3p, rno-miR-21-5p, rno-miR-144-
3p, rno-mir-134-5p, and rno-mir-455-5p (Fig. 4A, B).

3. Effects of Long-term Treatment With GV-EA on
Subacute SCI

Based on the RNA-seq results, we further investigated the ef-
fect of long-term GV-EA in subacute SCI. Injured rats were

https://doi.org/10.14245/ns.2244452.226

treated with GV-EA from post-SCI day 3 for 1 month. We use
immunofluorescence to detect neurons (NeuN) and axons
(NF200). Four weeks after GV-EA, compared with the control
group, the GV-EA group had more surviving NeuN* neurons
(Fig. 5A, C). They also had more NF200* fibers regenerated
into the SCI area (Fig. 5B, D). The hindlimbs of rats were para-
lyzed after SCI. In the GV-EA group, BBB scores were signifi-
cantly higher than those of the control group in the period
from 2 weeks to 4 weeks post-SCI. At 4 weeks after SCI, the
BBB score of GV-EA group reached about 4 points (Fig. 5E).
These results indicated that long-term GV-EA may protect
neuron survival and promote nerve fiber regeneration in the
injured area, facilitating recovery of locomotor function.
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DISCUSSION

EA is an ancient, widely used method for treating human
disease. It has shown positive effects in SCI, playing a variety of
beneficial roles by stimulating special acupoints and conduct-
ing them from the meridians and channels to the target site.”
GV-EA can promote neural survival and differentiation of pre-
induced mesenchymal stem cells within GS scaffolds at the SCI
lesion site.** Further, GV-EA stimulates the internal growth of
spinal cord neurons to improve neuronal survival rate, axonal
regeneration, and synaptic function by upregulating the CGRP/
a-CaMKII/NT-3 pathway.” Additionally, GV-EA combined
with transplanted stem cells has advantageous anti-inflamma-
tory and neuroprotective effects during early-stage SCL.” Mor-
phologically, we found that GV-EA effectively protects NeuN*
neurons and enhances NF* nerve fiber regeneration over a rela-
tively long period. Those results verified that long-term GV-EA
treatment of subacute SCI may play a significant role in pro-
moting neuronal survival, nerve fiber extension, and motor
function recovery.”® However, the specific molecular mecha-
nism by which GV-EA treatment impacts subacute SCI has re-
mained unclear. Therefore, we used high-throughput sequenc-
ing technology to conduct RNA-seq analysis of injured spinal
cord tissues after 7 days of GV-EA treatment for SCI, screening
out the related DEGs for biological analysis.

To our knowledge, this is the first study to use RNA-seq to
reveal the impacts of GV-EA on SCI; these results are therefore
valuable advances and a basis for subsequent studies. We em-
ployed reverse transcription to establish cDNA libraries after
removing rRNA from total RNA. Thus, further study of the in-
teraction between coding and ncRNA will help better explain
these effects. The Q20 and Q30 values, combined with PCA
and correlation cluster analysis results demonstrate that our
data are of sufficient quality for use in further analyses.

After 7 days of GV-EA treatment, 173 DEGs were regulated,
among which 59 were upregulated and 114 were downregulat-
ed. The 5 most altered DEGs after SCI were LIMKI, MOBP,
PLXNDI1, CACNA2D2, and Wnt7a. According to a recent
study, LIMK1 deletion elevates cofilin activity to promote spinal
motor axon growth, as confirmed using a LIMKI™~ mouse
model; and following sciatic nerve injury, modulation of the
cofilin/LIMK1 pathway accelerates sciatic nerve growth and
improves recovery of some sensory and motor functions.” Te-
deschi et al.** demonstrated that CACNA2D2 encodes the volt-
age-gated calcium channel alpha2delta2 subunit, which limits
the development and regeneration of axon growth in central
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nervous system injury, whereas pharmacological blockade of
this subunit by pregabalin administration can enhance axonal
regeneration in adult mice following SCI. It has been shown
that loss of SEMA3E-PLXNDI1 signaling changes the synaptic
connection; specifically, SEMA3E-induced, PLXND1-mediated
rejection may block synaptic formation related to sensorimotor
connectivity.”

To further explain the function and role of DEG mRNAs, we
performed GO enrichment and KEGG pathway analysis. GO
enrichment analysis suggested that positive regulation of cell
death and regulation of cytokine secretion may be related to
neuron survival and inflammation after GV-EA treatment in
SCI. Consistent with this, the genes for positive cell death regu-
lation include NODI, CTGF, and ALOX12. NODI can activate
caspase-1, leading to cell death.”® Bone marrow mesenchymal-
derived exosomes may protect neurons and extend nerve fibers,
ultimately accelerating locomotor function recovery by de-
creasing NOD1.” SiRNA-induced silencing of CTGF can atten-
uate astrogliosis and scar formation, facilitating recovery of lo-
comotor function following SCI.** Transgenic mice with
ALOX12 overexpression have promoted inflammation and
apoptosis in SCI.*' Furthermore, the GO results for regulation
of cytokine secretion included TLRS, TLR2, TLRY, and TLR5,
corresponding to the pathway for enrichment of oxidative
stress. Pathway enrichment also showed that MAPK signaling
and TLR signaling were notable. MAPK signaling pathway not
only participated in inflammatory response, but also mediated
spinal cord regeneration and inhibit the secondary injury of
SCI.* MAP3K13 that involved in MAPK signaling pathway has
been shown to regulate injury signals in damaged neurons to
regulate regeneration, while in undamaged neurons to regulate
sprouting after SCI.*> NCAM has been demonstrated to pro-
mote axonal regeneration as a therapeutic gene.** TLR signaling
pathway is related to oxidative stress. For example, one function
of the TLR4/MyD88 signaling pathway is promoting nerve cell
death by inducing inflammation. Gut microbiota dysregulation
can also deteriorate SCI by activating the TLR/MyD88 signal-
ing pathway.*® We also identified some pathways highly related
to neuroprotection and axon regeneration. For instance, yes-as-
sociated protein (YAP) was upregulated in male C57BL/6 as-
trocytes and activated in a Hippo pathway-dependent manner
post-SCI. Conditional knockout of YAP in astrocytes can sig-
nificantly inhibit post-SCI astrocyte proliferation in male
C57BL/6, as well as reduce glial scar formation, inhibit axon re-
generation, and damage behavior recovery.” Zhang et al.””
found that overexpression of miR-338-5p in exosomes derived
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from mesenchymal stromal cells provides neuroprotective ef-
fects via the Cnr1/Rapl/Akt pathway after SCI in rats. It has
also been reported that in vivo grafting of Netrin-1 overexpress-
ing fibroblasts into the dorsal column lesion cavity demonstrates
that Netrin-1 inhibits axonal regeneration. Further, Netrin-1
was the first axon guidance molecule to be discovered in verte-
brates.” These cumulative results provide a more precise direc-
tion for exploring the mechanism of GV-EA in SCI recovery.

Based on the mRNA analysis results, we focused on ncRNA
changes with GV-EA. Previous studies suggested that regulat-
ing IncRNA-GAS5 promotes SCI recovery and limits neurocyte
apoptosis.'** Our IncRNA results showed that 91 of the over-
lapping DEGs increased, and 169 decreased, with GV-EA.
These differences were greatest in TCONS_00032537, TCONS_
00180742, and TCONS_00138251 in upregulated genes, and in
TCONS_00125346, TCONS_00236532 and TCONS_00128041
in downregulated genes. Additional recent studies have also
shown that circRNAs are highly expressed in neural tissues,
regulating neuronal and synaptic functions.” Our Venn dia-
gram demonstrates that significantly different circRNAs cooc-
curred in the 3 study groups, indicating that there were 55 up-
regulated genes and 98 downregulated genes after GV-EA.

We also analyzed the DEGs of miRNA, predicting involve-
ment of the IncRNA/circRNA-miRNA-mRNA interaction net-
work. We found that 9 key DEG miRNAs (e.g., rno-miR-21-5p,
rno-miR-144-3p) are involved in the IncRNA/circRNA-miR-
NA-mRNA network. These results show that TLR2, TPM]1,
SCARBI, and other mRNA are associated with multiple non-
coding RNAs. From the interaction network, we found that
miR-144-3p is associated with TLR2. It has been reported that
miR-144-3p mimics (e.g., agomir) can also enhance expression
of inflammatory factors, including interleukin (IL)-1p, IL-6,
and TNFa.***' Therefore, GV-EA may effectively regulate the
interaction between TLR2 and miR-144-3p, further reducing
the inflammatory response. After spinal cord ischemia-reper-
fusion injury, mir-144-3p is upregulated, with the main target
gene involved in GMP-PKG and cAMP signaling pathways.*
Our ceRNA regulatory network results indicate that TCONS_
00125346-miR-125a-3p-SCARB1, TCONS_00128041-miR-
338-3p-TPM1, and 1:163182618|163216364-miR-134-5p-
LIMK1 are markedly altered in the post-SCI pathophysiological
process, providing comprehensive insight toward identifying
potential GV-EA therapeutic targets. In this case, additional,
specific pathways and molecular mechanisms need to be fur-
ther studied. However, our results suggests that IncRNA and
circRNA play a nonnegligible role in the mechanism by which
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GV-EA reduces the post-SCI inflammatory response.
Additionally, the results of behavioral test and the immunos-
taining of NeuN and NF200 demonstrated that GV-EA treat-
ment could promote the survival of neurons and axonal regen-
eration into the lesion site of the injured spinal cord, as well as
partial locomotor functional recovery in the spinal cord-tran-
sected rats. GV-EA treatment promoted the hindlimbs locomo-
tor functional recovery of the paralyzed rats, which is consistent
with results of our previous studies.*'> BBB scores gradually in-
creased over time in each group during 8 weeks. BBB scores
were significantly higher in the treatment groups compared to
the control group in the period from 2 weeks to 8 weeks postin-
jury, and the BBB score can reach about 9 points at the end of 8
weeks after bone marrow mesenchymal stem cells combined
with GV-EA treatment of SCI in rats.*'* These results suggested
that GV-EA treatment promotes the survival of neurons and
stimulates axonal growth into the lesion site, and improves par-
tial locomotor functional recovery in the transected spinal cord

in rats.

CONCLUSION

We explored DEGs and the ceRNA network through RNA-
seq to establish a clear direction for further study of the mecha-
nism of GV-EA in subacute SCI treatment. The results of RNA-
seq analysis showed that GV-EA treatment could regulated 173
DEGs of mRNA, 260 DEGs of IncRNA, and 153 DEGs of cir-
cRNA among these differential expression genes after SCI. The
DEGs changed by GV-EA are highly related to inflammation,
oxidative stress, apoptosis, neuroprotection signaling pathways
(e.g., TLR, MAPK, Hippo signaling pathway), which may war-
rant further investigation in the future. We also found that nov-
el ceRNA network through RNA sequencing, which provided a
clear direction for further study on the mechanism of GV-EA
in the treatment of subacute SCI. Moreover, we found that
long-term GV-EA beginning during the subacute SCI stage can
promote neuronal survival, nerve fiber extension, and motor
function recovery.

NOTES

Supplementary Materials: Supplementary Tables 1-3 and Figs.
1-5 can be found via https://doi.org/10.14245/ns.2244452.226.
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Supplementary Table 1. LncRNA of sequence assembly after Illumina sequencing

Sample Total raw reads  Total clean reads Total clean bases (G) Clean reads Q20 (%) Clean reads Q30 (%) Clean reads GC (%)
N1 86,513,462 86,111,490 12,765,377,103 97.75 94.01 46.05
N2 87,686,226 87,318,658 12,951,267,527 97.89 94.20 46.12
N3 87,117,818 86,747,888 12,851,118,144 97.90 94.22 46.32
C1 86,365,144 85,961,488 12,762,351,542 97.72 93.83 46.79
C2 84,021,294 83,638,776 12,418,027,143 97.74 93.88 46.68
C3 87,917,400 87,522,794 12,991,272,724 97.79 93.97 46.44
C4 86,401,168 86,050,726 12,777,420,665 97.88 94.20 46.30
C5 87,564,628 87,172,452 12,931,472,941 97.79 94.07 46.82
EA1 87,036,710 86,731,504 12,859,715,146 98.31 95.30 47.00
EA2 87,240,660 86,922,730 12,902,054,859 97.97 94.50 46.42
EA3 87,933,844 87,563,098 12,989,306,382 97.72 93.93 46.69
EA4 86,232,240 85,855,694 12,733,206,431 97.83 94.16 47.20
EA5 86,747,152 86,403,232 12,831,165,103 97.90 94.33 46.49

N1-N3: 3 samples of sham group; C1-C5: 5 samples of control group; EAI-EA5: 5 samples of GV-EA group.
GV-EA, governor vessel electroacupuncture.
Q20, the percentage of bases with a Phred value >20; Q30, the percentage of bases with a Phred value >30.
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Supplementary Table 2. miRNA of sequence assembly after Illumina sequencing

Sample Total raw reads  Total clean reads Total clean bases (G) Clean reads Q20 (%) Clean reads Q30 (%) Clean reads GC (%)
N1 20,602,815 16,812,961 377,421,323 99.87 99.51 44.36
N2 22,727,522 20,734,859 465,420,146 99.83 99.35 44.74
N3 22,748,552 20,582,359 461,812,858 99.66 98.88 44.74
C1 22,729,802 20,742,210 466,871,047 99.75 99.17 43.61
C2 22,150,180 18,354,613 419,632,428 99.77 99.21 43.93
C3 20,686,274 19,211,731 431,076,550 99.63 98.81 43.25
C4 20,841,939 19,403,461 435,164,686 99.66 98.90 43.60
C5 18,848,171 17,295,282 400,237,795 99.58 98.59 44.14
EAl 18,299,038 16,575,668 392,659,262 99.66 98.78 4441
EA2 22,075,844 18,428,421 430,949,517 99.74 99.14 44.61
EA3 18,517,079 16,376,516 380,947,950 99.61 98.63 44.14
EA4 22,998,863 20,797,725 488,440,076 99.79 99.26 44.19
EA5 19,253,414 16,829,851 397,464,526 99.76 99.20 44.54

N1-N3: 3 samples of sham group; C1-C5: 5 samples of control group; EAI-EA5: 5 samples of GV-EA group.
GV-EA, governor vessel electroacupuncture.
Q20, the percentage of bases with a Phred value >20; Q30, the percentage of bases with a Phred value >30.
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Supplementary Table 3. cicrRNA of sequence assembly after Illumina sequencing

Sample Total raw reads  Total clean reads Total clean bases (G) Clean reads Q20 (%) Clean reads Q30 (%) Clean reads GC (%)
N1 86,513,462 86,111,490 12,765,377,103 97.75 94.01 46.05
N2 87,686,226 87,318,658 12,951,267,527 97.89 94.20 46.12
N3 87,117,818 86,747,888 12,851,118,144 97.90 94.22 46.32
C1 86,365,144 85,961,488 12,762,351,542 97.72 93.83 46.79
C2 84,021,294 83,638,776 12,418,027,143 97.74 93.88 46.68
C3 87,917,400 87,522,794 12,991,272,724 97.79 93.97 46.44
C4 86,401,168 86,050,726 12,777,420,665 97.88 94.20 46.30
C5 87,564,628 87,172,452 12,931,472,941 97.79 94.07 46.82
EA1 87,036,710 86,731,504 12,859,715,146 98.31 95.30 47.00
EA2 87,240,660 86,922,730 12,902,054,859 97.97 94.50 46.42
EA3 87,933,844 87,563,098 12,989,306,382 97.72 93.93 46.69
EA4 86,232,240 85,855,694 12,733,206,431 97.83 94.16 47.20
EA5 86,747,152 86,403,232 12,831,165,103 97.90 94.33 46.49

N1-N3: 3 samples of sham group; C1-C5: 5 samples of control group; EAI-EA5: 5 samples of GV-EA group.
GV-EA, governor vessel electroacupuncture.
Q20, the percentage of bases with a Phred value >20; Q30, the percentage of bases with a Phred value >30.
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Supplementary Fig. 1. Schematic diagram indicates the se-
lected 4 governor vessel (GV) acupoints.
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The pearson correlation coefficient between samples
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Supplementary Fig. 2. Correlation analysis of mRNA expression. (A) Principal components analysis (PCA) analysis with 3
principal components (PC1, PC2, and PC3) was performed to demonstrate the source of variance in our data. (B) Correlation
coefficient cluster analysis, the data in the color block represents the specific value of the phase relationship between 2 samples,
and the color change from light to dark indicates the correlation coefficient change from low to high. N1-N3: 3 samples of sham
group; C1-C5: 5 samples of control group; EA1-EA5: 5 samples of governor vessel electroacupuncture group.
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Supplementary Fig. 3. Correlation analysis of IncRNA expression. (A) Principal components analysis (PCA) analysis with 3
principal components (PC1, PC2, and PC3) was performed to demonstrate the source of variance in our data. (B) Correlation
coefficient cluster analysis, data in the color block represent the specific value of the phase relationship between 2 samples, and
the color change from light to dark indicates the correlation coefficient change from low to high. N1-N3: 3 samples of sham
group; C1-C5: 5 samples of control group; EAI-EAS5: 5 samples of governor vessel electroacupuncture group.

https://doi.org/10.14245/ns.2244452.226 WWWw.e-neurospine.org



Xiao X, et al. Transcription Profiling of Electroacupuncture Repair SCI

The pearson correlation coefficient between samples
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Supplementary Fig. 4. Correlation analysis of miRNA expression. (A) Principal components analysis (PCA) analysis with 3
principal components (PC1, PC2, and PC3) was performed to demonstrate the source of variance in our data. (B) Correlation
coefficient cluster analysis, the data in the color block represent specific values of the phase relationship between 2 samples, and
the color change from light to dark indicates the correlation coefficient change from low to high. N1-N3: 3 samples of sham
group; C1-C5: 5 samples of control group; EAI-EA5: 5 samples of governor vessel electroacupuncture group.
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Supplementary Fig. 5. Correlation analysis of cicrRNA expression. (A) Principal components analysis (PCA) analysis with 3
principal components (PC1, PC2, and PC3) was performed to demonstrate the source of variance in our data. (B) Correlation
coefficient cluster analysis, the data in the color block represent specific values of the phase relationship between 2 samples, and
the color change from light to dark indicates the correlation coefficient change from low to high. N1-N3: 3 samples of sham
group; C1-C5: 5 samples of control group; EA1I-EA5: 5 samples of governor vessel electroacupuncture group.
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